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Foreword

Ceramic Matrix Composites (CMCs) are non-brittle refractory materials designed
for applications in severe environments (often combining high temperatures, high
stress levels and corrosive atmospheres). Compared to other structural materials
(such as steels, aluminium or titanium alloys, as well as nickel-based superalloys
or monolithic ceramics), they are relatively new, still mostly at the development
stage but with a few well-established and promising applications in different high
technology domains. We will first summarize here the main features of this new
class of materials, then show what impact they have (or could have) on the devel-
opment of different high tech fields and mention some important historical
milestones.

The high strength potential of CMCs is directly related to the use of high
strength, high modulus ceramic fiber reinforcements of small diameter (typically of
the order of 10um). Covalent non-oxide fibers, such as carbon or silicon carbide
based fibers, are those which presently display the best mechanical properties at
high temperature (particularly in terms of creep resistance), but they are oxidation-
prone. In this field, the development in Japan of the SiC-based fiber family,
from the pioneering work of S. Yajima in the mid-1970s, which exhibits better
oxidation resistance than carbon fibers, has been an important milestone. Com-
paratively, refractory oxide fibers (such as alumina and alumina-based fibers)
display, by their chemical nature, excellent oxidation resistance, good mechanical
behaviour at room temperature but creep even at moderate temperatures. As a
result, carbon and SiC-based fibers presently are the most commonly used re-
inforcements in CMCs with a view to applications at high temperatures (say
1200-1800°C). Small diameter ceramic fibers are extremely fragile and should
be properly embedded in a refractory ceramic matrix (either oxide or non-oxide),
primarily to protect the fibers and to permit load transfer from the matrix to the
fibers. Fibers, with a volume fraction of the order of 40-50%, are still the costly
(but key) constituent of CMCs. Nanoreinforcements, such as carbon nanotubes or
SiC nanofibers, are not presently used in CMCs to a significant extent, owing to
handling difficulty, health considerations and cost.

Another key feature of CMCs, compared to polymer or metal matrix composites,
is the fact that they are inverse composites, which is to say that under load it is the
brittle matrix which fails first (in terms of failure strains: €, < €¥) and at very low
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strain, typically = 0.1%. Hence, matrix cracks should be arrested or/and deflected
at the fiber—matrix (FM) interface to avoid the early failure of the fibers and thus
a brittle failure of the composite. This is achieved through a weakening of the
FM-bonding, usually by introducing a thin layer (typically, 50 to 200nm) of a weak
material at the fiber surface, acting as a mechanical fuse and referred to as the
interphase. The most commonly used interphase materials are those with a layered
crystal structure (the layers being roughly parallel to the fiber surface and weakly
bonded to one another to promote crack deflection). Examples are pyrocarbon
(PyC) or hexagonal boron nitride (BN). Historically, they have been formed either
(1)insitu in SiC (Nicalon)/glass-ceramic composites by decomposition of the fibers
or/and FM interactions during composite high temperature (HT) processing, or
(2) deposited by chemical vapour infiltration (CVI) from gaseous precursors, in
C/SiC and SiC (Nicalon)/SiC composites. Both these processes were developed in
the 1980s. When the FM bonding is weak enough, CMCs behave as elastic damage-
able non-linear materials, which is to say that beyond the proportional limit, the
brittle matrix undergoes multiple microcracking under load, the cracks being
deflected within (or near) the interphases, the fibers being partly (or totally)
debonded and exposed to the atmosphere before the ultimate failure which com-
monly occurs at a strain of the order of 0.5 to 1.5 %. All these damaging phenom-
ena take place with energy absorption and are responsible for the high toughness
of the materials (a very uncommon feature for ceramics). An important milestone
in this field was the pioneering work of A. Kelly and his coworkers in the early
1970s.

Improving the oxidation resistance of non-oxide CMCs is another important
issue, particularly with a view to long duration exposures at high temperatures. In
C/SiC and SiC/SiC composites, the weak points are the fibers themselves and the
interphase. A first strategy is to use well-crystallized pure SiC fibers, which display
good oxidation resistance, rather than SiC-based fibers (which usually contain free
carbon and are poorly crystallized) or carbon fibers. In this field, the development
of the so-called stoichiometric SiC fibers in Japan in the late 1990s was an important
step. A second approach is to replace the commonly used PyC-interphase (which
undergoes oxidation at temperatures as low as = 500°C) by BN-interphase (which
displays a better oxidation resistance, at least in dry oxidizing atmospheres). A
third possibility is to use self-healing coatings (single layer or multilayer), such
as a SiC-coating containing a layer of a boron-bearing compound (such as B,C)
or a ternary Si-B-C mixture. The first role of the coating is to close the open
residual porosity of the composite to impede the in-depth diffusion of oxygen.
SiC-based coatings do undergo microcracking under load but oxygen diffusing
along the microcracks would react with the microcrack wall to form a SiO,~B,0;
healing phase. Finally, the best oxidation protection of SiC-based composites is
achieved by extending the concept of crack-healing to the matrix itself which is
now a multilayered matrix with layers of SiC, layers of sealant formers and layers
of mechanical fuses, resulting in a lifetime under load exceeding 1000 hours at
1000-1200°C. Finally, the use of oxidation-prone interphase can be avoided by
utilizing a porous (and hence, relatively weak) matrix, but this approach exposes
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the fibers to the environment and, thus, it is better suited to oxide/oxide
composites.

Processing considerations constitute another important point, the main require-
ment being that fiber degradation should be absolutely avoided. Hence, low
temperature/pressure processing techniques are often favored. This is actually the
case for the CVI-process and the PIP-process (Polymer Impregnation and Pyrolysis)
where the matrix precursor is gaseous or liquid, respectively. Both are pressureless
techniques involving temperatures of the order of 900-1200°C. Further, the start-
ing material can be a multidirectional fiber preform, e.g. a 3D-fiber architecture.
These techniques yield near net shape parts (which can be of large size and
complex shape) but with a relatively high residual porosity (10-15 %). In this field,
an important milestone was the transfer of the CVI-process to the plant level in
the 1980s for the volume production of C/SiC and SiC/SiC composites. In the
so-called RMI-process (Reactive Melt Infiltration), the matrix is formed in situ by
chemical reaction between a liquid precursor and a preconsolidated fiber preform.
For SiC-matrix composites, the matrix precursor is liquid silicon (or a silicon alloy)
and the fiber preform is consolidated (e.g. by PIP) with carbon, the former reacting
with the latter to form the SiC-matrix. RMI is also a pressureless technique (it is
conducted under vacuum). It yields near net shape composites with a low residual
porosity, but it involves relatively high temperatures (1400-1600°C for liquid
silicon) with a risk of fiber degradation (unless thick fiber coatings are used), and
the matrix usually contains unreacted precursor (such as free silicon). Finally,
CMCs can also be fabricated according to ceramic processing routes. In the so-called
Slurry Infiltration/High Pressure Sintering technique (SI-HPS), the reinforce-
ment is impregnated with a suspension of matrix powder (usually a sol for oxide/
oxide or a slurry for non-oxide matrix composites). After drying, the material is
densified by sintering at high pressure. For non-oxide covalent ceramic powders,
such as SiC-powders that display a poor sintering ability, sintering aids (such as
oxide mixture forming eutectics) should be added to the slurry, the sintering condi-
tions (T =1800°C, P = 10-50MPa for SiC) remaining harsh. As a result, only very
stable fibers, such as the stoichiometric SiC fibers prepared at high temperatures
can be used. This technique yields composites with almost no residual porosity,
high crystallinity and high thermal stability, but it is not suited to the volume
production of large parts with complex shapes.

CMCs are expected to have a serious impact on the development of new tech-
nologies, as suggested by a few successful current applications. Significant weight
saving is achieved when heavy superalloys are replaced by high strength and tough
C/SiC or SiC/SiC composites in aerojet or rocket engines. Fighters are already
equipped with CMC engine nozzles and could have, in the future, CMC combus-
tion chambers. Lifetimes of parts working at high temperatures are improved by
replacing metal alloys by CMCs. A good example is given by CMC braking systems
(C/C for aircraft and C/C-SiC for cars) which exhibit longer lifetimes than their
steel counterparts and better wear and friction properties at high temperatures.
The use of C/C brakes, first on military fighters and then on civil jumbojet aircraft,
on the basis of weight saving, braking performance and safety considerations, as

vil
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well as that of C/C-SiC brakes on Formula 1 racing cars and sport cars, constitute
other important milestones. CMCs can considerably extend the temperature domain
of use of structural ceramics in many fields, such as jet engines and gas turbines
(with higher yields and the possibility of reducing (or even suppressing) cooling
requirement), heat exchangers and high temperature chemical engineering.
Another promising new field of application could be the use of SiC/SiC compos-
ites in high temperature nuclear reactors (fission and fusion) for power generation,
on the basis of their refractoriness, high temperature mechanical properties (creep
resistance), compatibility with neutrons and low residual radioactivity after pro-
longed exposure to radiation.

It thus appears that CMCs — compared to metal alloys and monolithic structural
ceramics — constitute a new class of materials which are well suited to applications
in harsh environments. However, they are still very new and will undoubtedly
require an intense effort of research. Present applications in different demanding
fields suggest that they could have a bright future in the development of high
technologies.

Honorary Professor, Bordeaux 1 University R. Naslain
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Preface

Ceramic Matrix Composites (CMCs) represent a relatively new class of quasiduc-
tile ceramic materials. They are characterized by carbon or ceramic fibers embed-
ded in ceramic matrices (oxide or non-oxide) with comparatively low bonding
forces between the fibers and the matrix. These weak intefaces, in combination
with a porous and/or microcracked matrix, result in composite materials which
differ from all other structural materials or composites and show some outstand-
ing properties. Their strain-to-failure is up to one order of magnitude higher than
in monolithic ceramics and their low densities result in mass-specific properties
which are unsurpassed by any other structural material beyond 1000°C.

From their research beginnings about 40 years ago, the demands of space tech-
nology played the decisive role in the development of CMCs. Hot structures of
limited lifetime (e.g. thermal protection systems, nozzles) in aerospace and mili-
tary applications have been developed in different countries. In recent years, civil
and terrestrial requirements became the driving forces and properties and manu-
facturing processes were consistently improved to transfer CMCs from niche
applications to broader markets. Due to their high thermal stability and good cor-
rosion and wear resistance, these composite materials are of increasing interest
for long-term applications and damage-tolerant structures in different industrial
sectors like ground transportation (e.g. brake and clutch systems), mechanical
engineering (e.g. bearings, ballistic protections), and power generation (e.g.
burners, heat exchangers).

The goals of further research and development are focused on improvements
in the thermal and oxidative stability of the reinforcing fibers and on a considerable
reduction of the processing costs. Reasonable costs for series productions are
expected by using innovative continuously operated furnaces as they already exist
for other structural (monolithic) ceramics. Also, new forming processes for the
manufacture of green bodies and new hybrid processes of high reliability are nec-
essary. Beside these fabrication approaches, novel precursors for cheaper ceramic
fibers and improvements in the thermomechanical properties of short-fiber rein-
forced CMCs are key factors to develop CMC materials for wider application.

This textbook provides a comprehensive overview of the current status of
research and development on CMCs. It presents data tables, process descriptions,
and field reports, giving special emphasis to applications relevant to the respective
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Preface

topics. In this regard, the textbook begins with two chapters on fibers and textile
preforms for the reinforcement of ceramic matrix composites, followed by the
description of the fiber/matrix interfacial domain of CMCs. In this chapter, data
on interfacial characteristics and techniques to measure these characteristics are
provided. This is followed by four chapters describing the most important pro-
cesses used to manufacture non-oxide CMC materials currently. This includes the
manufacture of carbon/carbon, the melt infiltration of silicon into carbon/carbon
composites, as well as the Polymer Infiltration and Pyrolysis (PIP) and Chemical
Vapor Infiltration (CVI) processes. Two chapters on oxide-CMCs with dense and
porous matrices, which are promising materials particularly in combustion envi-
ronments, conclude the processing part of the book.

The following two chapters describe the microstructural modelling and testing
of CMCs using different models and methods. These topics are of special interest
for designing structural parts and predicting their lifetime, for example by integrat-
ing non-destructive testing methods. As all fabrication approaches have certain
limitations in terms of size and shape, the following two chapters deal with
machining and joining techniques to achieve CMC structures of high integrity.
This is followed by chapters providing practical experiences of the application of
CMC materials under extreme thermal as well as corrosive conditions. Hot struc-
tures in spacecraft and aircraft show the tremendous progress which has been
achieved with respect to re-usability and lifetime of CMC structures over the last
20 years. The current stage of development in using SiC/SiC composites as future
structural materials in nuclear applications is described in a separate chapter. The
most attractive volume market for CMCs currently is the topic of the last chapter.
Test results and experiences with high-performance brake and clutch systems
equipped with disks and pads of C/SiC composites are presented, demonstrating
their superior tribological behaviour in automotive and other applications.

I would like to thank all the authors for their valuable and timely contributions.
I am grateful to Roger Naslain, one of the pioneers of ceramic matrix composites,
for writing the Foreword of this book. Furthermore, I would like to thank Waltraud
Wiist and her team from Wiley-VCH and Petra Jelitschek as well as Angelika
Schwarz from my research teams in Bayreuth for their help and cooperation
during the publication process.

Bayreuth, Germany Walter Krenkel
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Fibers for Ceramic Matrix Composites
Bernd Claufd

1.1
Introduction

New materials and processing routes provide opportunities for the production of
advanced high performance structures for different applications. Ceramic matrix
composites (CMCs) are one of these promising materials. By combining different
ceramic matrix materials with special suitable fibers, new properties can be created
and tailored for interesting technical fields.

This chapter gives an overview on fiber types, which can be used as fibrous
components in CMCs [1-5]. The production of these fibers, as well as their struc-
ture and properties, will be discussed.

1.2
Fibers as Reinforcement in Ceramics

In CMCs, only fiber components are used that withstand the relatively high tem-
peratures required for the production of ceramics, without significant damage.
Other requirements to be met are long-term high-temperature stability, creep
resistance, and oxidation stability. The importance of each of these demands
depends on the type of application.

Organic, polymeric fiber materials cannot be used in CMCs because of their
degradation at temperatures below 500°C. Also conventional glass fibers, with
melting or softening points below 700°C, cannot be used for this purpose.

Possible candidates for the reinforcement of ceramic materials are polycrystal-
line or amorphous inorganic fibers or carbon fibers. The term “ceramic fibers”
summarizes all non-metallic inorganic fibers (oxide or non-oxide), with the excep-
tion of fibers manufactured via solidification of glass melts.

The distinction between ceramic fibers and glass fibers has become more difficult
during the last few years, because ceramics produced via new precursor or sol-gel
routes can also be amorphous (i.e. “glassy”) in structure and the production process
can also contain a melt processing step. This means that ceramic fibers can be
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Fibers
Inorganic Organic
fibers fibers

Non metallic Metal fibers ( Carbon fibers Polymer fibers
inorganic fibers

oo

Ceramic fibers Glass and mineral fibers Single cryst. fibers
(polycryst. or amorphous)

Non-oxide ceramic fibers
(SiC, Si-C-0, Si-C-N-0, Si-B-C-N...)

Oxide ceramic fibers
(Al,05, Mullite, ZrO2...)

Figure 1.1 Classification of different fiber types.

either polycrystalline, partially crystalline, or amorphous. However, the expression
“glass fibers” should only be applied to fibers that are produced via solidification
of typical glass melts based on silicate systems. If these melts are produced by using
minerals such as basalt, then the fibers should be called “mineral fibers.”

Carbon fibers can also be used under certain conditions in CMCs. Although
these fibers degrade in an oxidizing atmosphere above 450°C, they are stable
under non-oxidizing conditions up to temperatures of 2800 °C. Carbon fibers have
a very good cost-performance ratio, if an environmental protection of the compos-
ite allows the use of this fiber type. Therefore, environmental barrier coatings
(EBC) is an important field of research in CMCs.

Figure 1.1 shows a general classification of fibers, containing ceramic fibers and
carbon fibers.

1.3
Structure and Properties of Fibers

Fibers used in high-performance composites possess superior mechanical proper-
ties (and in CMCs also superior thermal properties) compared to “normal” poly-
meric fibers. This chapter will discuss how this can be achieved with fibers made
from different materials, including polymers, glass, ceramics, and carbon.

1.3.1
Fiber Structure

As shown in Figure 1.2, the structure of fibers can be considered from different
viewpoints, depending on the “magnification” at which the structure is presented.
The example shown is a polymeric fiber.
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Polyethylene-
terephthalate

Figure 1.2 Fiber structure (example PET fiber).

At the molecular level, the displayed fiber is composed of poly(ethylenetere-
phthalate) (PET) chain molecules. This “chemical structure” determines the
thermal and chemical stability and the theoretical strength of the fiber.

Most fibers also possess supramolecular structures, which are determined by
molecular orientation and crystalline and/or amorphous regions (e.g. a two-phase
crystalline and amorphous structure is indicated in Figure 1.2). These structures
are formed during processing and can be significantly influenced by the process-
ing conditions. This “physical structure” has important influence on the thermo-
mechanical properties of fibers.

Finally, the fiber morphology influences the properties at the macroscopic level.
Important criteria are cross-section, uniformity of the diameter along the fiber,
porosity, and structural flaws, as well as surface properties such as roughness and
surface energy (which is determined by the chemical structure of the surface).
Adhesion to the matrix material and wetting behavior during infiltration steps are
strongly influenced by these properties.

1.3.2
Structure Formation

The structure formation in fibers depends not only on the fiber material itself but
also on the processing conditions. Process parameters are controlled in such a way
that specific supramolecular and macroscopic structures can be obtained.

Important manufacturing processes are meltspinning, dryspinning, and wets-
pinning, together with modified spinning processes related to these:



-

Fibers for Ceramic Matrix Composites

e In the melt spinning process, fibers are formed via melts, which are forced
through nozzles at high pressure and then solidified by cooling.

e In the dry spinning process, polymer solutions are used, which are also spun
through nozzles. In this case, the fiber formation occurs by evaporation of the
solvent from the spun solution.

¢ In the wet spinning process, polymer solutions are also used, but fiber forms by
precipitation of the polymer in a liquid precipitation bath.

Important process parameters that influence the structure formation of the fibers
are spinning speed, draw ratio, temperature, and other ambient conditions.

If specialty fibers are desired, the spinning process is often followed by after
treatments, which will determine the final structure of the fibers.

Such after treatments include cross-linking of melt spun ceramic precursors
before pyrolysis, annealing, and sintering of oxide based green fibers in order to
achieve ceramic fibers and special surface treatments of carbon fibers.

If ceramic or carbon fibers are to be used in CMCs, the fibers have to be coated
in many cases (e.g. with pyrocarbon or boron nitride), which act as interfaces
between fiber and matrix.

133
Structure Parameters and Fiber Properties

The physical properties of fibers are determined essentially by three structure
parameters: bond type, crystallinity, and molecular orientation [6].

The energy content of different types of chemical bonds is illustrated in
Table 1.1. Covalent and ionic bonds, which can be oriented one-, two-, or three-
dimensionally within fibers, have the highest energy content and so determine the
mechanical strength and modulus of the fibers. Other bond types are of minor
importance in high-performance fibers.

Different fiber types are shown in Table 1.2, which are distinguished by the
structural parameters listed. It is obvious that the fibers possess different archi-
tectures and the final properties of the fibers (e.g. modulus and strength) are
determined by a combination of these structural parameters.

If the bond type and the spatial orientation of the bonds were the main criterion
for good mechanical properties, then ceramic fibers and glass fibers with three-
dimensional, covalent, or ionic bonds would have far superior properties com-
pared to other fiber types. But since these fibers are isotropic without molecular
orientation, they possess lower strength than carbon fibers. This is because carbon
fibers have a structure with two-dimensional covalent bonds, showing pronounced
crystallinity and high orientation. Based on this advantageous combination of
structural parameters, carbon fibers currently display the highest values for
strength and modulus. Depending on the processing conditions, carbon fibers can
achieve either moduli as high as 600 GPa, or extremely high strength values (above
7000 GPay).
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Table 1.1 Chemical bond types and bond energies with examples of materials [6].
Bond type Energy (k) mol™) Examples
Ionic 800-15000 NacCl 3D

710, 3D

Al,O4 3D
Covalent 200-600 (single bonds) Aramide 1D

Graphite (in plane) 2D

Glass, SiC 3D
Metallic 100-800 Metals
Hydrogen bonds 20-50 Aramide

Aliphat. polyamide

Cellulose
Dipole-dipole ca. 2 Polyester
van der Waals ca. 1 Polyolefines

Graphite (between planes)
Table 1.2 Fiber structures and properties [6].
Fiber type Polyester polyamide Aramide fibers  Carbon Ceramic Ceramic

from LC phase (crystalline) (amorphous)
glass

Structure

1D linear 1D linear

3D isotropic
2 phases 1 phase

Bond type 1D covalent, hydrogen 1D covalent, 2D covalent, 3D covalent/

bonds (PA), dipole- hydrogen van der ionic

dipole (PES), van der bonds, van Waals

Waals der Waals
Crystallinity ~Medium Paracyrstalline  Paracrystalline  Polycrystalline
Orientation ~ Medium Very high High None

3D isotropic

3D covalent/
ionic

Amorphous
None

Polymeric aramide fibers also show high strength values due to their high
molecular orientation in the fiber axis, although only one-dimensional covalent
bonds and hydrogen bonds are present.

Figures 1.3 and 1.4 show an overview of mechanical properties of different fiber
types. Averages are given because, as mentioned before, properties can differ
depending on processing conditions. In reality, no perfect fiber structure can be
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Tensile Strength
[MPa]

4000 -
3500 A
3000 A
2500 A
2000 1
1500
1000
500 +

PET Aramide Carbon SiC Al,03 Glass

Fiber types
Figure 1.3 Typical tensile strengths (averages) of different fiber types.

Tensile modulus
[GPa]

300 4

250 4

200 +

150 A

100 -

50 -

0+

PET  Aramide  Carbon SiC ALO;  Glass
Fiber types
Figure 1.4 Typical tensile moduli (averages) of different fiber types.

obtained during processing, which means that the real properties of fibers are
usually far below the theoretical property values calculated for a perfect structure.
Therefore, one important goal of a fiber spinning and fiber formation process is
to reduce structure imperfections to a minimum by optimized process control.
Relatively high prices of high-performance fibers are usually caused by highly
sophisticated and complex manufacturing processes rather than by more expen-
sive materials used in the fiber production.
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1.4
Inorganic Fibers

1.4.1
Production Processes

The manufacturing processes for inorganic fibers can be divided in two categories:
One process is called “indirect,” as the fibers or the non-ceramic precursor fibers
are not obtained by a spinning process, but by using other fiber materials. The
fiber is soaked with a pre-ceramic precursor material, or the precursor material is
deposited on the surface. The inorganic fiber is then formed by pyrolysis of the
organic template fiber.

In the second route, called “direct process,” inorganic precursors (salt solutions,
sols, or precursor melts) are directly spun into so-called “green fibers,” in some
cases by using organic polymer additives.

Another important distinction of production processes is based on the fiber
length. There exist production processes for endless fibers as well as for short
fibers, with fiber lengths from millimeters to some centimeters. Short fibers are
usually produced by fibrillation of spinning dopes using fast rotating discs or by
air-blowing techniques.

In addition, a process is conducted in which fabrics made of cellulosic short
fibers are saturated with precursors and then pyrolysed and sintered in order to
transform the material into a ceramic fiber fabric [7].

Figure 1.5 shows a schematic depiction of the production of ceramic fibers and
Figure 1.6 shows a dry spinning line for the production of endless, oxide based
green fibers.

1.4.1.1 Indirect Fiber Production

CVD Process In the CVD process, ceramic fibers are formed via gas phase deposi-
tion of ceramic materials on carrier fibers. The carrier fiber usually forms the core
of the ceramic fiber. Examples of core materials are carbon fibers and tungsten
wires.

Relic Process In the so-called “relic process,” absorbent organic fiber materials
(mostly cellulose-based) are saturated with salt solutions or sols. Afterwards the
organic material is burned off and the salt or sol is converted into a ceramic mate-
rial at high temperature to obtain ceramic fibers.

1.4.1.2 Direct Fiber Production
Direct fibre production processes can be distinguished by the pre-ceramic precur-
sor components used in the spinning dopes:

Spinning Dopes Based on Molecularly Dispersed Precursors In these processes,
soluble salts are used in the spinning dopes, which can be converted into ceramics
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Precursor systems
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Solvent- or meltspinning processes
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Figure 1.5 Production route of ceramic
fibers.

Figure 1.6 Dry spinning facility at ITCF,
Denkendorf, for spinning of oxide forming
green fibers.
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by a calcination step. Although the salts are dissolved in the form of ions, that is,
dispersed at the molecular scale, these processes are often incorrectly summarized
under “sol-gel” processes.

In addition to the salt, the spinning dope consists of organic polymers such as
poly(ethylenoxide), poly(vinylalcohol), or poly(vinylpyrrolidone), in order to achieve
the rheological behavior needed for the spinning process. Solvents are usually
water or water/alcohol mixtures. In some cases, nano-scaled ceramic particles are
added to the dope to control the structure formation during ceramization.

Spinning Dopes Based on Colloidally Dispersed Precursors This process is similar
to the one mentioned above, but here colloidal inorganic components are used as
pre-ceramic precursors (i.e. particle sols). In this case, the term “sol-gel process”
is appropriate. The organic polymers, which have to be added in order to achieve
spinnability, are the same as in the above process, with the same solvents also
being used.

Spinning Dopes Containing Coarse Ceramic Particles (Ceramic Powders)
Sometimes, coarse ceramic particles are added to salt- or sol-based spinning dopes
in order to increase the ceramic yield and to reduce the shrinkage during calcina-
tions and sintering. In this case, the process is called the “slurry process.”

Spinning Dopes Based on Inorganic Polymers In these so-called “precursor
or precursor-polymer processes,” the spinning dope consists of either a solution
of an inorganic polymer, which can be spun via a dry spinning process or the
precursor-polymers are fusible and can be spun using a melt spinning process.
Here no addition of organic polymer is necessary since the solution or the melt
already possess the visco-elastic rheological behavior needed to be spun into
fibers.

The inorganic polymers usually carry organic functional groups such as methyl-
or propyl-groups, so that during pyrolysis this organic material also has to be
burned off. However, these systems have significantly higher ceramic yields com-
pared to the processes described above. The precursors, which are melt spun, have
to be cross-linked (either chemically or by high energy radiation) before pyrolysis,
otherwise the material would re-melt and lose its fiber shape if heated above the
melting point.

1.4.2
Properties of Commercial Products

1.4.2.1 Comparison of Oxide and Non-oxide Ceramic Fibers

Oxide fibers, currently available commercially, are mostly based on Al,O;- or

Al,0;/Si0, ceramics. They possess high values for tensile strength and modulus,

and due to their oxidic nature are stable against oxidation at high temperatures.
Unfortunately, even the best polycrystalline oxide fibers are prone to creep under

load at 1100°C. Above this temperature the fibers cannot be used in CMCs for
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long-time applications. Also oxide fibers tend to form larger grains when kept at
high temperatures over long time periods. The larger grains tend to grow at the
expense of smaller grains because of diffusion processes at grain boundaries,
which can lead to brittle fibers.

Commercially available non-oxide ceramic fibers are based on SiC and Si-C-(N)-O
materials, which contain undesirable oxygen to a greater or lesser extent and can
also contain Ti, Zr, or Al.

Non-oxide fibers also exhibit high values for tensile strength and modulus (even
higher than oxide fibers) and due to their structure, which is amorphous in many
cases, they possess lower creep rates at high temperatures compared to the poly-
crystalline oxide fibers. Disadvantages of these fibers are their susceptibility to
oxidation, which leads to fiber degradation in an oxidizing atmosphere over time.
The lower the oxygen content of the fiber itself, the Dbetter its oxidation
resistance.

The production process, which requires an inert atmosphere in most cases, is
complex. Especially in the fabrication of low oxygen fibers (<1 wt.-% oxygen), such
as the Hi-Nicalon types or Sylramic, sophisticated technologies are needed, which
lead to high fiber prices.

The limitations of both oxide and non-oxide fiber types have to be known in
order to choose the proper material for the intended application.

Current research activities are focused on the development of oxide fibers with
enhanced creep properties und reduced grain growth rates, as well as on the
development of non-oxide fibers with improved oxidation stability and lower pro-
duction costs [8-16].

1.4.2.2 Oxide Ceramic Filament Fibers
Table 1.3 gives an overview of commercially available oxide ceramic filament
fibers (i.e. endless fibers). The specifications given are taken from product
information of the fiber producers [17-20]. The reported prices are for quantities
of over 100kg of fiber and are usually higher for lower quantities. The “denier”
given for the 3M fibers is a unit of measure for the linear mass density of
fibers. It is defined as the mass in grams per 9000 meters. In the International
System of Units, the “dtex” is used instead, which is the mass in grams per
10000 meters. Since the fibers have different densities, the denier does not
indicate directly the number of filaments. For Nextel 720, “3000 den”
corresponds to about 900 filaments; for Nextel 610, “3000 den” corresponds to
about 800 filaments; for Nextel 550 and 440, “2000 den” corresponds to about 700
filaments; and for Nextel 312, “1800 den” also corresponds to about 700 filaments
(if fiber diameters of 12 um are assumed).

Nevertheless, no responsibility can be taken for the correctness of this
information.

Figure 1.7 shows the structure of a 10pum mullite-based oxide fiber developed
at ITCF, Denkendorf (Germany), as an example of a new oxidic ceramic fiber [21,
22].
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Table 1.3 Overview about commercial oxide ceramic filament fibers.

Producer =~ Composition Diameter Density Tensile Production Approx. price
Fiber (Wt.-%) (um) (g/cm’®) strength/ technique/
modulus structure
(MPa/GPa)
3M ALO;: 85 10-12 3.4 2100/260 Sol-Gel/ €790/kg
Nextel 720  SiO,: 15 59 vol.% o-Al,05 (1500 den)
+ €600/kg
41 vol.% Mullite (3000 den)
3M Al O;: >99 10-12 39 3100/380 Sol-Gel/ €790/kg
Nextel 610 o-Al, O, (1500 den)
€600/kg
(3000 den)
€440/kg
(10000 den)
3M ALO;: 73 10-12 3.03 2000/193 Sol-Gel/y-AL,O; + €590/kg
Nextel 550 SiO,: 27 SiO; amorph. (2000 den)
M ALO;: 70 10-12 3.05  2000/190 Sol-Gel/y-ALO, + €500/kg
Nextel 440  SiO,: 28 Mullite + SiO; o, (2000 den)
B,0s: 2
3M Al,O;: 62.5 10-12 2.7 1700/150 Sol-Gel/Mullite + €260/kg
Nextel 312 SiO,: 24.5 amorph. or 100% (1800 den)
B,05: 13 amorph
Sumitomo  AlL,O;: 85 10/15 33 1800/210 Polyaluminoxane/ €640-720/kg
Altex Si0O,: 15 v-AlLO;
Nitivy ALO;: 72 7 2.9 2000/170 Sol-Gel/y-AlLL0; €390/kg (twisted
Nitivy SiO,: 28 yarn, twists:
ALF 10-15)
Mitsui ALO;: 60-80 7-10 2.9 Not available Unknown/8-Al,05 Price not available
Almax-B Si0,: 40-20

1.4.2.3 Non-oxide Ceramic Filament Fibers

Table 1.4 gives an overview of commercially available (some only in smaller quanti-
ties) non-oxide filament fibers [23-26]. Prices for the Nicalon fibers were provided
by the North American distributor COI Ceramics Inc. Nevertheless, no responsi-
bility can be taken for the correctness of this information.

Figure 1.8 shows an example of an amorphous non-oxide Si-C-N fiber after
temperature treatment at 1500°C for 12 hours in air. This fiber was produced at
ITCF, Denkendorf with a precursor material from the Department of Ceramic
Materials Engineering of the University of Bayreuth [27, 28]. Beside the oxidation
layer of silicon dioxide at the fiber surface, no further degradation can be

observed.



12

1 Fibers for Ceramic Matrix Composites

(b)

Figure 1.7 Mullite ceramic fibers (produced at ITCF,
Denkendorf) as an example for oxide ceramic fibers.

1.5
Carbon Fibers

Carbon belongs to the materials with the highest temperature resistance, if kept
in non-oxidizing atmosphere. Under these conditions carbon does not sublimate
until temperatures of 3730°C are reached. The material can be used in technical
applications up to 2800°C.

Well-known modifications of carbon are diamond, graphite, amorphous carbon,
and also fullerenes and carbon nanotubes.

In graphite, each atom is bonded trigonally to three other atoms, making a
strong two-dimensional network of flat six-membered rings; the bond energies in
between the planes are weak (Figure 1.9, left).
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Producer Fiber Composition Diameter (um) Density Tensile Production Approx.
(Wt.-%) (g/cm’®) strength/  technique/ price
modulus structure
(MPa/GPa)
Nippon Carbon Si: 68.9 12 3.10 2600/420  Polycarbosilane/ €7000/kg
Hi-Nicalon “S” C: 309 B-SiC >10kg
0:0.2
Nippon Carbon Si: 63.7 14 2.74 2800/270  Polycarbosilane/ €3250/kg
Hi-Nicalon C:35.8 B-SiC + C >10kg
0: 0.5
Nippon Carbon Si: 56.5 14 2.55 3000/220  Polycarbosilane/ €1000/kg
Nicalon NL-200/201 C: 31.2 B-SiC + Si0, + C >10kg
0:12.3
UBE Industries Si: 67.8 10/7.5 3.10 2800/380  Polycarbosilane/ €6500/kg
Tyranno Fiber SA 3 C:31.3 B-SiC ryer. + ... >10kg
0:0.3
Al: <2
UBE Industries Si: 56.1 11 2.48 3400/200  Polycarbosilane/ €1400/kg
Tyranno Fiber ZMI  C: 34.2 B-SiC + ... >10kg
0:8.7
Zr: 1.0
UBE Industries Si: 55.4 11 2.48 3300/187  Polycarbosilane/ €1200/kg
Tyranno Fiber LoxM C: 32.4 B-SiC smorph. + ... >10kg
0:10.2
Ti: 2.0
UBE Industries Si: 50.4 8.5/11 2.35 3300/170  Polycarbosilane/ €1000/kg
Tyranno Fiber S C:29.7 B-SiC smorph. + ... >10kg
0:17.9
Ti: 2.0
COI Ceramics SiC/BN 10 3.00 3000/400  Precursor-polymer/ €10500/kg
Sylramic-iBN SiC/BN and >10kg
other phases
COI Ceramics SiC: 96.0 10 2.95 2700/310  Precursor-polymer/ €8500/kg
Sylramic TiB,: 3.0 SiC and other >10kg
B,C: 1.0 phases
0:03
Specialty Materials ~ SiC on C 140 (with 3.0 5865/415  CVD on €16400/kg
SCS-Ultra carbon fiber C-filament/B-SiC
core) on C
Specialty Materials ~ SiC on C 78 (with 2.8 3450/307  CVD on €19600/kg
SCS-9A carbon fiber C-filament/B-SiC
core) on C
Specialty Materials ~ SiC on C 140 (with 3.0 3450/380  CVD on €4850/kg
SCS-6 carbon fiber C-filament/B-SiC
core) on C
Tisics SiC on W 100/140 (with 3.4 4000/400 CVD on Price not
Sigma tungsten W-filament/SiC available
wire core) on W
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Figure 1.8 Si-C-N-fibers (ITCF, Denkendorf), produced from a
polycarbosilazane precursor (University of Bayreuth). The
depicted fiber was already treated for 12h at 1500°C in air [5].
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NN

Figure 1.9 Carbon structures. Left: perfect graphite crystal,
right: turbostratic structure, which is present in carbon fibers
131].

In carbon fibers, a layered structure is present, but unlike true graphite, the
graphitic layers are not neatly stacked, but have a more random arrangement [29,
30]. The layers are also not planar but rather ondulated, so this structure is called
“turbostratic” [31] (Figure 1.9 right). It is therefore appropriate to refer to the
structure of PAN-based carbon fibers as turbostratic graphite. In fibers derived
from mesophase pitch precursors, structures are formed closer to the true graphite
structure.

In order to achieve carbon fibers with high tensile strengths and moduli, the
carbon planes have to be oriented toward the fiber axis and optimized in their
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Figure 1.10 Structure of PAN derived carbon fiber with
different substructures: A = surface region; B = bulk region;
C = “hairpin” defect; D = disclination [32].

structure. This can be done by temperature treatments in an inert atmosphere
under tension.

Perpendicular to the fiber axis there is usually no orientation of the carbon
planes. This type of structure is present in all carbon fibers, but nevertheless there
are differences in terms of degree of orientation, arrangement of the layers in
radial direction, interaction in between the planes, and the presence of different
structural flaws such as microvoids and other imperfections [32] (Figure 1.10).
This leads to fibers with different mechanical properties, from high tensile strength
to very high modulus.

The elastic modulus of the fibers depends mainly on the degree of orientation
of the planes along the fiber axis, whereas the tensile strength is limited by the
number of structural flaws. During temperature treatments up to 1500°C, the
tensile strength tends to be optimized and treatments at even higher temperatures
(up to 2800°C) lead to fibers with high moduli.

For the use of carbon fibers in CMCs, such as C/SiC (carbon fiber reinforced
silicon carbide), the fibers have to be protected against oxidation. Otherwise they
will deteriorate by oxidative degradation at temperatures above 450°C. The fibers
can be protected against oxidation by the surrounding matrix itself but in most
cases the composite has to be protected additionally by a so-called EBC.

1.5.1
Production Processes

1.5.1.1 Carbon Fibers from PAN Precursors
The starting materials for this process are polyacrylonitrile fibers produced espe-
cially for carbon fiber manufacturing. The composition of the PAN is different



16

1 Fibers for Ceramic Matrix Composites

Pz
% 7/ 1 C 7

PAN STRETCH THERMOSET CARBONIZE GRAPHITIZE

PAN PROCESS

PITCH PROCESS

b, [
@/ﬂm -
e ] ]

PETROLEUM MELT THERMOSET CARBONIZE GRAPHITIZE

PITCH SPIN
m %ﬁ O
SPOOL EPOXY SIZING SURFACE TREATMENT

Figure 1.11 Two important production processes for carbon fibers [31].

from the others used for textile applications (different co-monomers are used for
the polymerization of acrylonitrile).

The PAN fibers are first treated under tension in a stabilization step in an oxi-
dizing atmosphere at temperatures between 250 and 300°C. In this process, the
linear PAN chain molecules are transformed to a material with cyclic and ladder-
like structure elements, which can withstand further treatments at higher tem-
peratures [31] (Figure 1.11, top). In the next step, the fibers are treated at 500 to
1500°C in an inert atmosphere (nitrogen), also under tension, which leads to car-
bonization of the fibers. In this process, non-carbon elements are removed as vola-
tile products, yielding carbon fibers with about 50 % the mass of the original PAN
precursor. During this carbonization, the carbon plains are optimized in their
structure (reduction of the number of structural flaws), leading to fibers with high
tensile strength.

In additional high temperature steps (graphitization) in a nitrogen or argon
atmosphere, the fiber structure can be further improved to produce high moduli.
Temperatures up to 2800°C are applied to arrange the carbon plains and to
increase their orientation toward the fiber axis. However, X-ray diffraction patterns
show that in this state no true graphitic structure is formed.

Typically fibers, which have been treated only at 1000 °C, exhibit tensile strength
values of about 2000 MPa and tensile moduli of about 170 GPa.

After temperature treatments up to 1500 °C, tensile strengths of about 3500 MPa
and tensile moduli of about 275 GPa are reached.
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At 2500°C, fibers with reduced tensile strengths of about 2800 MPa are formed
(presumably by the evolution of prolate pores during the formation of more
compact crystalline structures), but these fibers have very high tensile moduli of
480 GPa.

Even higher values for tensile moduli (up to 600GPa) can be reached, if the
fibers are treated at high temperature under tension.

The PAN process is by far the most important production process for carbon

fibers.

1.5.1.2 Carbon Fibers from Pitch Precursors
Pitches derived from coal tar, petroleum residues, or PVC can be used as relatively
cheap precursors for carbon fibers.

Pitch is a thermoplastic material and can therefore be extruded directly via melt
spinning processes to precursor fibers. These can be subsequently transferred to
carbon fibers in processes similar to the one described for the PAN route. This
includes a stabilization step between 250 and 300°C and then carbonization and
graphitization at temperatures between 1000 and 2500°C [31] (Figure 1.11,
lower).

In untreated pitches, condensed aromatic structures are present, which are iso-
tropic and randomly distributed. This leads to fibers with low orientation of the
carbon plains along the fiber axis, and moderate mechanical properties.

In order to achieve enhanced fiber properties, the pitches are thermally treated
at 400 to 450°C by which liquid crystalline, anisotropic structures are formed, the
so-called mesophases.

Precursor fibers, produced from mesophase pitch, exhibit high orientation
values of the carbon plains in the direction of the fiber axis and can therefore be
transformed to carbon fibers with very good mechanical properties. The yield of
carbon from pitches can be above 75 wt.-%.

Tensile strengths values of 3500 MPa and tensile moduli of about 400 GPa can
be reached for the carbon fibers based on pitch. Also, this fiber type can be brought
to even higher moduli of about 600GPa by an additional high temperature
treatment.

1.5.1.3 Carbon Fibers from Regenerated Cellulose

For this production route, cellulose rayon fibers are used as a carbon source. Rayon
fibers are produced by dissolving and spinning of cellulosic materials, such as
wood pulp or cotton.

Since cellulose is a polymeric carbohydrate, water evolves during the tempera-
ture treatment, leaving a residue of carbon.

The production process is also conducted in steps, including a lower tempera-
ture treatment (below 400°C), subsequent carbonization (up to 1500°C), and
graphitization (at about 2500°C). The yield of carbon fibers from rayon is low,
ranging between 10 and 30 wt.-%.

The mechanical properties of the rayon derived carbon fibers achieved in stan-
dard processing (only carbonization) are not as good as for PAN derived fibers.
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Typically values of 700 MPa are achieved for the tensile strength and 70 GPa for
the modulus.

Unlike in the PAN process, the fibers cannot be held under higher tension
during the low temperature treatment. But in the following high temperature
treatments, tension can be applied to these fibers, by which good mechanical
properties can be reached, that is, tensile strengths up to 2800 MPa and moduli
up to 550GPa. Since the whole process is more complex for the rayon derived
fibers, PAN derived types are more commonly used in industry.

1.5.2
Commercial Products

There are a number of companies producing carbon fibers and each has a number
of carbon fiber products with different fiber properties and yarn counts. Therefore,
no complete market survey of carbon fiber products is given here, but some
examples of fiber properties and prices are displayed.

A classification of carbon fibers in terms of their mechanical properties can be
conducted by using the IUPAC (International Union of Pure and Applied Chem-
istry) guidelines (Table 1.5) [33].

Carbon fibers are offered in a wide range of tensile strengths and moduli. Also
a wide range of filament numbers in rovings are produced ranging from 1000 (1K)
to 400000 (400K) filament bundles. Depending on the fiber properties, the fibers
can be priced between 20€/kg up to 1500€/kg.

Table 1.6 shows a survey of carbon fibers from Toray, Toho Tenax, and SGL
Carbon [34-36].

Some fiber types are sold in different qualities, that is, a regular type and also
a type that is qualified for aerospace applications. Since there are higher quality
standards in aerospace applications, the fibers for these applications are 15 to 25 %
more expensive than those displayed in the table, due to additional quality controls
during and after production.

Table 1.5 Classification of carbon fibers.

Classification Tensile Tensile Elongation
modulus (GPa) strength (MPa) at break (%)

UHM (ultra high modulus) >600 - -

HM (high modulus) >300 - <1

IM (intermediate modulus) 275-350 - >1

LM (low modulus) <100 low -

HT (high tensile) 200-300 >3000 1.5-2
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Table 1.6 Comparison of carbon fibers from different producers.

Producer Fiber Diameter (um) Density Tensile Approx. price
(g/cm’) strength/

modulus

(MPa/GPa)
Toray Industries 7 1.76 3530/230 €53/kg
T300 (6K)
Toray Industries 7 1.80 4900/230 €30/kg
T700 S (12K)
Toray Industries 5 1.81 5490/294 €250/kg
T800HB (6K)
Toray Industries 5 1.80 7060/294 €240/kg
T 1000G (6K)
Toray Industries 5 1.94 3920/588 €1500/kg
M60J (6K)
Toho Tenax 7 1.77 3950/238 €59/kg
HTA 5131 (3K)
Toho Tenax 7 1.77 4300/238 €29/kg
HTS 5631 (12K)
Toho Tenax 7 1.79 4000/240 €22/kg
STS 5631 (24K)
Toho Tenax 4.8 1.78 4560/395 €95/kg
UMS 2731 (24K)
Toho Tenax 47 1.81 4500/435 €158/kg
UMS 3536 (12K)
SGL Carbon 7 1.80 3800-4000/230  €15-25/kg

Sigrafil C (50K)

Acknowledgments
The support of the companies 3M, Sumitomo Chemical, Mitsui, Nitivy, Nippon
Carbon, UBE Industries, COI Ceramics, Specialty Materials, Tisics, Toray Indus-

tries, Toho Tenax, and SGL Carbon in terms of providing prices and data of
ceramic and carbon fibers is gratefully acknowledged.

References

1 Krenkel, W., Naslain, R. and Schneider, =~ 4 Clauf, B. (2001) Fasern und

H. (2001) High Temperature Ceramic Performtechniken zur Herstellung
Matrix Composites, Wiley-VCH Verlag Keramischer Verbundstoffe, Keramische
GmbH, Weinheim. Zeitschrift, 53, 916-23.

2 Lee, S.M. (1993) Handbook of Composite 5 Clauf, B. and Schawaller, D. (2006)
Reinforcements, Wiley-VCH Verlag Modern Aspects of Ceramic Fiber
GmbH, Weinheim. Development, Advances in Science and

3 Clauf3, B. (2000) Keramikfasern — Technology, 50, 1-8.

Entwicklungsstand und Ausblick, 6 Blumberg, H. (1984) Die Zukunft der

Technische Textilien, 43, 246-51. neuen Hochleistungsfasern,



20

1 Fibers for Ceramic Matrix Composites

9

10

n

12

13

14

15

16

17

18

19

20

21

Chemiefasern/Textilindustrie, 34/86

808 ff.

www.zircarzirconia.com (accessed

Oct 08, 2007).

Belitskus, D. (1993) Fiber and Whisker
Reinforced Ceramics for Structural
Applications, Dekker, New York.
Bunsell, A.R. (1988) Fibre Reinforcements
for Composite Materials, Elsevier Science
Publishers B.V., Amsterdam.

Ullmann’s Encyclopedia of Industrial
Chemistry: Fibers; 5: Synthetic Inorganic,
Vol. A11 (1988) Wiley-VCH Verlag
GmbH, Weinheim, pp. 2-37.

Engineered Materials Handbook:
Composites, Ceramic Fibers, Vol. 1 (1987)
ASM International, Metals Park, Ohio,
pp- 60-5.

Cooke, Th.F. (1991) Inorganic fibers: A
Literature Review, Journal of the American
Ceramic Society, 74, 2959-78.

Wedell, J.K. (1990) Continuous Ceramic
Fibres, Journal of the Textile Institute, 81,
333-59.

Bunsell, A.R. (1991) Ceramic Fibers:
Properties, Structures and Temperature
Limitations, Journal of Applied Polymer
Science, Symposium, 47, 87-98.
Wallenberger, F.T. (2000) Advanced
Inorganic Fibers: Processes, Structures,
Properties, Applications, Kluwer Academic
Publishers, Dordrecht.

Bunsell, A.R. and Berger, M.-H. (1999)
Fine Ceramic Fibers, Dekker, New

York.
http://www.mmm.com/ceramics/misc/
tech_notebook.html (accessed Oct 08,
2007).
http://www.sumitomo-chem.co.jp/
english/division/kiso.html (accessed Oct
08, 2007).
http://www.nitivy.co.jp/english/nitivy.
html (accessed Oct 08, 2007).
http://www.mitsui-mmc.co.jp/eindex.
html (accessed Oct 08, 2007).
Schmiicker, M., Schneider, H.,

Mauer, T. and Clauf3, B. (2005)

22

23

24
25

26

27

28

29

30

31

32

33

34

36

Kinetics of Mullite Grain Growth in
Alumo Silicate Fibers, Journal of the
American Ceramic Society, 88, 488-90.
Schmiicker, M., Schneider, H., Mauer, T.
and Clauf, B. (2005) Temperature-
dependent evolution of grain growth in
mullite fibres, Journal of the European
Ceramic Society, 25, 3249-56.
www.coiceramics.com (accessed Oct 08,
2007).

www.ube.de (accessed Oct 08, 2007).
http://www.specmaterials.com/silicarbsite.
htm (accessed Oct 08, 2007).
http://www.tisics.co.uk/fibre.htm (accessed
Oct 08, 2007).

Schawaller, D. (2001) Untersuchungen zur
Herstellung keramischer Fasern im
System Si-B-C-N und Si-C-N, PhD Thesis,
University of Stuttgart.

Schawaller, D. and Clauf, B. (2001)
Preparation of Non-oxide Ceramic Fibers
in the Systems Si-C-N and Si-B-C-N, in
High Temperature Ceramic Matrix
Composites (eds W. Krenkel, R. Naslain
and H. Schneider), Wiley-VCH Verlag
GmbH, Weinheim, pp. 56-61.
Dresselhaus, M.S., Dresselhaus, G.,
Sugihara, K., Spain, I.L. and Goldberg, H.
A. (1988) Graphite Fibers and Filaments,
Springer, Berlin.

Donnet, J.-B. and Bansal, R.C. (1984)
Carbon Fibers, Dekker, New York.
Buckley, J.D. (1988) Carbon-carbon; An
overview, Ceramic Bulletin, 67, 364-8.
Bennett, S.C. and Johnson, D.J. (1978)
London International Conference on
Carbon and Graphite, Society of Chemical
Industry, London.
http://goldbook.iupac.org/C00831.html
(accessed Oct 08, 2007.
http://www.torayca.com/index2.html
(accessed Oct 08, 2007).
http://www.tohotenax.com/tenax/en/
products/standard.php (accessed Oct 08,
2007).
http://www.sglcarbon.com/sgl_t/fibers/
sigra_c.html (accessed Oct 08, 2007).



2
Textile Reinforcement Structures

Thomas Gries, Jan Stiive, and Tim Grundmann

2.1
Introduction

In the previous chapter, ceramic and carbon fiber materials were described. An
overview of fibrous materials suitable as reinforcement of Ceramic Matrix Com-
posites (CMCs) was given and specific properties and selection criteria have been
described. These fibers and filaments represent the basic structures of all textiles.
The connecting element between filaments and textile structure is the yarn. In
this chapter, rovings and slightly twisted yarns are described. They represent the
most important yarn structures for use as reinforcing elements. The structure
inside a yarn can be defined as the microstructure of a textile. On the meso-level,
the yarn structure (fiber architecture) is described where the textile structure (yarn
architecture) represents the macro-level of a textile (Figure 2.1).

The complexity of the structure increases with the increase in dimension. Inside
the composite, the complexity is increased mainly by the matrix material and its
formation. However, there is no large increase in dimension due to the near-

Composite

Textile structure

Dimension [pum]

Yarn
structure

Degree of complexity

Figure 2.1 The different levels of textile reinforced composites.

21



22| 2 Textile Reinforcement Structures

Nonwoven Knitted fabric Warp-knit fabrics

Knitted Interlaced Biaxial warp-knit fabric

Figure 2.2 Overview of different basic two-dimensional textile structures.

net-shape appearance of the textile structure. This structure can be realized using
different textile technologies.

Complex textile reinforcement structures in near-net-shape form (textile
preforms) can be produced in one-step or multi-step processes. Textile preforms
can be realized using one-step preforming technologies such as three-dimensional
braiding, three-dimensional weaving, contour warp knitting, or net-shape
weft knitting, if the production process meets the requirements regarding
preform geometry and dimension. Usually, sub-preforms can be manufactured
that are processed in further preforming steps. In many cases, two-dimensional
textile structures are used to create structures of higher complexity by forming
and assembling several plies in multistep preforming processes. Figure 2.2
gives an overview of different basic two-dimensional textile structures. In this
chapter, they are described in detail, along with three-dimensional textile
structures and preforming technologies. The relevance of the textiles and
preforming technologies for use in CMC applications will also be
discussed.

When using textile structures as reinforcement in composites it is important
to realize a yarn position that is as straight as possible, because non-crimped
fibers can bear the highest loads and induce the highest stiffness. In several
applications, fiber crimp is needed, for example, to achieve high damage tolerance
or to realize energy absorption. Therefore, each application requires its own textile
structure.

In this chapter, the textile structures are divided into two-dimensional and three-
dimensional textiles.



2.1 Introduction

2.1.1
Definition for the Differentiation of Two-Dimensional and Three-Dimensional
Textile Structures

In several patents and publications dealing with the topic of “three-dimensional
textiles,” several different interpretations of textile three-dimensionality can be
found. To ease the use of the expressions, two-dimensional textile and three-
dimensional textile, a definition has been proposed by Gries et al. [1]:

A textile is defined as two-dimensional if it does not extend in more than two
directions, neither in yarn architecture nor in textile architecture.

A textile is defined as three-dimensional textile if its yarn architecture and/or its
textile architecture extend in three directions, regardless of whether it is made
in a one-step-process or a multiple-step-process.

The textile terms used in the definition are defined in Table 2.1.

2.1.2
Yarn Structures

In this Section, selected yarn structures will be introduced and their potential for
the processing of brittle high-performance fibers, such as ceramic or carbon fibers
in textile processes, will be discussed. In Figure 2.3, an overview of different yarn
structures is given.

Twisted and untwisted multifilaments are called rovings. Twisting the roving
slightly improves its processability and decreases the risk of filament damage.

Table 2.1 Definition of textile terms [1].

Yarn architecture Arrangement of yarns on textile level. The yarn architecture is
defined as three-dimensional, if it is created by three or more yarn
systems or main yarn orientations and no rectangular coordinate
system can fit into it, so that one coordination axis is oriented
rectangularly to each of the yarn orientations.

Textile architecture Geometry of the textile. The textile architecture is defined as three-
dimensional, if a volume is formed and/or enclosed by the textile
structure, regardless of the number of yarn systems and the yarn
architecture thus created.

One-step-process Production of a near-net-shape textile product in a single production
step (e.g. three-dimensional-warp knitting, three-dimensional-
braiding, etc.).

Multiple-step-process  Production of a near-net-shape textile product in several production
steps (e.g. warp knitting and forming, weaving and sewing, etc.).

Near-net-shape Textile architecture, which dimensions are close to the final products
shape. This term is used mostly in the field of composite
applications.

23
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Figure 2.3 Overview of different yarn structures.

Common twist on carbon rovings consists of only 5 to 20 turns per meter. The
loss in tensile strength in composite use can therefore be kept low (<5 %). Another
way to improve the processability of brittle rovings is to protect them with a cover-
ing. In covered yarns, this is achieved by winding filaments in one or two layers
around the sensitive roving. Instead of using only one yarn material for core and
covering, a different kind of material can be chosen for the covering yarn. Such
hybrid yarn structures can be manufactured with the help of an air jet, which
commingles the filaments of the covering material (commingling yarn).

Another way to realize hybrid yarn structures with a covered core is the core
spinning process. During this process, e.g. thermoplastic staple fibers are spun
around a core yarn. Here, the surface of the staple yarns is melted, enabling them
to stick onto the core yarn. Thickness and density of the covering can be adjusted
and protection of the core yarn can be realized with this kind of yarn structure.
This protective effect can also be used for joining purposes. ITA has invented a
technology for the creation of circular non-crimp fabrics (NCF), whose yarns are
joined at the connecting points by melting the covering fibers using ultrasonic
welding. With the help of this technology, very brittle glass rovings have been
arranged in a textile preform for textile reinforced concrete [2].

2.2
Two-Dimensional Textiles

2.2.1
Nonwovens

According to DIN 61210, nonwovens are defined as flat textile materials either
fundamentally or fully consisting of fibers. These fibers can be arranged, or not,
in defined directions [3]. Figure 2.4 shows an example of a nonwoven.
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Figure 2.4 Example of a nonwoven structure.

For reinforcement purposes, ceramic or carbon nonwovens are used in CMCs,
commonly referred to as fiber blankets.

The manufacturing of nonwovens is subdivided into web formation and bonding.
The web formation is further differentiated into four processes:

e hydrodynamic web formation (fiber length 1-20 mm)
* aerodynamic web formation (fiber length 5-40 mm)
» mechanical web formation (fiber length 30-60 mm)

e spunlaid (endless fibers).

In order to create a nonwoven out of the fiber fleece obtained through web for-
mation, it must be solidified. This is either done mechanically (needlefelt, water-
jet), chemically, or thermally (calendaring, hot air). Furthermore, nonwovens can
also be solidified via warp knitting.

The advantage of fiber blankets for CMCs is the high porosity that eases the
infiltration process. Compared to oriented textile structures, the stiffness is very
low and so the reinforcing effect is lower. Nonwovens for CMCs are mostly made
of cutting converted filament yarns (staple fibers) and solidified by chemical
bonding (sometimes also needle felted).

2.2.2
Woven Fabrics

According to DIN 60000, woven fabrics are defined as those made of rectangular
crossed yarns of at least two yarn systems, warp and weft, by shed formation [4].

The manner of crossing of weft and warp yarns is called the pattern. The pattern
type has a high influence on different fabric properties, such as drapability and
shear stiffness. There are three basic patterns, the plain weave, the twill weave,
and the atlas weave, and also special pattern types such as the leno weave. Exam-
ples of typical two-dimensional woven fabrics are given in Figure 2.5.

There are also special non-crimp woven fabrics available that use thin auxiliary
yarns to avoid bending of the reinforcing yarn. The bending, which is caused by
the weaving process, is induced only in the auxiliary yarn because its stiffness is



26

2 Textile Reinforcement Structures

Plain Twill Atlas

Figure 2.5 Structure of different two-dimensional woven fabrics.
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Figure 2.6 Non-crimp woven fabric “Advanced Syncron Weave” [5].

much lower than that of the reinforcing yarn. Figure 2.6 shows a biaxial non-crimp
weave with an auxiliary yarn called “Advanced Syncron Weave,” from the company
ECC GmbH & Co. KG, Heek, Germany.

In comparison to the unidirectional reinforcement structures, the handling and
drapability of fabrics are good but the wavelike yarn crimp decreases the mechani-
cal properties of the consolidated textile-reinforced structure. Strength as well as
stiffness of fabric-reinforced composites is therefore lower than with unidirec-
tional reinforcements. With the choice of proper weft and warp density as well as
suitable patterns, such as Atlas, Advanced Syncron, or leno weave, these disadvan-
tages can be minimized by reducing fiber crimp. Also the spreading of the yarns
into a thin tape helps to reduce yarn crimp.

In comparison to NCFs, the handling of woven fabrics is inferior but the drap-
ability is very good, due to the lower shear strength.

The processing of brittle fibers (carbon and ceramic) into woven fabrics is pos-
sible but also “yarn-friendly” patterns (e.g. Atlas, Advanced Syncron, or leno weave
but not plain weave) and machinery setups have to be carefully chosen. Special
attention should be given to the porosity, which is hard to achieve in woven fabrics.
The use of lost yarn (e.g. viscose or acrylic yarn) that is removed after processing
by heat treatment can help to improve the porosity and thus improve infiltration
with the ceramic precursor. This was verified in [6] with the knitting threads of
warp-knitted fabrics. For woven fabrics, for example, the auxiliary yarns of the
“Advanced Syncron Weave” or the leno yarn of the leno weave can function as lost
yarn. Thus, these patterns may have a high potential for the use in CMCs, which
has yet to be verified.
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2.2.3
Braids

In DIN 60000, braids are described as textile structures of regular appearance with
closed selvedges. They consist of at least three yarns (healds) or at least two yarn
systems (tubular braids), whose yarns are intertwined and crossed diagonally to
the edges of the textile (Figure 2.7) [4].

The angle between the selvedges (i.e. the production direction) and the braiding
yarns is called the braid angle (Figure 2.8). This angle can be varied between 20
and 80 degrees. Braids with an angle of 45 degrees look similar to woven fabrics.
They do have a comparable yarn architecture regarding yarn crimp, due to inter-
twining of the braiding yarns. The most common braid pattern is called the
Regular Braid. It is comparable to a 1/2-twill woven structure. Other braid patterns
are the Diamond Braid (1/1) and the Hercules Braid (1/3) [7]. It is also possible
to realize a 2/2-twill-like braided structure by choosing a tandem type of setup of
yarn carriers on the machine. In analogy to woven fabrics, the braid pattern influ-
ences the drapability of the braids.

In addition to the braiding yarns, axial yarns (0 degrees) can be added inside the
braided structure. These yarns are inactive during the production process and are

Flat Round

Figure 2.7 Yarn architecture of biaxial two-dimensional braids.

Production direction
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Figure 2.8 Definition of braid angle.
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enclosed by the braiding yarns. While the braiding yarns are crimped, the axial
yarns remain in a straight position. Braids with axial yarns enclosed are called tri-
axial braids and those without axial yarns are called biaxial braids. The drapability
of triaxial braids is inferior to that of biaxial braids, due to the friction between
axial and braiding yarns.

The processing of brittle high-performance yarns such as carbon, glass, or
ceramic rovings on braiding machines is common today. Tubular braids of differ-
ent diameters made of these materials are available on the market. Also special
machine components, including yarn carriers and yarn guiding elements for the
processing of brittle yarns, have been developed. For the reinforcement of CMC-
rods, two-dimensional braids made of carbon or ceramic rovings are of interest.

224
Knitted Fabrics

According to DIN 60000, knitted fabrics are planar structures, realized by loop
formation of one or more yarns or yarn systems. Knitting processes can be differ-
entiated according to the direction of loop formation. The products of a knitting
process with loop formation perpendicular to the production direction are called
weft-knitted fabrics. Fabrics that are created with loop formation in the production
direction are called warp-knitted fabrics [4]. The difference in production process
leads to different methods of fabric creation. So one yarn system is sufficient for
the creation of a weft-knitted fabric but several yarn systems are needed for the
realization of warp-knitted structures.

Both industrial processes provide numerous knitting needles for the fabric cre-
ation. But while one yarn passes several needles arranged in a row or a circle
during weft knitting, every needle is provided with its own yarn during warp knit-
ting. Knitted structures are the most drapable ones of all two-dimensional textiles.
But due to the arrangement of the yarns in loops, these structures do not provide
high tensile strength and modulus. Therefore they are not very common as struc-
tures for reinforcement, except for a few ballistic applications. Furthermore, the
use of brittle high-performance yarns such as ceramic or carbon rovings as knit-
ting yarns is impossible due to high friction and deformation during the knitting
processes.

Nevertheless, weft-knits and warp-knits are of high importance in reinforcing
composite structures if they are modified. Knitting technology enables the inser-
tion of straight reinforcing yarns in warp and weft direction during production.
Mono-, bi-, and multi-axial weft- and warp-knitted fabrics can therefore be realized
in economic production processes (Figure 2.9).

Using knitting technology, every warp- and weft yarn is bound with a single
knitting loop. Compared to other technologies, the rovings remain undisturbed.
As a knitting yarn, an auxiliary yarn made of a thermoplastic, such as Polyethylene
or Polyamide, is used. The insertion yarns are not opposed to high load and abra-
sion during production. Therefore knitted fabrics with weft and warp insertion
made of brittle yarns such as glass, carbon, or even ceramic rovings, can be
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Figure 2.9 Bi- and multiaxial warp- and weft-knitted fabrics.

UD-Prepreg Multaxial noncrimp binder fabric Multaxial warp-knit fabric

Figure 2.10 Overview of different NCFs.

achieved [6]. A specific characteristic of these structures is that they can have
porous structures with spacings between the insertion yarns. This design charac-
teristic has been beneficial when using biaxial warp-knits as structures for rein-
forcement of concrete. The specific textile design eases the infiltration of the textile
reinforcement with the concrete matrix. Because of the comparability to the
ceramic matrix processing, these structures show a huge potential for use as rein-
forcement of CMCs.

A special weft-knitting process with warp and weft insertion, which enables the
production of near-net-shape knitted fabrics, has been developed by the Institut
fiir Textil- und Bekleidungstechnik der T.U. Dresden, Dresden, Germany (ITB)
[8, 9]. The innovative process is based on conventional flat-weft-knitting technol-
ogy. Near-net-shape structures, for example, disks with polarorthotrop reinforcing
yarns, can be achieved [10].

225
Non-crimp Fabrics

According to EN 13473-1, non-crimp fabrics (NCF) are defined as textile structures
consisting of one or several parallel layers of straight, unidirectional yarns that are
not crimped [11].

Multi-axial NCF are two-dimensional textiles consisting of at least two layers of
unidirectional reinforcing yarns. These layers are joined by pre-impregnation with
resin, by fixation with adhesives, or by using warp-knit seams (Figure 2.10). Adhe-
sives for the joining of NCFs are used in the form of fluid, powder, or a non-woven
hot melt. In a multilayer NCF, the layers can have different orientations. Possible
orientations are 0, 90, and between 20 and 70 degrees. Furthermore, the yarn count
and the kind of material used in each layer can be varied. Present-day industrial
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production machines can process up to eight layers plus the introduction of two
surface fabrics, for example, non-wovens. In NCFs joined by warp-knit seams, the
knitting pattern can be varied. The three patterns, chain stitch, tricot lap, and cord
lap, influence the drapability of the fabric [12].

Due to the high standard of the machine technology, the processing of brittle
high-performance yarns such as carbon and ceramic rovings is enabled with very
little fiber damage. Only the joining process using warp knitting can be critical for
very brittle yarns because the needles punch directly through the yarns. This can
create filament breakage and yarn deflection. Nevertheless, many NCFs with dif-
ferent yarn architecture made of glass, carbon, and aramide rovings, are available
today. NCFs made of ceramic rovings are not yet known.

2.3
Three-Dimensional Textiles

Processes for the production of three-dimensional textile structures often enable
textile preforms to be achieved in one production step. Many production processes
to create three-dimensional textiles have been invented in the last two decades and
development is still ongoing. Nevertheless, there are no one-step technologies
known for the realization of three-dimensional non-wovens as reinforcement
structures for composites. The most relevant technologies for one-step textile pre-
forming are described below.

2.3.1
Three-Dimensional Woven Structures

Different types of three-dimensional woven structures exist. Figure 2.11 gives an
overview of some types described in this section.

Three-dimensional woven fabrics are manufactured by the insertion of two picks
with double shed opening, being upright to each other. The yarns are fed in at a
0- and 90-degree direction and an additional yarn is positioned orthogonally toward
the two others in the z-direction. Three-dimensional fabrics feature quasi-isotropic
properties, and a high tensile and compression strength, as well as good bending
stability and very good impact behavior [13-16]. The distribution of the reinforce-

3-D woven fabric Multi-layer woven fabric Woven spacer fabric

Figure 2.11 Structure of different three-dimensional woven fabrics.
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ment fibers is uniform in all three dimensions. However, the drapability and
elongation behavior of three-dimensional fabrics is poor. Three-dimensional
fabrics are applied in textile-reinforced composites with high thermal impacts as
well as for structural parts in the areas of car and aircraft construction, and are
manufactured by Biteam AB, Gothenburg, Sweden.

Other kinds of three-dimensional fabric structures are the so-called multilayer
woven fabrics. These are manufactured by the composition of several fabric layers
without any spacings in between. The layers are fixed by interlocking or chain
warp. The yarns are orientated in a 0- and 90-degree direction and the yarns in
the z-direction are variable. Multilayer fabrics can be draped well, featuring good
elongation behavior and good tensile, compression, and bending stability. These
fabrics are applied in impact-charged multilayer structures made of textile-
reinforced plastic (TRP), for example, automobile floor components [17, 18].
3Tex, Cary NC, USA produces these kinds of fabrics.

Woven spacer fabrics also have a three-dimensional structure. They are manufac-
tured by weaving in upright pile warps and their properties are comparable with
those of multilayer fabrics. Only the drapability is somewhat inferior. The distance
between the two layers can be adjusted individually and thus be assimilated to the
particular application. These textiles show a high resistance against perforation.
They are applied in sandwich structures, for example, in TRP lightweight design
applications [15, 19].

Figure 2.12 shows an example of a three-dimensional woven spacer fabric pro-
duced by 3Tex, Cary NC, USA. Another manufacturer of three-dimensional woven
spacer fabrics is Parabeam bv, Helmond, Netherlands.

Tubular woven fabrics are another kind of three-dimensional woven fabric. They
are produced by circular or flat shuttle looms. Tubular woven fabrics feature good
tensile and compression strength, but low shear and bending stiffness. Tubular
woven fabrics are used, for example, as porous vascular grafts in medical technol-
ogy 21, 22].

Another process to produce three-dimensional textiles is called the shape
weaving process and was developed by Shape 3 Innovative Textiltechnik GmbH,
Wupperthal, Germany [23]. The principle of this technology is the integration of
warp and weft yarns of different length during the weaving process. Through these

Figure 2.12 Three-dimensional woven fabric [20].
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extra yarn lengths, the textile expands into the third dimension. This opens up the
possibility of configuring textile fabrics to a certain shape during the weaving
process [24].

There are numerous woven fabric variants of interest for textile-reinforced com-
posite applications. These include multilayer woven fabrics and three-dimensional
woven fabrics, as well as flat woven fabrics with three-dimensional design features.
Regarding industrial usage, two-dimensional fabrics are the most strongly repre-
sented because of good mechanical properties and fast production process, and
thus their attractive price.

For CMCs, two-dimensional woven fabrics are already used. R&D work on oxidic
CMCs with a porous matrix are accomplished mainly in the United States (Uni-
versity of Santa Barbara CA, General Electric, COI), in Japan (Kagoshima Univer-
sity), and in Germany (DLR, Cologne) [25, 26].

232
Braids

2.3.2.1 Overbraided Structures

One opportunity to create three-dimensional textiles or textile preforms using
braiding technology is overbraiding, a special kind of circular braiding. The cre-
ation of the textile is similar to circular braiding but the tubular braid is directly
laid down on a net-shaped mandrel. Several layers can be braided onto the mandrel
with an individual starting point and endpoint for each layer. Similar to circular
braiding, each layer consists of a bi- or tri-axial yarn architecture and braid angles
can be varied between 10 and 80 degrees. The orientations of the braiding yarns
can be varied in each layer [7]. Also the formation of a layer that only consists of
0-degree yarns is possible. Because the yarn carriers can be equipped with different
materials, the production of hybrid structures is possible.

New developments, which are driven by EADS Innovation Works Germany,
Ottobrunn, Germany, use the initial division of the two yarn systems of braiding
yarns to set up one group with reinforcing yarns and the other with auxiliary yarns.
Choosing the suitable auxiliary yarn (e.g. an elastic thermoplast yarn), non-crimp
structures can be produced, so-called unidirectional braids (UD-braids). This tech-
nique not only leads to minimized filament damage of the reinforcing yarn, but
also leads to structures that can concur with UD NCFs. In summary, there is a lot
of freedom in the design of the textile preform.

Because the yarns support each other, orientations can be apart from the geo-
daethic line on the mandrel (Figure 2.13). The braided structure will be stable
while it stays on the mandrel. Of course, the braided structure can be removed
from the mandrel once a suitable mandrel concept and design has been developed.
Depending on the mandrel concept, the braid can also remain on the mandrel as
it is transferred to the infiltration step and might become part of the composite
or will be removed after curing. For the moving of the mandrel, a multi-axis take-
up can be used as well as an industrial robot. Therefore, an automated production
of textile preforms of complex geometry can be realized in a one-step process.
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Figure 2.13 Overbraiding of net-shaped mandrel.

Figure 2.14 Radial overbraiding machine with robot support.

Recent developments at the August Herzog Maschinenfabrik GmbH & Co. KG,
Oldenburg, Germany (Herzog) led to a special design of overbraiding machine.
Instead of moving the yarn carriers on the front of the machine body, they are led
on the inside of a circular machine body (Figure 2.14). The orientation of the yarn
carriers in a radial direction is the reason for the name of this machine type, “radial
overbraiding machine.” This design leads to reduced filament damage during the
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braiding process, due to a minimization of yarn movement along yarn guiding
elements and reduced yarn-yarn interaction. The result is high production speed
and a reliable production process. The processability of brittle high-performance
yarns such as glass, carbon, aramide, and ceramic rovings, has been proven by
several users of this technology. The most prominent application might be the
bumpers of the BMW M6, made of carbon fiber reinforced plastic (CFRP), that is
achieved by using overbraided preforms [27]. Other CFRP products using over-
braiding technology are crash tubes, rocket engine nozzles, and many more
28, 29].

2.3.2.2 Three-Dimensional Braided Structures

Three-dimensional braided structures do not only expand in the third dimension,
but also contain an integral yarn architecture with a three-dimensional yarn course
(Figure 2.15). Several three-dimensional braiding technologies do exist, such as
the Square-braiding technology, the Four-step braiding technology, and the three-
dimensional rotary-braiding technology. Products manufactured using Square-
braiding technology are mainly used as seals in machines, often consisting of
staple fiber yarns. The Four-step braiding technology enables solid braided profiles
of different simple geometry [30]. However, it is limited with regard to geometrical
changes and complex cross-sections. Nevertheless, this technology is suitable for
the processing of high-performance yarns.

The newest generation of three-dimensional braiding technology is three-
dimensional rotary-braiding. Two different types exist: The ITA-Herzog-3D Rotary-
braiding technology invented by ITA and Herzog and the 3TEX-3D Rotary-braiding
technology invented by 3TEX, Cary NC, USA (3TEX). In both technologies, the
transport of the yarn carriers is realized by rotating horngears that turn in counter
directions. The ITA-Herzog principle is shown in Figure 2.16. Here the yarn car-
riers are led inside groves that are cut into the machine table. With the help of
switches located between the horngears, it can be decided whether a yarn carrier
should be transferred to the next horngear or stay on the initial horngear. Since

Figure 2.15 Model of a three-dimensional braided structure [31].
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Figure 2.16 Principle of ITA-Herzog three-dimensional Rotary-braiding.
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Figure 2.17 Three-dimensional rotary-braiding principle of 3TEX [20].

every switch and horngear can be controlled individually, an individual path of
each carrier over the machine table can be given [32]. The machine is computer
controlled, therefore complex and variable yarn architectures as well as complex
and variable textile architectures can be realized in an automated production
process.

The 3TEX-3D Rotary-braiding principle is similar to the ITA-Herzog-3D Rotary-
braiding principle. But there are still some main differences. Instead of switches,
so-called gripping forks are located between the horngears. The yarn carriers are
moved on drivers that fit into the horngears, such that two yarn carriers remain
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between two horngears at the same time (Figure 2.17). At this point it can be
decided whether they should change places or remain on their present horngears
33].

This intertwining step is the main difference between the two technologies.
With the ITA-Herzog-3D Rotary-braiding technology, a braiding pattern exists that
defines the order in which the yarn carriers pass each other, so avoiding a collision
of the carriers. Every technology has its benefits and its disadvantages. The 3TEX
technology can use more yarn carriers in the same area than the ITA-Herzog
technology. On the other hand, the yarn carriers of the ITA-Herzog technology
are larger and have more yarn capacity than the ones of 3TEX. The 3TEX technol-
ogy might be faster than the ITA-Herzog technology, but it might not offer the
same freedom in design of yarn architecture. So the decision for the use of one
of the technologies has to be made depending on the desired application.

Three-dimensional rotary-braiding technologies enable the manufacture of
textile preforms with integral yarn architecture, continuous changes of cross-
section geometry, and dimension in a one-step process. Examples of structures
are shown in Figure 2.18, but these can hardly show the large range of geometries
and structures that are possible.

Regarding the material, the processing of carbon and glass rovings is state of
the art, even if there are still some improvements to be made. The processing
of ceramic rovings with these technologies is not yet possible. Investigations of
Planck on the interaction of braiding yarns with yarn guiding elements showed
that for every yarn material a suitable material for the yarn guiding element does
exist, but it has to be discovered [34]. Also an appropriate sizing or a slight twisting
of the ceramic rovings could help to strengthen them to withstand the friction that
appears in the strong yarn-yarn interaction during three-dimensional braiding and
also to enable their processability in three-dimensional braiding processes.

On a machine that is a mixture of three-dimensional braiding and overbraiding
technology, preforms made of the ceramic rovings Nextel 720 from 3M Ceramic
Textiles and Composites, St. Paul MN, USA have been manufactured. They consist
of a tubular braid whose body is an interlocked braided structure. The preform
has been successfully processed into a hot gas filter made of CCC [35].

Three-dimensional braids certainly have great potential for use as reinforcement
structures in CMC, due to their integral yarn architecture that is often desired by
engineers and scientists dealing with CMCs.

..éf

Figure 2.18 Examples for three-dimensional rotary braided structures.
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233
Three-Dimensional Knits

2.3.3.1  Multilayer Weft-Knits

In Section 2.2, the weft-knitting process with warp and weft insertion developed
by ITB has been described for two-dimensional textile structures. This process also
enables the production of textile structures with several layers in one production
step. This type of textile structure is called multilayer weft-knit. The layers can
consist of weft and warp inserted high-performance yarns that are integrated in a
straight position [9]. The layers are connected by the knitting yarns that can be
auxiliary yarns. Contoured structures can be realized. Additionally, yarn storage
of the insertion yarns can be used to ease the draping of the sub-preforms to the
final shape. These structures could be of interest for CMC applications because
economic production of contoured sub-preforms can be achieved. Nevertheless,
these structures do not provide reinforcing yarns in the thickness direction so their
use is limited to applications where no integral yarn architecture is needed.

2.3.3.2 Spacer Warp-Knits

The technology of warp-knitting can be used to combine two different layers of
straight reinforcing yarns in such a way that a textile with sufficient dimension
stability is realized. Next to multi-axial NCFs, the warp-knitting technology allows
the creation of three-dimensional structures. Double needle bar raschel machines
fabricate two layers of textiles and a connection via spacer yarns between them.
As spacer yarns, auxiliary yarns have to be used because high-performance yarns
cannot stand the mechanical loads during the production process.

With this technology, textile preforms with a defined distance can be manufac-
tured in a single process step, by allowing a wide range of design possibilities for
the surfaces such as different yarn densities, use of different yarn materials, and
many more. The resulting structure can be optimally used as reinforcement for
composites in a sandwich design, having the surfaces always kept at the correct
position during infiltration. This principle has been successfully tested in textile
reinforced concrete applications at RWTH Aachen University [36]. Figure 2.19
shows an example of a warp-knitted spacer fabric. These structures are only
suitable as reinforcement for CMCs, if a sandwich design has been chosen or if

Figure 2.19 Warp knitted spacer fabric.
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no reinforcement in thickness direction is needed. In addition to a “simple” sand-
wich layout of spacer warp-knitted structures also contour warp-knitted spacer
fabrics can be realized. In these textile structures, changes in thickness of the
spacer fabric can be realized by varying the length of the spacer yarns (e.g. stair-
like geometries).

2.4
Preforming

2.4.1
One-Step/Multi-Step Preforming

In today’s processing of TRP, two main ways of processing yarn architectures are
used: The processing of rovings of textile fabrics pre-impregnated with resin
(prepreg-processing) and the processing of dry textile preforms impregnated in a
second step, in the shape of the final part (preform-processing). Depending on the
requirements and applications, one of these production methods is more suitable
than the other. Contrary to prepreg manufacturing, preforming creates a dry textile
reinforcement structure already having the characteristics of geometry and fiber
orientation required in the final product. This means that the rovings need to be
formed and fixed via textile handling and assembly processes to achieve the geom-
etry later required to withstand the load on the component.

For the creation of this inherently stable textile structure, several technologies
are available. There are technologies which generate the three-dimensional struc-
ture from the yarns in one process step (i.e. three-dimensional braiding, overbraid-
ing, three-dimensional weaving, three-dimensional stitching). These processes are
referred to as one-step preforming. However, these technologies are limited to a
certain degree of complexity concerning the reinforced textile and thus the geom-
etry of the final product. Examples of typical component geometries, which are
created with one-step preforming technologies, are profiles, panels, sandwich
structures, and hollow parts.

For the realization of components of high complexity, the yarns are processed
in multistep processes. At first, two-dimensional textiles, such as multi-axial NCFs
or woven fabrics, and/or three-dimensional subpreforms, such as the above-
mentioned three-dimensional braids, are manufactured. These textiles are subse-
quently processed to complex preforms via handling and assembly processes. A
practical example of a complex TRP-component is the so-called rib stiffened panel
(Figure 2.20). These panels consist of a flat shell (plane, unidirectional, or multi-
axial curved) and of stiffening profiles (e.g. top-hat-, T-, or L-profile). These com-
ponents are frequently used to function as self-supporting outer skins in lightweight
constructions, such as automobiles and aircrafts.

Intermediate textiles for the shell are the above-mentioned flat textiles, which
are available as rolled goods. For the ribs, both two-dimensional intermediate tex-
tiles as well as sub-preforms can be used.
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Figure 2.20 Rib stiffened panel.

In order to process these textiles, the following steps are required:

e cutting
e handling and draping
e joining and conditioning.

These technologies are proven for the processing of carbon rovings. Complex
textile preforms made of ceramic rovings have not yet been realized.

2.4.2
Cutting

For automated cutting of textile fabrics made of brittle high-performance yarns,
computer controlled cutting machines using different cutting techniques are avail-
able. Depending on the material, the fabric type, and the fabric thickness that has
to be cut, a suitable cutting device has to be chosen. These range from rotating
cutting disks, oscillating knifes, or laser cutters. The cutting disks are supported
by ultrasonic movement and role along the path which has to be cut. Oscillating
knifes can be moved with high frequency or supported by ultrasonic movement.
If necessary, the fabric can be fixed to the cutting table with the help of vacuum
applied by covering the fabric with a sheet. Cutting using a water-jet has shown
to be unsuitable for cutting of dry textile fabrics. Due to the computer controlled
movement of the cutting head, even complex contours can be cut out of the rect-
angular basis. Due to the abrasive behavior of ceramic fibers, laser cutting is the
most suitable technique for the automated cutting of fabrics made of ceramic
fibers.

243
Handling and Draping

The handling and draping of textile fabrics, structures, and sub-preforms is now
mainly done manually. This part of the preforming process is probably the most
investigated one at present. Methods for gripping and transporting textile struc-
tures that have been invented so far include needle gripping, vacuum supported
gripping, electrostatic gripping, or ice gripping techniques. But even in TRP-
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technology, no gripping or handling technology has been found to solve most of
the challenges.

244
Joining Technologies

The most important joining technology for textiles, apart from gluing, is still
sewing. Sewing technologies will play an important role in the process chain of
future manufacturing of textile reinforced components. Their importance con-
cerning cycle time reduction as well as cost savings can be regarded in line with
those of qualified consolidation procedures [37]. The tasks of the sewing tech-
niques within the preforming process range from the insertion of flat reinforce-
ments as well as the fixation of individual components of a preform for the
subsequent process steps to the manufacturing of load compatible seam areas.
Different sewing technologies are applied in different process steps within the
multistep preform production. Sewing technologies are chosen according to the
function of the seam, the preform geometry, and the later component loads [38].

The sewing of reinforcement textiles is both a textile and a load-compatible
joining process. Thus, a force-flow induced by an upright reinforcement is achieved
in the seam area. Local reinforcements can also be applied. Flat textiles are con-
verted to three-dimensional reinforcement structures. Via the application of rein-
forcement textiles within a component, several special mechanical properties can
be realized. Additionally, the application of sewing technologies allows the produc-
tion of near-net-shape textile structures.

The requirements for a seam in fiber-reinforced components are as follows:
Forces and moments need to be transferred through the seam area without losing
mechanical properties. High variations in stiffness are not allowed to occur. Dif-
ferent component properties, such as differing thermal expansion coefficients of
materials, are not allowed to cause residual stresses. Furthermore, the seam should
not cause a mass and dimension variation within the textile-reinforced compo-
nent. Not all listed requirements for a seam are completely realizable, thus com-
promises have to be made [39].

Both conventional (e.g. double-step stitch) and one-sided sewing technologies
(tufting, blind stitch, ITA sewing technology) are applied [32, 40]. Figure 2.21
shows the seam architecture of relevant sewing technologies. The one-sided
sewing technologies have the advantage of good automation and the possibility of
sewing in a three-dimensional mould as they are mounted on an industry robot.
The infiltration behavior is improved because of the permeability of the seams.

Although seams have a high strength and drapability, there are also disadvan-
tages, for example, the disorientation of reinforcing yarns through the sewing
thread. Therefore, alternative joining processes such as adhesive bonding are
also applied. Apart from the already mentioned joining processes, the so-called
Tailored Fiber Placement (TFP) is used with reinforcement textiles. The reinforc-
ing yarns can be put down purposefully (CAD operated) on a two-dimensional
textile. Parallel to the placement, the fibers are stitched onto the textile with a thin
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Double step stitch ITA one-sided sewing [KSL GmbH, Lorsch, Germany]
2 s Blindstitch sewing head One-sided sewing
Double chain stitch [KSL GmbH, Lorsch, Germany]  [KSL GmbH, Lorsch, Germany]

Figure 2.21 Seam architecture of relevant sewing technologies.

sewing gluing tailored fiber placement

Figure 2.22 Typical joining processes for preforms.

thread. This technology can be used for additional local reinforcements, for
example, fittings or holes in the CMC part (Figure 2.22).

2.5
Textile Testing

2.5.1
Tensile Strength

The tensile strength and elongation of textiles are measured by the strip tensile
test according to DIN EN ISO 13934-1. A sample of given size from a planar for-
mation is stretched with a constant deformation rate up to the breaking point. The
maximum tensile strength F (N), the maximum elongation € (%), and if necessary
the breaking stress and the break elongation are recorded [41].

252
Bending Stiffness

The bending stiffness of a textile is determined according to DIN 53362. The
bending stiffness is defined according to the standard of degree for the resistance
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a sample opposes the tendency to bend itself when influencing forces (dead
weight). The bending stiffness B is accomplished after the Cantilever test and
indicated by the unit mN*cm? [42].

253
Filament Damage

For the reliability of textile processes that process brittle high-performance yarns
such as carbon or ceramic rovings, the amount of filament damage is essential.
Yarn guides at the machine or the contact of yarns with other yarns have a great
influence on filament damage and therefore on the quality of the textile product.
Thus, measuring of filament damage becomes increasingly important, while
textile preforming processes become increasingly automated. For the measure-
ment of filament damage, there is no standard that exists to date. Filament damage
can be measured, for example, with the help of laser optical sensors. Here the yarn
is guided over a hook, facilitating the broken filaments to rise, which interrupt a
laser beam resulting in a signal. So the number of broken filaments can be
counted. At the same time, a pre-adjusted yarn tension can be monitored. Using
this method, yarn guides can be compared [43, 44].

254
Drapability

Two-dimensional fabrics often need to be draped into a final shape. To avoid
wrinkling, the measurement of the drapability of a fabric is important, for example,
to choose the right knit pattern of multi-axial NCFs. For the measurement of
drapability, there are no standards existing as yet. Some effort has been made
at ITA, for example, their development of the ITA-drape test rack enables
the measurement of shear forces of fabrics. It can be combined with a camera
system for the optical detection of wrinkles. But this technique gives limited infor-
mation about real deformation behavior. In newer methods, tools in the form
of domes with different radii are used to perform drapability tests with fabric
specimens of different sizes. The appearance of wrinkles is detected by visual
inspection and the deformation of the specimen in the different directions is
measured. [45]

255
Quality Management

Different methods for quality management in textile production processes have
been classified and described by Wulfhorst [46]. Regarding preforming technolo-
gies, some specific criteria have to be taken into account. For near-net-shape
manufacturing, the correct position of the flexible textile in the tool, in which
conditioning takes place, is of great importance. With a camera system, a two-stage
monitoring of the composite position can be accomplished. In the first step, the
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flat textile is examined overlaid with several gray tone reference pictures for com-
parison of a sample part for its correct position. For following steps in the process,
an automatic correction of the movement coordinates can take place with robotic
control. Then an additionally attached light cut sensor examines the topology of
the textile for wrinkles, assessing the structure [47].

2.6
Conclusions

Various textile reinforcement structures are available for use in CMCs.
Four important criteria have to be considered when choosing a preforming
technology:

2.6.1
Processability of Brittle Fibers

All fibers for use in CMCs are more or less brittle. Depending on the textile
process, the fibers are exposed to various stresses (tensile stress, bending stress,
fiber-fiber friction, fiber-machine friction). Especially bending and shear forces
cause damage to brittle fibers. Thus, textile processes that induce a high deflection
in the reinforcement fibers are not suitable for CMC preforms. The deflection can
be caused either by guiding the fibers through machine elements with a low radius
(e.g. knitting needles, shedding, small yarn guides) or by bending forces in the
textile (e.g. woven fabrics with a short floating). In summary, textile processes with
warp- or weft-insertion (in weaves or knits), fiber-placement, and overbraiding
technologies are well suited for processing brittle fibers. The use of brittle yarns
as sewing or knitting yarn is not suitable because of the high yarn strain (especially
bending strain). Especially in the processing of brittle ceramic fibers, nearly every
production process for textile reinforcement structures has to be modified or at
least readjusted to a “yarn-friendly” process.

2.6.2
Infiltration of the Textile Structure

As the infiltration of ceramic matrices in textile reinforcement structures is more
problematic than the infusion of, for example, epoxy resin, the textiles need to
have a defined porosity. The textile processes have different suitability for creating
a porous structure. Most suitable are knitted textiles with weft insertion, non-
crimp weaves, or NCFs. These textiles can be equipped with auxiliary yarns that
are removed by heat treatment (lost yarn). The resulting space improves the poros-
ity for infiltration [6].

It has been shown in [48] that the performance of the chemical vapor infiltrated
(CVI) ceramic composites are strongly affected by the yarn architecture. It influ-
ences the infiltration and development of the microstructure of the matrix and,
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therefore, the mechanical properties and the damage mechanisms of the
composites.

2.6.3
Mechanical Properties of the Final CMC Structure

The reinforcing yarns are to be placed in a near-net-shape geometry that should
be consistent with the strains that occur when the final CMC structure is in use.
Different degrees of complexity in the textile structure can be realized by introduc-
ing preforming technologies.

Disorientation or damage of the yarns in the reinforcement textile can be caused
by mistakes in handling, forming, or assembling processes. This decreases the
mechanical properties of the final CMC structure. According to the mechanical
requirements of the CMC structure, preforming technologies should be rated by
their tendency to yarn disorientation and damage.

2.6.4
Productivity and Production Process Complexity

The introduced preforming technologies strongly differ in productivity and process
complexity. According to the requirements of the CMC structure, a compromise
of mechanical and geometric properties of the structure and of the productivity of
the production process has to be found.

2.7
Summary and Outlook

In this chapter, an overview of requirements and selection criteria for textile rein-
forcement structures was given. Different textile structures usable for CMC mate-
rials were presented. After a short outline about typical joining processes for textile
preforms, the most important testing methods for textile structures were

described.

¢ Development trends with reinforced structures go to increasingly complex struc-
tures that require further automation of the production but allow a load con-
forming design of CMC.

¢ New economical manufacturing processes for infiltratable and near-net-shape
preforms with complex geometry become more essential. Great importance lies
in economic, automated preform manufacturing, to be able to realize large-scale
composite production. By optimizing the production process, uneconomic manu-
facturing steps can be eliminated and production costs decreased dramatically.

¢ A further trend is the integration of different functions into composites. An
example of this could be the integration of crash elements into structure
composites.
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e A further point could be continuous health monitoring of composites, in order
to recognize delamination at an early stage.

e Future approaches for reinforced composites are further development of simula-
tion and interpretation software for three-dimensional and near-net-shaped
structures.
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3
Interfaces and Interphases

Jacques Lamon

3.1
Introduction

The fiber/matrix interfacial domain is a decisive constituent of fiber reinforced
ceramic matrix composites (CMCs). Depending on the characteristics of the
domain, the composite will be either a brittle ceramic or a damage tolerant com-
posite. Thus, several requirements, which may seem to oppose to each other, have
to be met:

* Fibers have to be bonded to the matrix, in order to ensure material integrity, and
to obtain a continuous medium.

e Fiber failures have to be prevented when the matrix cracks. This is achieved by
crack deviation.

e Once deviation of matrix cracks has occurred, the loads still have to be trans-
ferred efficiently through the interfaces, so that a certain amount of the applied
load is still carried by the matrix.

e Then, in aggressive environments, the fibers should not be exposed to species
conveyed by the matrix cracks.

Meeting all of these requirements will lead to high-performance composite
materials.

The fiber/matrix interfacial domain may consist of an interface or an interphase.
An interface between two phases, or between the fiber and the matrix, can be
defined as a surface across which a discontinuity occurs in one or more material
properties. An interphase is a thin film of material bonded to the fiber and to the
matrix. An interphase also implies the presence of at least two interfaces: one with
the matrix and one with the fiber, and more when the interphase consists of a
multilayer. The total area of the interface in composites is extremely large. It can
be easily shown that it varies inversely with the fiber diameter:

v
IA=4V7 (3.1)
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where V¢ is fiber volume fraction, V is the volume of composite, and d is fiber
diameter.

Let us assume the fiber volume fraction to be 0.25, fiber diameter to be as small
as 10um, and the volume of the composite to be 1m®. Then I, = 10°m?

There are two main types of bonding at an interface: mechanical bonding or
chemical bonding. Mechanical bonding results from thermally induced residual
stresses. For those CMCs manufactured at high temperature, when the matrix
radially shrinks more than the fiber on cooling, this will lead to gripping of the
fiber by the matrix. Radial gripping can be enhanced when the interface is
rough.

An interfacial reaction zone with a certain thickness is involved in chemical
bonding. The strength of a mechanical bond is lower than that of a chemical
bond.

Interface properties are dictated by the fiber and the matrix that have been
selected, since bonding results from chemical reactions during processing or
thermal shrinkage during cooling. Therefore the number of routes, which are
permitted to meet the above-mentioned requirements for the interfacial domain,
is limited by the number of constituents that are compatible. The concept of
interphase allows these limitations to be overcome, and the interfacial character-
istics to be tailored with respect to composite properties. A certain amount of effort
has been directed toward either the optimization of interfacial domain in CVI-
SiC/SiC composites, and more recently in C/C composites, or the development
of oxide interphases for oxide/oxide composites.

3.2
Role of Interfacial Domain in CMCs

Bonding fibers to a matrix to keep composite material integrity is the first role
assigned to interfaces. Any debonding affects a lot of properties, including
mechanical properties, thermal properties, and resistance to the environment.
Thus, debonding should be avoided in certain situations when interfaces are the
weakest element. This is essentially encountered under the following loading
conditions:

o Tensile stresses operate perpendicular to fiber axes. Such stresses are either
thermally induced stresses due to thermal expansion mismatch and generated
during cooling down from the processing temperature [1] or stresses operating
on transverse tows in multi-directionally reinforced composites (Figure 3.1) [2].

e Shear stresses generated by shear loads applied parallel to fiber plies [1].

In these situations, very strong interfaces should be preferred. But, when tensile
loads are applied parallel to a fiber direction, interfaces are not the weakest element.
Thus, when the matrix stiffness is sufficiently large so that a significant part of
the load is carried by the matrix, the matrix breaks first. The matrix cracks are
perpendicular to the fiber axis (transverse cracks: Figure 3.1). Thus, deviation of
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Longitudinal tow

Transverse tow

Figure 3.1 Micrograph of a two-dimensional woven SiC/SiC
composite showing debonding in transverse tows
perpendicular to loading direction and transverse cracks in
the matrix of longitudinal tows oriented in the loading
direction (fiber diameter =15um). The former cracks appeared
under low stresses, whereas the latter cracks appear under
high stresses.

cracks provides protection to fibers against failure. Crack deviation requires inter-
faces that can be debonded.

To fully benefit from the load carrying capability of a stiff matrix, the deviation
mechanism must be controlled so that load transfer through the interface is not
significantly altered by debonding. This can be achieved by tailoring interface
properties. When matrix stiffness is small compared to that of fibers, the matrix
is subjected to low stresses whereas the fibers carry most of the load (carbon/
carbon composites) [2]. If a crack can initiate in the matrix, it is obvious that devia-
tion at interfaces should be sought, in order to avoid failure. But, as discussed
below, some combinations such as carbon fibers and a carbon matrix, are initially
favorable to debonding. This behavior is essentially controlled by fibers. The influ-
ence of fiber/matrix interfaces is less preponderant when compared with the above
matrix controlled composites.
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33
Mechanism of Deviation of Transverse Cracks

The crack deflection mechanism at a weak interface was first proposed by Cook
and Gordon [3], who computed the stress field induced by a semi-elliptical crack
placed in a single homogeneous material subjected to uni-axial tension. They have
shown that the stress state at the crack tip is polyaxial, although a uniaxial tensile
stress is applied. In particular, they evidenced that the stress component G,, parallel
to the crack plane (r-axis) reaches a maximum o, in the crack plane at a distance
I* from the crack tip. Figure 3.2 shows the stress distribution at the crack tip. Let
us consider a fiber/matrix interface perpendicular to the main advancing crack. If
the interface tensile strength is less than 5%, then the interface can fail in front
of the crack tip. From the comparison of maximum stress components 65> and
o™, respectively with fiber and interface strengths, Cook and Gordon estimated
that an interfacial strength of 1/5 or less than that of fiber strength will cause the

opening of the interface in front of the crack tip. Deflection of the matrix crack

100[

(b)

Figure 3.2 (a) stress profile at crack tip in a cell subjected to
uniaxial tension; (b) schematic diagram showing crack
deviation by debonding at an interface, and coalescence with
the advancing crack.
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Figure 3.3 Stress state at crack tip (6, component) in the
presence of an interphase and two interfaces i; and i, [11].

results from coalescence with the interfacial crack (Figure 3.2). The mechanism
has been observed in several combinations of materials [4-10]. Figure 3.3 shows
the stress state at the crack tip in the presence of an interphase in a fiber reinforced
ceramic [11]. Location of debonding is dictated by interface strengths and inter-
phase transverse strength (perpendicular to the matrix crack direction) respective
to the magnitude of G,.

3.4
Phenomena Associated to Deviation of Matrix Cracks

Under further loading, local phenomena are allowed by the discontinuities created
by interfacial cracks. They induce disturbances in the stress state: overstressing of
fibers and a stress lag in the matrix and fibers. A quantitative description of these
phenomena is necessary, with a view to better control of composite mechanical
behavior. Opening of a transverse matrix crack may cause extension of the inter-
facial crack (Figure 3.4). It is accompanied by fiber sliding along the debonded
interface. The magnitude of this sliding phenomenon is dependent on debond
length, surface roughness, and compressive residual stresses in the matrix.

Fibers are locally subjected to higher stresses (Figure 3.5). Depending on the
magnitude of fiber/matrix interaction through the interfacial crack, stress on fiber
decreases more or less abruptly. Load sharing is optimum outside the debonded
portion. Pull out of broken fibers causes further sliding along the debonded inter-
face (Figure 3.4).

The magnitude of these phenomena depends strongly on the size of interface
crack. In the presence of long interface cracks, the portion of fibers that carries
high stresses is larger, whereas the domain of stressed matrix is smaller and the
contribution of matrix to load sharing is reduced, when compared to short inter-
face cracks. This has several implications on the mechanical properties and the
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Figure 3.4 Local phenomena associated to matrix cracking and deviation at interfaces.
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Figure 3.5 Disturbances in the stress state caused by matrix
crack deviation at an interface between fiber and matrix.

shape of the tensile stress strain curves. In the presence of long debonded cracks,
the composite is weakened as a result of fiber overloading and size effects, whereas
energy dissipation associated with sliding is enhanced. In the presence of short
debonded cracks, the composite can carry higher loads because of better contribu-
tion of matrix to load sharing, and matrix crack density is enhanced as a result of
a larger stressed volume of matrix.

Energy absorbing phenomena, such as sliding and multiple matrix cracking,
lead to enhanced fracture toughness, whereas contribution of matrix to load
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Figure 3.6 Influence of interfacial shear stress on the stress-
strain behavior of one-dimensional SiC/SiC composites
predictions [12].

sharing leads to enhanced load carrying capacity and ultimate strength. Long
interface cracks are detrimental to ultimate strength, whereas short interface
cracks are more favorable because they allow both a high toughness and a high
ultimate strength to be obtained.

Interface crack size (ly) varies inversely with interfacial shear stress (1), according
to the following classical equation:

c-ar
=4 (3.2)
2Vi(1+a)t
. . E.Va . . ,
where G is the applied stress, a= v E, is the matrix Young’s modulus, E;
Y

is the fiber one V,, and V}are the volume fractions of fiber and matrix, and r;is
the fiber radius.

Figure 3.6 illustrates the influence of interface crack length on tensile stress-
strain behavior of SiC/SiC minicomposites [12]. Interface crack length is character-
ized through 1. Note that the carried force increases with 1, that is, when debonded
length decreases.

It is considered that interface weakness varies inversely with debonded length,
and that 1 is a convenient characteristic of interfacial domain weakness.

3.5
Tailoring Fiber/Matrix Interfaces. Influence on Mechanical Properties and Behavior

The fiber/matrix interfacial domain is a critical part of composites, not only for
crack arrest and damage tolerance but also because of transfer of loads from fibers
to the matrix (contribution of matrix to load sharing). This latter issue is generally
neglected, as most authors essentially focus on crack deviation. The criterion for
crack deviation that is recommended is a weak interface. Values of magnitude of
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weakness are not specified or known. A significant effort has been directed toward
the control of interface properties in SiC/SiC composites made via chemical vapor
infiltration (CVI) techniques, in order to fully capitalize on the favorable properties
of these composites. The control of the interfacial domain involves appropriate
interphase and fiber/interphase interface. The concept of composite with a tailored
interfacial domain has been established on CVI-SiC matrix composites, using
anisotropic interphases made of pyrocarbon (PyC) or a SiC/PyC multilayer, and
fibers that had been previously treated to increase the fiber/interphase bond [13—
17]. Less interesting results have been obtained with BN [18]. Table 3.1 gives
various values of interfacial shear stresses measured on CVI-SiC matrix compos-
ites. It should be noted that high interfacial shear stresses in the 100 to 300 MPa
range have been measured for the tailored interfacial domains.

The main features that have been observed on SiC/SiC composites may be sum-
marized as follows. In the presence of weak fiber/coating bonds, the matrix cracks
generate a single long debond at the surface of fibers (adhesive failure type,
Figures 3.7 and 3.8). The associated interface shear stresses are low (Table 3.1).
Multiple matrix cracking is limited by the presence of long debonds. The cracks
are widely opened (Figure 3.9). The crack spacing distance at saturation as well as
the pull-out length tend to be long (>100 um). Toughening results essentially from
sliding friction along the debonds. The fibers carry most of the load, which reduces
the composite strength. The corresponding tensile stress-strain curve exhibits a
narrow curved domain limited by a stress at matrix saturation, which is distinctive
of ultimate strength (Figure 3.10).

Matrix crack

| Fiber/matrix interphase |

STRONG INTERFACE | WEAK INTERFACE
COHESIVE FAILURE MODE ADHESIVE FAILURE MODE

Load transfers Energy absorption
Limited debonding Important debonding
Fiber pull out

Sliding friction

| Multiple Matrix Cracking |

Strengthening |  ------° >| Toughening

Figure 3.7 Schematic flow diagram summarizing the features
associated with interfacial domain strength: weak fiber/matrix
interface vs strong fibre coating bond.
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Figure 3.8 Schematic diagram showing matrix interfacial crack
patterns when the fiber coating/interface is (a) weak or (b)
strong.

In the presence of stronger fiber/coating bonds, the matrix cracks are deflected
within the coating (cohesive failure type, Figures 3.7 and 3.8), into short and
branched multiple cracks. Short debonds, as well as associated improved load
transfers, allow further cracking of the matrix, leading to a higher density of matrix
cracks. The crack spacing distance may be as small as 10 to 20um. The matrix
cracks are slightly opened (Figure 3.9). Sliding friction within the coating, as well
as multiple cracking of the matrix, increase energy absorption, leading to toughen-
ing. Limited debonding and improved load transfers reduce the load carried by
the fibers, leading to strengthening (Figure 3.7). The associated tensile stress-
strain curve exhibits a wide curved domain and the stress at matrix cracking satu-
ration is close to ultimate failure (Figure 3.10).

Fracture toughness values (strain energy release rate) increasing from 3 to
8kJ m™ have been determined on CVI-SiC/SiC composites with weak interfaces
or high strength tailored interfacial domains, respectively [15]. A process zone of
matrix microcracks forms at the notch tip or at the tip of a pre-existing main
macroscopic crack. Microcrack density is commensurate with 1. Experiments have
shown that a tailored interfacial domain is also beneficial to lifetime and creep
resistance [17, 22, 23]. High strength tailored interphases are based on PyC.
Examples of PyC-based interphases are shown in Figures 3.9 and 3.11. Interfacial
shear stresses are reported in Table 3.1. Although PyC based interphases are
subject to degradation and elimination by oxidation at temperatures above 500°C,
they are a viable concept. It has been shown [17] that SiC/SiC minicomposites,
with strong tailored interphases made of a single layer of PyC or a (PyC/SiC)
multilayer, exhibited lifetimes that compared favorably with those of minicompos-
ites with BN interphases produced via CVD/CVI. A self-healing matrix is able to
protect interphases against oxidation [17]. Lifetimes as long as a few thousand
hours have been observed on CVI-SiC/SiBC composites with a self-healing matrix
and a PyC interphase.
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Table 3.1 Available interfacial shear stresses (MPa) measured using various methods.

T (MPa)  Specimens Methods Ref
C/PyC/SiC 13-30 Minicomposites Equation 3.4 [19]
Nicalon/BN/SiC 40-100 Microcomposites ~ Push in/push out [18]
40-140 2D composites Push out
Nicalon/BN/SiC 15-35 Minicomposites Hysteresis loops [20]
Hi-Nicalon/BN/SiC 5-25
Sylramic/BN/SiC 70
Nicalon/PyC/SiC 12 2D composites Equation 3.4 [21]
Untreated fibers 8 Equation 3.5
0.7-4 Hysteresis loops
14-16 Push out
3 Hysteresis loops
4-20 Model of tensile behavior
21-115 Hysteresis loops
40-80 Minicomposites Model
Hi-Nicalon/PyC/SiC 50-12 Hysteresis loops
Untreated fibers 34-81 Minicomposites Equation 3.4
29-71 Equation 3.5
100 Model
Nicalon/(PyC/SiC),/SiC 9 2D composite Hysteresis loops
Untreated fibers 12-28 Push out
Nicalon/(PyC/SiC);,/SiC ~ 35-100 Minicomposite Hysteresis loops
Untreated fibers 25-89 Equation 3.4
22-78 Equation 3.5
100 Model
Nicalon/PyC/SiC 203 2D composite Equation 3.5
Treated fibers 140 Equation 3.4
190-370 Hysteresis loops
100-270 Push out
Nicalon/(PyC/SiC),/SiC 150 2D composite Hysteresis loops
Treated fibers 133 Push out
Nicalon/(PyC/SiC),/SiC 90 2D composite Hysteresis loops
Treated fibers 90 Push out
Nicalon/PyC/SiC 46-127 Minicomposites Hysteresis loops [17]
Treated fibers 54-160 Equation 3.4
50-140 Equation 3.5
150 Model
Nicalon/(PyC/SiC);/SiC ~ 113-216  Minicomposites Hysteresis loops [17]
Treated fibers 61-117 Equation 3.4
54-103 Equation 3.5
350 Model
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Figure 3.9 Micrographs showing crack deviation in: (a) a SiC/
SiC composite with a weak fiber/interphase interface; (b) in a
SiC/SiC composite with a strengthened fiber/interphase
interface [15].
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Figure 3.10 Typical tensile stress-strain curves determined on
two-dimensional woven SiC/SiC composites with a PyC
interphase with: (a) a tailored interfacial domain (treated
fibers); (b) a weak fiber/coating interface (as-received fibers).
I: elastic deformation; 1l: matrix multiple cracking; Ill: fibre
deformation; IV: fibre failures.

3.6
Various Concepts of Weak Interfaces/Interphases

Various types of interphases have been proposed. Unlike the high strength tailored
interphases, research was driven only by the criterion of crack deflection and,
secondarily by resistance to oxidation.
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(b)

Figure 3.11 TEM micrographs of a multilayered interphase:
(a) interfacial zone; (b) HRTEM micrograph of the interfacial
bond between the fiber and the interphase [17].

NASA developed an in-situ grown BN interphase on Sylramic SiC fibers. A
thermal treatment in a controlled nitrogen environment allows mobile boron sin-
tering aids in the Sylramic fiber to diffuse out of the fiber and to form a thin in-situ
grown BN layer on the fiber surface [20]. This Sylramic-iBN SiC fiber reinforces
SiC/SiC composites with a CVI-SiC matrix with porosity filled via infiltration
approaches, such as melt infiltration of silicon metal. These composites have been
reported to exhibit a high oxidation resistance when compared to those with a
CVD/CVI produced BN coating [24]. An interfacial shear strength =70MPa has
been reported [20] (Table 3.1).

Several oxide coatings have been developed for oxide fibers reinforced with oxide
matrix composites: LaPO, (monazite), CaWO, (Scheelite), and NdPO,. Of these,
monazite has been the most widely studied. Indentation testing and push-out
testing have shown that these coatings provide the weak interface function in a
dense oxide matrix [25]. Furthermore, an interesting feature was evidenced during
push-out of oxide fibers coated with monazite. The monazite coating exhibited a
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permanent deformation. Contribution of this plasticity to composite mechanical
properties has not been investigated. The use of monazite coatings in alumina
composites was found to increase the composite life, as compared to a coatingless
control composite, by a factor of several hundreds. Results of tensile tests or four-
point bending tests suggest that oxide coatings are viable interphase candidates.
But the strain to failure of these composites is modest (<0.2 %), indicating a limited
damage tolerance capability [26].

The porosity localized in fiber porous coatings is expected to provide crack
deflection. It is postulated that cracks will generally meander to connect pores and
hence arrive at fibers in pores, imposing less stress concentration on the fibers
than in the dense matrix system. Various oxide-based porous coatings have been
examined, including zircon [27], zirconia [28], and rare earth aluminates [29]. It is
considered that the porous coating approach does not seen viable for small diam-
eter filaments, because the corresponding scale of porosity required cannot be
expected to be stable [26].

The term “fugitive” indicates that the coating material, such as molybdenum or
carbon, can be removed after composite fabrication, for instance, through oxida-
tion forming a gap at the fiber/matrix interface. Fugitive coatings have been
demonstrated in several composite systems [30], such as sapphire-reinforced YAG
and Nextel 720/CAS composites. Two-layer coatings of fugitive carbon + zirconia
have also been shown to provide a weak interface in a sapphire/alumina composite
[31]. Molybdenum does not provide significantly improved properties over fugitive
carbon coatings [26]. For fugitive coatings there is an obvious sacrifice in strength,
stiffness, and thermal conductivity in directions perpendicular to the fiber axes.
Furthermore, since the interfacial domain is extremely weak, the contribution of
matrix to load carrying is small. This may eliminate fugitive-interface composites
from consideration for many applications.

Research has been conducted on other interfacial coating concepts. They will be
briefly mentioned: easy-cleaving coatings including phyllosilicates [32], hexalumi-
nates [33] and layered perovskites [34], ductile coatings [35], segregation weakened
interfaces, and reactive coatings [36].

3.7
Interfacial Properties

Among the properties that characterize the behavior of interfacial domains, the
following are important for interface design or prediction of composite mechanical
behavior: the interfacial strength (tensile or shear strength), the coefficient of fric-
tion, the interfacial shear stress, and the interfacial debond energy. The interfacial
tensile strength is defined as the resistance to debonding under a tensile stress
perpendicular to fiber axis. The interfacial shear stress is the stress required to
initiate an interfacial crack. The interfacial shear strength is the stress required
for fiber sliding in the debonded interface. The tensile properties characterize ini-
tiation of debonding, whereas the shear properties refer to load transfers. The tests
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used for the determination of these properties are aimed at producing tensile or
shear loading conditions onto the interfacial domain. Surprisingly, authors focused
essentially on shear properties, although they were interested in crack deviation
and were not too concerned about the load transfers through interfacial cracks.

Data on interfacial tensile strength are generally not available in the literature.
A few techniques have been proposed to generate stresses perpendicular to
interfaces:

 Transverse bend tests: a three-point bend test with fibers aligned perpendicular
to the specimen length [37].

 Transverse tensile tests: a tensile test with a fiber direction aligned perpendicular
to the specimen length [38].

* Brazilian tests: diametral compression of disks generates tensile stresses, which
operate perpendicular to fiber direction when plies are parallel to loading
direction.

e Flexural tests on bilayered specimens: this technique allows determination of
interfacial tensile properties of model material combinations [39].

These tests give an estimate of the interfacial tensile strength. Improvement of
models is required. By contrast, significant effort has been devoted to measure-
ment of shear properties. Most of the test techniques were developed first
for polymer matrix composites. They consist in pushing or pulling one or
several fibers out of the matrix. Interfacial properties are derived from the force-
displacement curve and have been extended to CMCs. Many methods involving
the pressing of an indenter on a fiber cross-section have been devised. The push-in
and the push-out tests have been the subject of abundant literature [40—43]. Figure
3.12 shows typical single push-out curves measured on SiC/SiC composites with
either a weak or a tailored interfacial domain [44]. Alternative methods are based
on the tensile behavior of a model composite, such as a micro-composite (a uni-
directional composite reinforced by a single fiber) and a mini-composite (a unidi-
rectional composite reinforced by a single multifilament tow) [12, 45, 46]. Interfacial
characteristics are determined from features induced by the presence of interfacial
cracks: hysteresis loops during unloading-reloading cycles, matrix cracking, or
nonlinear deformations.

The interfacial shear stress is related to the width of hysteresis loops (6A) mea-
sured during unloading-reloading cycles, by the following [46]:

e sz(l—Cthf)zRf [0?)[0)(1‘ G) (33)
2V{E, dA N\ o, )\ o,
with
E
a1=?f
b= (1+V)E,.(E;+(1+2V)E,)
2

© EJ(A+V)E;+(1-V)E,]
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Figure 3.12 Single-fiber push-out curves measured on SiC/C/
SiC composite samples reinforced with as-received fibers:
(a) [ab: elastic deformation of fiber; bc: stable fiber
debonding; cd: unstable debonding; de: fiber sliding] or
treated fibers; (b) [ab: elastic deformation of fiber; bc: fiber
debonding; cd: fiber loading; de: stable debonding; ef:
unstable debonding; f: fiber sliding] [44].

where G is the applied stress in the unloading-reloading sequence that corresponds
to 0A, o, the initial stress level at unloading, E; the Young’s modulus of the mini-
composite, Ry the fiber radius, the Poisson’s ratio (v = v,, = v¢), E, the Young’s
modulus of the matrix, Esthat of fiber, and V;the fiber volume fraction. T is derived
from the 8A — ¢ data measured during the last unloading-reloading sequence
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before ultimate failure of the mini-composites. The number of matrix cracks in
gauge length, N, is determined from SEM inspection of the mini-composites after
failure.

The interfacial shear stress is also related to the spacing distance of the matrix
cracks at saturation (I;) and to the corresponding stress o, by the following equa-
tions [47, 48]:

R
1= G—J;zv (3.4)
2vfls(1 +#)
Eme
_ GSRfVm (35)
2V,

The interfacial shear stress is extracted from the stress-strain curve using a
model of nonlinear deformations that has been detailed and validated in previous
works [12, 16]. The model involves constituent properties and flaw strength param-
eters for the description of the multiple matrix cracking process. 1 is estimated
from the comparison of predicted stress-strain curves with the experimental
ones.

Interfacial shear stresses available in the literature are given in Table 3.1. The
data exhibit a certain scatter and dependence on the measurement method. Push-
in and push-out tests provide values for a single fiber loaded over a short distance
(less than a few hundreds of microns). On the contrary, the tensile tests on mini-
composites lead to values that characterize a much larger volume of material.
Anyway, an unambiguous trend can be identified from the interfacial shear
stresses summarized in Table 3.1: 1 is less than 100 MPa for SiC/SiC composites
reinforced by as-received SiC fibers, and it can be as high as 350 MPa for tailored
interfaces obtained with treated SiC fibers.

3.8
Interface Control

Since the interfacial domain determines composite damage tolerance and mechan-
ical properties, composite design should integrate the selection of interfacial
domain that will allow crack deflection and further load carrying capability of the
matrix. Design of composites is generally based on an empirical approach involv-
ing both processing and testing. The interface characteristics result from the
interaction between the matrix and the fiber during processing. Thus, data on
interface resistance are generally not available.

There are some general guidelines associated with choosing an interface that
will allow crack deflection. One of the most often cited requirements is that the
ratio of fracture energies of the interface and the fiber be less than =0.25 [49]. But
this criterion cannot be used for composite design, since data on fracture energy
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of the interface are not available. Debond energy can be determined using the
previously mentioned testing methods. But the material has to be made first. It is
worth mentioning that data on debond energy are obtained with a certain uncer-
tainty and a significant scatter [46].

According to the stress criterion for a Gordon’s crack (debonding), a deviation
potential can be defined as [50].

max

6{ <05 ——=0u (3.6)
zz

where 07" is the maximum of G, in the interphase or at the interface (Figure
3.3), and 0% is the maximum of ., in the fiber (Figure 3.2), O is the tensile
strength of fiber, and Of is the interface tensile strength.

6i. depends on properties of bonded materials: strength of fiber and elastic
constants of both materials through 67" and 6% . 0% represents the maximum
permissible strength value for debonding. Thus, materials that maximize Oi
should be selected.

Figure 3.13 shows the master curve from which we can determine Oi; , knowing
fiber strength and constituent properties. This master curve represents the
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Figure 3.13 Master curve (a) and scale of debonding
potentials (b) for various couples of materials: the cracked
material (material 1) is cited second. Index: m refers to
matrix; f to fiber; | to interphase; n to nanotube.
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max
3

dependence of on elastic constants. A deviation potential chart is also plotted

max
zz

in Figure 3.13 for various combinations of materials. Four groups of deviation
potentials Oi. can be identified in Figure 3.13:

e Very high deviation potentials (Gic > 10000 MPa) obtained with C nanotubes. It
is worth pointing out that efficiency of nanotubes requires that each matrix crack
impinges on a nanotube and that the nanotube be longer than the interface
crack. Deviation is highly probable.

» High deviation potentials (6}, > 1000 MPa) obtained with PyC or BN coatings on
SiC or C fibers: crack deviation can be expected at the coating/fiber interface.
High interface strengths are permissible.

o Intermediate deviation potentials (i ~ 100 MPa). Deviation is less easy, as low
interface/interphase strength or low interphase transverse strength are required.
PyC;/PyC; refers to a deviation within pyrocarbon interphase.

o Low deviation potentials (Gic < 2MPa): deviation requires very weak interfaces.
Deviation is not probable. If deviation occurs, the composite will exhibit very
poor properties.

39
Conclusions

Interphases/interfaces are critical constituents of fiber reinforced CMCs. They are
assigned several functions, which appear opposite from a qualitative point of view.
These functions depend on several factors, including loading conditions, environ-
ment, and fiber orientations. The importance of the interfacial domain depends
on the respective properties of fibers and matrix. It is less significant when matrix
stiffness is small compared to fibers. It is crucial when the matrix is able to carry
a substantial part of applied loads (stiff matrix).

Quantitative criteria for interfacial domain characteristics are required in order
to develop composites with excellent properties. But most researchers look only for
weak interfaces. This criterion is not sufficient as such. Significant effort has been
devoted to developing a tailored interfacial domain in SiC/SiC composites. Inter-
facial domain characteristics can be tailored via an anisotropic interphase (i.e. a
carbon coating or a multilayer) and a strengthened interphase/fiber bond. Debond-
ing is easier with certain combinations of materials. For this purpose, the contrast
in elastic moduli and the strength of fiber must be large. Thus, the behavior of the
interfacial domain can be controlled by a sound selection of constituents.

In those composites with a matrix stiffer than fibers, the contribution of the
matrix to load sharing must be considered also. This phenomenon requires short
interfacial cracks, which implies either strengthened interfaces, tough coating, or
both. It was obtained in SiC/SiC composites when using an anisotropic pyrocar-
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bon interphase and a strengthened fiber/interphase interface. Similar effect was
not observed with a BN interphase.

This pyrocarbon based tailored interphase demonstrated to be a viable concept.

Various weak interface concepts have been proposed in the literature.
Much emphasis was put on processing. Interface characteristics are not well
documented.

Owing to the importance of the interfacial domain in composite performances,
relations between interfaces characteristics and composite mechanical behavior
must be established. For this purpose, appropriate characteristics must be mea-
sured, so that interfacial domain selection can be made possible, and then intro-
duced into the composite design process.
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4
Carbon/Carbons and Their Industrial Applications
Roland Weif3

4.1
Introduction

In the late 1960s, a lack of suitable high temperature materials led to the develop-
ment of carbon/carbon (C/C) materials [1, 2]. Due to the high costs of these
materials, first developments in the United States and Europe were limited to
military applications such as rocket nozzles and re-entry parts for missiles [3-8].

Carbons, graphites, and their modifications are typical high temperature materi-
als. Their intrinsic high thermal stability (>3000°C) and low density (<2.2gcm™)
make carbon-based materials one of the most promising candidates for high tem-
perature applications.

The requirement for higher mechanical properties at high temperatures for US
Air Force and NASA research programs resulted in the reinforcement of carbon,
hence the development of C/Cs. The C/Cs used in rocket nozzles [3-8] and nose
tips for re-entry components were reinforced with carbon fabrics made from low-
modulus rayon precursor fibers. Therefore, these C/Cs were of low performance
quality compared to the C/C grades now available.

In this chapter, the influence of fibers, reinforcement patterns, matrix systems,
and manufacturing parameters will be discussed.

Since the early days of C/Cs, the manufacturing technique for industrial applica-
tions has been mainly based on the reinforcement of the polymers and their con-
version to C/C via heat treatments. The first matrix systems were selected for their
high carbon yields, which is also valid for all the manufacturing techniques up to
the present day.

4.2
Manufacturing of C/Cs

The manufacturing technique finally used depends on the geometry, the size, and
the number of parts, together with the mechanical and thermal requirements
of the components. Figure 4.1 shows the parameters that can be modified for the
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Figure 4.2 Schematic manufacturing cycle of C/C [9].

production of C/C or C/SiC materials. Figure 4.2 shows a typical manufacturing
cycle for C/Cs.

The carbon fibers and their orientation in the composites dominate the mechan-
ical properties. The matrix is responsible for the load transfer in a composite and
determines the physical and chemical properties of the C/C material. Prepregs



4.2 Manufacturing of C/Cs | 71

(pre-impregnated carbon fibers) are mainly used as a commercially available semi-
product in composite manufacturing for press molding or autoclave procedures.

4.2.1
Carbon Fiber Reinforcements

High performance C/C materials are tailored to the mechanical requirements of
the final composite structure. Three different types of carbon fibers are commer-
cially available, such as high tensile (HT), high modulus (HM), and intermediate
modulus (IM) fibers. These fibers are based on pitch or PAN (Polyacrylonitride),
whereas rayon based C-fibers are only used in a few specified applications, such
as for military or space structures.

Table 4.1 gives an overview of some of the commercially available C-fibers. The
broad variety of the mechanical properties of C-fibers allows composites with
optimized strength or with maximum stiffness. The best utilization of these
mechanical properties can be realized in UD (unidirectional) C/C composites
(Table 4.2). The mechanical properties of the structural components can be varied

Table 4.1 Properties of commercially available C-fibers.

Manufacturer Product name  Precursor Filament Density Tensile Tensile  Strain to
count (g/cm®) strength modulus failure
(MPa) (GPa) (%)
Amoco (USA) Thornel 75 Rayon 10K 1.9 2520 517 1.5
T300 PAN 1,3,b,15K  1.75 3310 228 1.4
P55 Pitch 1,2, 4K 2.0 1730 379 0.5
P75 Pitch 0.5, 1, 2K 2.0 2070 517 0.4
P100 Pitch 0.5, 1, 2K 2.15 2240 724 0.31
HEXEL (USA) AS-4 PAN 6, 12K 1.78 4000 235 1.6
IM-6 PAN 6, 12K 1.74 4880 296 1.73
IM-7 PAN 12K 1.77 5300 276 1.81
UHMS PAN 3,6, 12K 1.87 3447 441 0.81
Toray (Japan) T300 PAN 1,3,6, 12K  1.76 3530 230 1.5
T800H PAN 6, 12K 1.81 5490 294 1.9
T1000G PAN 12K 1.80 6370 294 2.1
T1000 PAN 12K 1.82 7060 294 2.4
M46] PAN 6, 12K 1.84 4210 436 1.0
M40 PAN 1,3,6,12K 181 2740 392 0.6
M55] PAN 6K 1.93 3920 540 0.7
Mo60] PAN 3, 6K 1.94 3920 588 0.7
T700 PAN 6, 12K 1.82 4800 230 2.1
Toho Rayon (Japan)  Besfight HTA  PAN 3,6,12,24K 1.77 3800 235 1.6
Besfight IM 60 PAN 12K, 24K 1.80 5790 285 2.0
Nippon Graphite CN60 Pitch 3K, 6K 2.12 3430 620 0.6
Fiber Corp. (Japan) CN90 Pitch 6K 2.19 3430 860 0.4
XN15 Pitch 3K 1.85 2400 155 1.5
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Table 4.2 Mechanical properties of UD-C/C composites [10].

Flexural Flexural Strain to Tensile Tensile
strength modulus failure (%) strength modulus
(MPa) (GPa) (MPa) (GPa)
C/C with HT-C-fibers 1200 220 0.55 1100 250
C/C with HM-C-fibers 600 480 0.15 700 480

over a broad range and be adapted to the requirements gained by design criteria
from finite element calculations. Therefore, load carrying structures are modeled
via finite element analysis to minimize the structural weight and to guarantee a
high service lifetime. The C-fibers can be aligned according to the mechanical load
requirements.

However, for cost effective manufacturing cycles, carbon fabrics are used, which
are now commercially available. These include all fiber types, as well as the desired
fiber orientations (Figure 4.3).

Although the transverse strength properties are low and thereby a limiting factor
in the load capability of C/Cs, three-dimensional-reinforcement architectures or
two-and-a-half-dimensional reinforcements are only used in a few critical applica-
tions in space or military structures. The first automated three-dimensional-
fiber preforms were manufactured by Brochier in France. The technology was
transferred to the US defense company, Textron Specialty Materials, in 1983/
1986 [11].

Nowadays, three-dimensional and two-and-a-half-dimensional fiber preforms
are manufactured by many companies worldwide, such as FMI, Brochier, Aero-
spatiale, EADS, SNECMA, Carbone Industries, and others. However, these pre-
forms are often restricted to internal use and are not often commercially available.
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Figure 4.3 Typical carbon fabrics for manufacturing of two-dimensional C/Cs.
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Furthermore, the preform costs increase with the increasing number of desired
fiber reinforcement directions in multiple-directional reinforced preforms. There-
fore, industrially used C/Cs are mostly based on a two-dimensional reinforcement,
which itself is based on carbon fabrics or non-crimped lay-ups (Figure 4.3).

4.2.2
Matrix Systems

The carbon matrix in C/C composites has to transfer the mechanical loads to the
reinforcing fibers, even if the mechanical strength of the matrix can be ignored.
However, the literature shows that the matrix is multifunctional and as important
as the reinforcement itself. The matrix contributes to the physical, chemical, and
mechanical properties [12-15]. In particular, the failure behavior strongly depends
on the microstructure of the matrix system [12].

The most important criteria for the selection of the matrix (carbon) precursors
are:

1. High carbon yield

2. Minimal shrinkage during pyrolysis

3. Easiest processing for all types of manufacturing routes, i.e. RTM (resin trans-
fer molding), prepreg manufacturing, filament winding

. Low solvent content

. High degree of pre-polymerization with lowest viscosity

. Availability from multiple sources

Low in costs

. High pot and storage lifetimes.

® NS UL

A high carbon yield is required so as to obtain a completely densified C/C,
without the need for additional re-impregnation/re-carbonization cycles (Figure
4.2). Fully densified principally applies to C/Cs with an open remaining porosity
below 10 %. This goal can be reached by using matrix precursors with carbon yields
beyond 84 %. Higher carbon yields are always combined with a reduced shrinkage
during pyrolysis and thereby with minimized damage of the C/Cs [12]. Solvents
as well as a low degree of pre-polymerization reduce the carbon yield. Easy process-
ing is important because the manufacturing of the green bodies (CFRP = carbon
fiber reinforced polymers) has to be performed as precisely as possible. All damage
occurring during the production of the semi-product CFRP are detectable later in
the final C/C component.

Three types of matrix systems are used for the industrial manufacturing pro-
cesses for C/Cs: thermosetting resins, thermoplastic precursors, and gas phase
derived carbons or ceramics (Figure 4.2).

4.2.2.1 Thermosetting Resins as Matrix Precursors

Phenolics, phenolic furfuryl alcohols, furnaces, polyimides, polyphenylenes, and
polyarylacetylenes have been used as thermosetting resins [1, 11, 16]. At the
beginning of C/C development in 1960 in the United States, phenolics and their
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modifications were already available. The resins were cheap due to their applica-
tion in glass reinforcement, ease of process, and a reasonable char yield. Nowa-
days, phenolic resins are available with carbon yields up to 74 % (resols).

Additionally, other types of precursor systems such as isocyanates are now used,
due to their high carbon yield and better pyrolysis behavior, as these resins tend
to be thermally stable up to 400°C. Therefore, pyrolysis starts later in comparison
to standard thermosets and leaves the possibility of manufacturing a more perfect
green body with a lower rate damage and reduced shrinkage.

In the late 1970s, these improvements of thermal stability and increased carbon
yield resulted in the development of special types of polyimides with a carbon yield
above 84 %. Also, another thermosetting resin called polyarylacetylene was used
by the Aerospace Corporation [11] and in research activities in Europe [17]. Both
thermosets enabled a C/C within a single pyrolysis cycle, a time and cost saving
criteria. However, the high price of the polymers (up to some hundreds of $/kg)
was inappropriate and even more strikingly, was the poor handling qualities of
the polymers. Initially, all thermosetting resins form a glassy carbon after pyroly-
sis, which cannot be fully graphitized. The influence of the microstructure of the
carbon will be discussed later (Section 4.2.4).

4.2.2.2 Thermoplastics as Matrix Precursors

Low cost precursors are isotropic pitches. All pitches belong to the second type of
matrix precursors, the thermoplastics. However, high carbon yields are only fea-
sible in cases of high pressure carbonization (Table 4.3), with the disadvantage of
higher carbonization costs and often a limitation in size and geometry. Pressure-
less carbonization of isotropic pitches results in carbon yields comparable to low
cost phenolics.

The development of mesophase pitches and their industrialization by Ashland,
Mitsubishi, and Osaka has offered a new class of matrix systems. Their polyaro-
matic structure, with a high carbon/hydrogen ratio, is responsible for their supe-
rior carbon yield (Table 4.3). However, the higher the carbon yield, the higher will

Table 4.3 Polymer precursors, their carbon yield, and processibility.

Matrix-precursors Carbon yield (%) Processibility
Phenolics
Novolacs 50-55 Good
Resoles 50-55 Good
Furanes 70-75 Medium
Polyarylacetylene 85-90 Medium
Pitches
MPP + MPP-cokes 85-95 Bad
Isotropic pitch (with high pressure carbonization) >85 Medium

Isotropic pitch (carbonization without pressure) 50-55 Good
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Figure 4.4 Yarn prepreg process of Accross [19-21].

be the viscosity and consequently the melting temperature. Therefore, in their
early development, mesophase derived pitches were only used as matrices in C/Cs
for hot pressing techniques, a further limitation for low cost industrial applica-
tions. A second disadvantage was the thermoplastic behavior. Cross-linking of
these pitches was only feasible by oxidation or treatments with sulfur. Therefore,
manufacturing of prepregs with pure mesophase pitches was not feasible. Nowa-
days, such MPP are already commercially available as a pre-oxidized type and
thereby suitable for prepregging via powder technology to be used in a one-step
pyrolysis cycle in C/C manufacturing (Figure 4.2).

Industrial applications of such a one-step cycle have been put into reality by
Schunk [18] and Accross [19, 20]. Schunk formed the bulk mesophase during the
molding step up to 400°C and added binders such as sulfur or binder pitches
during impregnation to the pitches responsible for bulk mesophase. A standard
method is the blending of MPP with other carbon precursors (Figure 4.4). In
principle, the carbon fiber bundle is coated with a blend of pitch and coke. A
thermoplastic coating (sleeve) surrounds the carbon fiber bundle to encase the
powder blend. The carbon fiber bundle can be directly used to make all textile
performs (Figure 4.3) and then processed to C/C according to the manufacturing
schemes shown in Figures 4.2 and 4.4. The patents of Schunk and Accross are
acknowledged throughout the C/C community.

4.2.2.3 Gas Phase Derived Carbon Matrices
C/Cs can also be manufactured via CVI (Chemical Vapor Infiltration) techniques
(Figure 4.2).

The CVI-process is based on gas phase pyrolysis of gaseous species deposited
on the surface (pore walls) of the fibrous preform. The process itself is controlled
by the deposition parameters and the in-pore diffusion rates. The microstructure
of the deposits is mainly determined by the surface of the substrates and the
deposition parameters. The CVI process for C/C and other CMC-composites is
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extensively described in [11, 16]. The CVI parameters, as in pore diffusion and
deposition kinetics, are described in [22]. The homogeneity of pore fillings with a
minimum of closed porosity is the key factor for fast CVI densification procedures.
The most common CVI process is the isothermal impregnation method.

There are four basic CVI processes:

e Isothermal CVI

e Thermal gradient CVI
e Pressure gradient CVI
e Rapid CVI.

All four methods have advantages and disadvantages. All methods are used,
modified with one another, or combined with polymer impregnation techniques,
depending on the requirements of the composite part. The four basic methods are
described in the following:

Isothermal CVI The fiber preforms are heated in a furnace up to the CVI tem-
perature, which can be in the range between 800 and 1200°C. The furnace tem-
perature and pressure (typically below 100 mbar) are kept constant throughout the
complete deposition process. Typical resident times for CVI impregnation of C/C
brakes for aircraft are 120 to 200 hours. C/C brake manufacturers such as Dunlop
have a furnace capacity of about 10 tons of C/C brakes per process cycle and
furnace. The used precursor gas is methane, which can be used in the Dunlop
process simultaneously for CVI impregnation and furnace heating.

The Pyrocarbon (PyC) often closes the open porosity on the outer surface before
the final densification is carried out. Therefore, the C/C parts have to be removed
from the furnace as an intermediate step and machined to open the closed pores.
The parts have to be reheated before the CVI process continues up to the required
final densification. The number of intermediate machining steps depends on the
thickness of the C/C component to be densified via CVI. The machining step can
be performed up to three times in cases of C/C components with a thickness of
40 mm.

The isothermal CVI process has an excellent reproducibility. The resulting PyC
matrix possesses a high density, high modulus, and good graphitizing ability. The
process is time-consuming but the cost is competitive, as proven by the suppliers
of C/C brake disks such as Dunlop, SEP, Hitco, Bendix, Allied Signal, Carbone
Lorraine, and others.

Thermal Gradient CVI  The thermal gradient method is normally performed as a
cold wall CVI procedure. The fibrous preform is placed on a graphite tool (mandrel),
which is inductively heated (Figure 4.5). The highest temperature in the fibrous
preform is at the interface graphite mandrel/fibrous preform and temperature
decreases toward the cold wall. The deposition rate increases with increasing
temperature, so densification starts at the interface. The deposited PyC increases
the thermal conductivity of the fibrous preform and the highest temperature
region moves toward the cold wall. The deposition front follows the thermal front.
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Figure 4.5 Principle of thermal gradient CVI.

Therefore, only large individual parts are densified via thermal gradient methods,
such as rocket nozzles [23].

Pressure Gradient CVI  The pressure gradient CVI method is a modification of the
isothermal process. The fiber preform is sealed in a gas-tight tool and heated in
the furnace to the deposition temperature. The deposition gas, usually methane
for C/C, is forced to flow through the fiber preform. The pressure drop in the flow
direction, caused by the porous fiber preform, increases with increasing deposi-
tion. In contrast to isothermal CVI processes, the deposition rate is independent
of diffusion effects due to the forced flow and increases with decreasing pressure.
The main drawback of this method is the limitation to single item processing.
Nevertheless, this method and a combination of thermal and pressure gradient
CVI was licensed by MAN in Germany, from Oak Ridge National Laboratory, TN,
USA.

Rapid CVI Methods Two different methods of rapid CVI densification for C/Cs
have been developed and can be applied industrially for full densifications of C-
fiber preforms.

The first method was developed by CEA in France, the so-called film boiling
method [24]. The porous C-fiber preform acts as a carbon susceptor and is fully
immersed in a hydrocarbon liquid, for example, cyclohexane or toluene. The
carbon yield is higher with toluene. The liquid boils during inductive heating and
the vapor penetrates into the porous structure. The thermal decomposition of
these hydrocarbons vapors forms a carbon deposit on the inner surface of the
porous structure and densifies the preform via CVI. The vapor, which is not de-
composited, is cooled, and can be used again [25]. A complete densification of
C/C brakes with a two-and-a-half-dimensional C-fiber preform can be completed
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Figure 4.6 Microstructure of the carbon deposited (optical
microscopy with polarized light) [26].

within 10 hours [26]. The carbon matrix is highly orientated and can easily be
graphitized (Figure 4.6) [26].

The CVI reactor is very simple and made of glass, because the C-fiber preform
is cooled over the complete densification cycle by the surrounding liquid precur-
sor. A second method was developed by Huettinger et al. [27, 28]. The porous C-
fiber preform, often carbon felt, is placed in an isothermally heated furnace with
an outer graphite tool, which only leaves a small gap for the forced gas flow of the
precursor gas between graphite tool and porous C-fiber preform. The relation of
inner and outer surface volume dominates the deposition chemistry and kinetics
[27-30].

The rapid CVI method is controlled by kinetics, allowing the gaseous species
to diffuse into the porous preform. However, reactions inside the preform struc-
ture can occur by deposition, even before diffusion back to the gas flow has
come to an end. A complete overview of C/C manufacturing by CVI was given by
J. Diefendorf, a pioneer of CVD and CVI techniques [31].

As explained here, the selected matrix precursors have a dominant influence on
the manufacturing process. CVI methods can be used, if C/C parts have to be
manufactured near-net shape, because no shrinkage occurs during PyC deposition
in the porous structure of fiber preform. In the case of matrix precursors, which
have to be carbonized, such as pitches or thermosetting polymers, the shrinkage
can be reduced by increased carbon yields of the precursor.

Industrial manufacturing processes are selected for their cost effectiveness.
Therefore, polymer precursors are widely used. Polymer precursors can be applied
for all technologies known from fiber reinforced polymers (Figure 4.1). These
composite technologies are available at all C/C manufacturers. The special knowl-
edge of the manufacturers centers mainly on the precursors used, how the differ-
ent manufacturing techniques are combined, and the parameters for the final heat
treatment (HTT) of the C/C.
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423
Redensification/Recarbonization Cycles

The mechanical properties of C/Cs increase with an increasing degree of densifica-
tion (Table 4.4). Therefore, it is important to control the pore filling behavior
during re-impregnation and re-carbonization, and to avoid the formation of high
amounts of closed pores. The pore filling mechanisms have been well described
in the literature (Figure 4.7) [32]. In the case of CVI densification, the inner walls
of the pores are directly coated with carbon. The advantage of CVI impregnations
is their ability to fill up large pores. The disadvantages are the small pore-mouth
diameters, the closing of which results in closed porosity (Figure 4.7).

In the case of liquid re-impregnations, the pore filling depends on different
parameters:

e impregnation pressure
e viscosity of the polymer
e carbonization pressure
e type of polymer

Low impregnation pressures, in combination with low viscosities of the polymer,
fill larger pores easier than smaller ones. However, during the curing process, or
carbonization, the polymers flow out from the pores. In the case of pitch impreg-
nation, this can be prevented by applying high pressures (up to 100 bars) during
carbonization, whereas for impregnations with thermosets, the curing of the
polymers is preformed under pressure (up to 40 bars).

Table 4.4 Influence of densification on the mechanical properties of two-dimensional C/Cs.

Grade Density (gcm™) Porosity (%) Flexural strength Tensile
(MPa) strength (MPa)
CF222 1.55 <8 240 200
CF222/2 1.4 20 140 160
CF226 1.5 <8 150 180
CF226/2 1.4 20 120 120

CFRP
|Carbonization] Z
Impregnation
IRecarbonizationI Reimpregnation

t |

Figure 4.7 Carbon pore-filling mechanisms [32].
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Figure 4.8 Recarbonization/reimpregnation cycles.

The disadvantage is the encapsulation of the condensates (in the case of ther-
mosets) or pyrolysis gases (in the case of pitch), which can result in the damage
of the composite itself. In principle, re-impregnations with pitches are better for
composites with large pores, because the carbon shrinks during pyrolysis onto the
surface of the inner wall pore of the (Figure 4.7). Carbonized and graphitized
resins (thermosets) shrink off from the inner wall surface, therefore influencing
graphitization behavior during the HTT (Figure 4.8).

4.2.4
Final Heat Treatment (HTT)

The final heat treatment (HTT) determines the chemical and physical properties
of C/Cs. The influence of the HTT on the microstructure is well described in the
literature [33-35]. The HTT is performed from 1700 to more than 3000 °C. Increas-
ing temperatures result in increasing graphitization of the fibers and the matrix,
which can be investigated by TEM [33]. Pitch or CVI derived matrix carbon shows
better graphitization than carbons derived from phenolic resin. Although phenolic
resins form a glass-like carbon, they can be graphitized by in-situ-mechanical stress
during HTT (Figure 4.9a, b) [36]. The degree of graphitization determines electri-
cal and thermal resistivity. Increasing graphitization improves the electrical and
thermal conductivity, which is important for heating elements or first-wall materi-
als in fusion reactors. However, the failure behavior is also affected. High degrees
of graphitized matrix carbon result in a pure shear failure of the matrix, with the
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200 nm

Figure 4.9 (a) Transverse cross-section of UD C/C. The fibers
are surrounded by stress-oriented graphite, which split into
smaller crystallites easily. Thus cracks are deflected around
fibers and vitreous carbon. (b) Two examples of closely
packed fibers with equidistant surfaces.

loss of ductility of the C/C. However, the creep resistance increases with the
increasing final heat treatment temperature.

In the case of C/Cs with thermosets as matrix precursors, the final HTT domi-
nates the mechanical properties as well as the fracture behavior of the C/C com-
posites [35, 37-39]. The failure behavior can be modified and tailored from pure
brittle failure [37], with an HTT of 1000°C to a pure shear failure (Figure 4.10)
37].

At intermediate temperatures, between 1800 and 2600 °C, a mixed mode of shear
failure of the matrix and delamination of the fiber/matrix interface [35] is observed,
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Figure 4.10 Fracture behavior of a carbon-carbon composites
made from a furan precursor, with respect to HTT [37].

resulting in high energy of fracture [38, 39], the fracture energy increasing from
0.3kJm™ (HTT 1000°C) to 4k m™ (HTT 2700°C [38]. However, the maximum of
fracture energy depends on the type of reinforcing C-fibers as well as the polymer
precursor [39]. Therefore, the best ductility (pseudo-ductility) of C/Cs can be tai-
lored to more convenient temperatures, to reduce the manufacturing costs. The
optimization of the mechanical and physical properties depends on the final
applications.

4.3
Industrial Applications of C/Cs

As mentioned above, the application of C/Cs started with rocket nozzles and re-
entry parts for military or space projects, in about 1960. The first industrial prod-
ucts were C/C brakes for civil aircraft developed by Super Temp Division of B.F.
Goodrich and were licensed by Dunlop. Today, C/C brake disks are used for most
civil aircraft and manufactured worldwide by companies such as Dunlop, SEP,
Hitco, Bendix, Carbone, and others. The matrix is PyC (CVI) and the materials
are finally heat treated to achieve an optimum ductile failure behavior. The market
volume is estimated with some 50% of the total C/C used worldwide.

The brake disks have to be protected against oxidation. This can be achieved
by design and construction of the braking system itself, that is, by avoiding as
much oxygen contact as possible with the C/C surface or by minimizing the
contact with air during braking. In such an optimized design the carbon must be
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highly graphitized up to approximately 2500°C to obtain the best oxidation resis-
tance together with a reasonable ductility of the material. Oxidation protection of
C/C has to be applied for all materials used in an oxidative atmosphere above
420°C. The principles of oxidation protection are described in the following.

4.3.1
Oxidation Protection of C/Cs

All oxidation protections for C/Cs basically include three components to protect
against oxidation attack over long-term applications (Figure 4.11). These three
protection systems are an inner bulk protection, an outer multilayer CVD-coating,
and finally a glass sealing layer serving as a surface coating.

The first patent on oxidation protection of carbons was given to the National
Carbon Company in 1934 [40]. Already by then, first oxidation protection systems
included a bulk protection by formation of SiC and a sealing layer of B,0;. CVD
coatings were unknown at this early stage of oxidation protection of carbons.
However, the principles of protecting carbon materials are still valid today.

4.3.1.1 Bulk Protection Systems for C/Cs

The oxidation protection systems depend on the oxidation conditions, such as
temperature, atmospheres, architecture of reinforcement, matrix systems, and
required lifetimes. C/Cs, applied in oxygen containing atmospheres below 650°C,
can be protected by pure bulk treatments. C/Cs are oxidized according to the fol-
lowing chemical reactions:

(1) G+ Ozg = COy
(2)2Cy + Oy9 > 2CO

Oxidation Protection | .Mlultilayer Coatings

Outer coatings CVD coatings
Glass sealings: -pure B-SiC (111)
-mullites -BoraSiC®
-alumina Sandwich:
-MoSi, (MAN) SiC/B4C/SiC

Bulk protections
Bulk \ - purified C-matrix
protection Triple CVD layer | - optimised microstructure
- salt impregnations
- additives
- silicon treatments (P75, P76, P77)
- CVI layers/mullite layers (Naslain et al.)

Figure 411 Multilayer coated C/C.
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At higher temperatures, the second chemical reaction is preferred (Bouduard’s
reaction), whereas at lower temperatures, CO, is formed. The oxidation attack
starts on the atoms at the edge of the carbon material, which means crystalline
defects in the carbon structure. Therefore, the carbon matrix is more sensitive
against oxidation than the reinforcing C-fibers, which are described in detail in
[41]. Oxidation rates at low temperatures can be reduced by increased crystallinity
and purification of the carbon matrix by higher final HTT (Figure 4.12) [16, 41].

Furthermore, it can be concluded from the Arrhenius plots (Figure 4.12) that
the oxidation mechanism depends on temperature. At lower oxidation tempera-
tures (<800°C), the oxidation rate is controlled by the chemical oxidation attack
(kinetics), whereas at higher temperatures (low 1/T-values), the burn-off-rate
is limited by diffusion effects, which was also confirmed by oxidation studies
on graphite materials [42]. The active sites in the carbon matrix can be reduced
by increased final HTT or blocked by contaminations applied as salt
impregnations.

Industrially available are those grades possessing phosphoric salt impregna-
tions, which are applied as standard C/C materials in manufacturing hollow
glasses at applied temperatures of approximately 700 °C without any further oxida-
tion protection. The mechanical properties of these grades are given in Table 4.5.
The influence of the salt impregnation can be shown by comparison of the oxida-
tion behavior of CF264 (Figure 4.13, without salt) and CF264Q (Figure 4.14, with
salt). Salt impregnation inhibits the oxidation rate measured as weight loss via
thermo-gravimetrical analysis. Furthermore, it can be concluded from these
results, that salt impregnations decrease the influence of higher oxygen flow rates
and thereby oxidation attack. CF264Q is used in hollow glass manufacturing up
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Figure 4.12 Arrhenius plots of the oxidation of C/C composites [16, 41].
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Table 4.5 Properties of C/C grades with bulk protection based on impregnations with
phosphoric salts.

Grade Reinforcement  X: (%) 7y(gcm™) P (%) Flexural ILSS (MPa) HTT (°C)

strength
(MPa)
CF260Q C/C 55 1.40 8 80 7 2100
CF264Q C/C 55 1.45 8 80 8 2400
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Figure 4.13 Oxidation behavior of CFC 264 without salt impregnation.
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Figure 4.14 Oxidation behavior of CFC 264Q with phosphoric salt impregnation.
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to 2000 hours, if the contact times and contact areas are sufficiently low. The oxi-
dation rate depends on temperature, time, and the surface area attacked by
OXygen.

As already mentioned and shown in Figure 4.11, bulk treatments are often per-
formed with silicon to form SiC, which possesses superior oxidation protection
behavior compared to salt impregnations. Silicon treatments of the bulk material
are well known [10, 43—46] and different methods are industrially available (Figure
4.15). The advantages and disadvantages of the different methods are given in
Figure 4.15. Silicon treatments can be performed with Si vapor, by melt impregna-
tion under vacuum and pressure (P76-process), by capillary impregnations via
liquid phase reaction (P77, Figure 4.15) called the LSI-process (liquid silicon
impregnation), by pack cementation, and by a combination of cementation and
liquid phase impregnation (P75 process; Figure 4.15). The advantages and disad-
vantages of the different methods are given in Figure 4.15.

The silicon treatment via P75 is the only procedure that can be used for fully
densified C/Cs without any dimensional change of the treated C/C [10]. The
degree of matrix conversion from carbon to SiC depends on the reactivity of the
carbon, open porosity, and density. A broad range of C/C over C/C-SiC up to C/
SiC-materials can be realized according to the final requirements. The higher the
amount of formed SiC is, the better the results for oxidation resistance. However,
increasing degrees of conversion are always combined with increasing brittleness
of the composites, including fiber damage by chemical reactions between C-fibers
and silicon.
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Figure 4.15 Bulk protection methods via silicon treatments.
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Silicon treatments of C/C are used not only for bulk protection but also for
improvement of the wear behavior for tribological applications. The best bulk
protection is obtained by multilayer CVI coatings on the inner surface of bulk
materials. Such methods have been described and used [47-49], in particular for
C/SiC and SiC/SiC components applied in space or aircraft structures. The com-
bination of nano-scaled multilayers with PyC, SiC, BN, or B,C, directly applied on
the internal surface of fiber preforms, improves their oxidation resistance as well
as the ductile failure behavior of the high temperature composites. Boron contain-
ing intermediate layers are able to form boron oxide (B,0s), even at low oxidation
temperatures, resulting in self healing behavior of the matrix during oxygen attack.
However, the same oxidation protection of the bulk material can be obtained by
using additives with boron (Figure 4.11).

A further method for bulk protection is PIRAC (Powder Immersion Reaction
Assisted Coating), an in-situ CVI-method developed by Prof. E. Gutmanas, Tech-
nion, Haifa. An overview on bulk protection of C/C with chromium powder is
given in the thesis [50]. PIRAC coatings with titanium can also be used as bulk
protection for C/Cs (Figure 4.16). The formed TiC filled the intra-laminar cracks
in the composites and thereby prevented strong oxidation attack by closing possi-
ble diffusion paths for the oxygen. However, for long-term oxidation resistance
outer CVD coatings must also be applied. The PIRAC-method is a simple and
cost-efficient CVI technique. The samples or components, which have to be pro-
tected, are packed in a powder mixture of metal and powder of the same metal
halogenide, or a pure halogenide such as jodium. The package is vacuum-tight
by, for example, metal foil and heated up in a conventional furnace to the CVI
reaction temperature, preferably below 1100°C. The furnace itself can be used
under inert gas. Enclosed in the metal foil under low pressure, a metal sub-

Figure 416 SEM mircograph of the cross-section of C/C
PIRAC treated showing the inter-fiber cracks filled by titanium
carbide.
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Figure 4.17 SEM micrograph showing the oxidation scale on
the surface of coating obtained by oxidizing coated SiC at
1000°C for 2h in static dry air [51].

halogenide is formed that diffuses as a CVI reaction inside the C/C, the halogenide
acting as a catalyst. The bulk protection itself shows a gradient layer and can be
modified from composition (Figure 4.17) [51].

A SiC-protected C/C was treated with a mixture of Cr and J, and oxidized after
the PIRAC treatment for 2 hours at 1000°C. As can be seen, the PIRAC treatment
can also be applied for outer coatings.

4.3.1.2 Outer Multilayer Coatings

CVD-SiC coatings are normally used as outer multilayer coatings of C/Cs (Figures
4.2 and 4.17). The mismatch in CTE of the bulk C/C and the CVD-SiC coating
results in thermally-induced crack formations during cooling down from CVD-
coating temperature to room temperature (Figures 4.11 and 4.18). An increase in
the CVD-SiC layer thickness results in a decrease of the crack distance, which
means increased crack densities due to the induced higher thermal stresses [52].
The formed cracks are diffusion paths for oxygen in the case of oxidation. However,
the thermally induced cracks can be almost completely closed by heating the
samples to the CVD coating temperatures.

Therefore, the oxidation rate of multilayer coated C/Cs depends not only on
physical parameters such as reaction kinetics and diffusion rates, but also on crack
opening and crack closing effects, which are influenced by the coating parameters
and the temperature. It is well known from oxidation kinetics, that the maximum
oxidation rate for multilayer coated C/C is observed at about 800°C [51]. This
maximum is caused by the ratio of internal surface area available for oxidation (by
crack opening) and highest oxidation kinetics.

However, for long-term applications, such cracks are a limiting lifetime factor.
Therefore, self-healing effects have to be used to close these cracks. The self-
healing capacity can be tailored according to the requirements, from the viewpoint
of oxidation temperatures and atmospheres. Although the thermodynamic and
kinetic stability of the different oxidation protections will not be discussed in this
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@  CF222 P60 300um

Figure 4.18 (a) Equidistant crack-formation on a CVD-
SiC-coated C/C perpendicular to the reinforcement [52].
(b) Irregular crack formation on the surface of a CVD-SiC
coated C/C.

chapter, some general points are necessary to understand the principles of oxida-
tion protection.

Silicon carbide (SiC) is applied as the standard CVD-SiC coating (Figure 4.11).
SiC forms a silica layer (SiO,) in oxidizing atmospheres, with a parabolic growth
of the layer thickness. SiC is selected as the most favored oxidation protection,
because the SiO, layers possess the lowest diffusion rate of oxygen. Therefore, the
formation of silica during oxidation is an additional self-healing layer (glass sealing
layer). The disadvantage of such a layer is the fact that a completely covered SiO,
layer can be obtained at temperatures above 1000°C, whereas at lower oxidation
temperatures (700-1000°C) only isles of SiO, are formed on the attacked carbon
surface accessible by the thermally induced cracks in the multilayer coating. Glass
formers are needed for lower temperatures, such as with boron derived additives.
Therefore, the bulk can be additionally protected, with borides as additives. Another
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Figure 4.19 BoraSiC coating with self healing capacity [9, 53].

possibility is to include a boron oxide former, such as B,C, in the multilayer coating
(Figure 4.19) [9, 53].

Even at low temperatures, boron carbide is able to form a boron oxide, which
can close the cracks in the CVD multilayer (Figure 4.20) [53]. The cracks on the
top surface of the multiplayer BoraSiC coating are healed (Figure 4.20). The crack
is closed under formation of B,0s, boron silicate, and SiO,, as proved by EDX. In
principle, borides can be used up to 1600°C as self-healing glasses. However, the
boron oxide is neither stable under water vapor flow, nor thermally stable at tem-
peratures above 1200 to 1250°C, due to evaporation of boron silicates. Therefore,
additional outer glass sealing layers are necessary, with superior high temperature
behavior.

4.3.1.3 Outer Glass Sealing Layers

As mentioned above, multilayer CVD-SiC coatings (Figure 4.11) form in situ,
during oxidation, a dense silica layer at temperatures above 1000 °C. The diffusion
rate of oxygen through the SiO, layer depends on the layer thickness, which
increases with increasing oxidation time, and the oxidation temperature. The dif-
fusivity of oxygen in silica is extremely low compared to its diffusivity in B,O; The
diffusion rate in SiO, of oxygen is seven orders of magnitude lower [55, 56], result-
ing in a superior oxidation protection.
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Figure 4.21 SEM of the protected C/C sample after 1000h at
1530K in 801h™ O,; sealing thickness 3 to 4um
(Magnification: 10mm = 5um).

Figure 4.21 shows a multilayer coated C/C with an in-situ formed silica layer.
The cracks visible at a.T. are closed during oxidation. The sample did not show
any weight loss after 1000 hours at 1530K [44]. Nevertheless, glass sealings based
on silica have their limitations. The first one is the compatibility with the CVD-SiC
layer underneath. The thermal shock resistance of these glass layers is limited by
their thickness. Spallations can be observed in cases of layer thicknesses exceeding
8um. Furthermore, crystallization occurs, reducing the lifetime of the glass
sealing. The viscosity of SiO, is one order of magnitude or more higher than B,0;

91
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Figure 4.22 Perforation of SiO, glass sealings on multiplayer
CVD-SiC coated C/C after 1000h at 1530K in air.

and thereby the sealing efficiency is extremely reduced. A non-stoichiometric
CVD-SiC coating with an excessive amount of Si shows a formation of pores in
the SiO, glass sealing, due to the following chemical reaction (Figure 4.22):

S+ SiOy — SiOy

Silica glass sealings can be replaced by glass sealings with MoSi, and their
modifications, which have a lower viscosity and so a better sealing effect. At tem-
peratures above 1800°C, the SiO, glass sealings are thermally unstable. Therefore,
different high temperature refractory oxides have to be applied, such as ZrO,, Y,0s,
or HJO,. However, the oxygen diffusivity is some orders of magnitude higher than
in SiO, glass sealings. A further disadvantage of silica is the insufficient corrosion
resistance against water vapor with high flow rates, as required for application in
gas turbines. Therefore, environmental barrier coatings (EBC) are under develop-
ment to overcome these problems. For most of the industrial applications oxida-
tion protection is not required, because C/Cs are normally applied in inert gas or
under vacuum.

432
Industrial Applications of C/Cs

As already mentioned, the driving forces for industrial applications of C/Cs have
been the developments for space and military applications, followed by C/Cs for
military and civil aircraft brakes (e.g. 1971 for Concorde, 1970 for F-15 fighters).
Subsequently, the use of C/C brakes has been exploited in Formula 1 racing cars
by Hitco (1980), SEP (1981), A.P. Racing, Le Carbon Lorraine, and others. These
C/C brake disks are sensitive to oxidation and can only be used for a single race.
The Formula 1 disks are reinforced with chopped fibers, carbon felts, or carbon
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cloth with a CVI derived PyC matrix. The same is valid for C/C clutches in racing
cars.

However, these C/Cs could not be used for automotive applications due to their
limited lifetime. Therefore, in 1979, developments were started in Europe to
replace asbestos brake pads with metal impregnated C/Cs to improve their wear
and oxidation resistance [57-59]. Although these developments were successful
from a technical viewpoint, they were never realized due to the high costs of these
materials in mass applications. These materials were already optimized from the
viewpoint of improved wear resistance and thermal conductivity by silicon treat-
ments and combinations with copper impregnations. However, industrial applica-
tion took an additional 20 years. The restrictions to use in luxury cars and
requirements of improved safety and lifetime concepts enabled the first CMC
brake disks to be used in Porsche cars at the beginning of 2000.

Today, CMC brake disks for different luxury cars are commercially available
from S.G.L. Carbon Brakes for Porsche and Audi, and from Brembo for Ferrari
and Mercedes.

Approximately 50000 to 70000 CMC brake disks were manufactured in 2006.
The broad application on cars with lower costs is still limited due to the strong
competition with brake disks made of steel. The manufacturing costs of steel disks
are below 10 /disk, whereas CMC disks with a weight up to 5kg/disk are above
500 /disk. Although CMC disks are superior in performance, lifetime, friction
behavior, and safety aspects, their application appears to be feasible only in luxury
cars within the next few years.

The manufacturing technologies are in excellent progress (Figure 4.23) [10]. The
different manufacturing steps are already, or rather, can be automated to a certain

Short Fibres Phenolic Resin Additives

Compounding

|
Forming, Moulding
|
Curing
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Continuous Carbonization

Pre-Machining

Silicon Treatment

Final Machining + QS

Figure 4.23 Manufacturing scheme of CMC brake disks [10].
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degree. Compounding is executed batch-wise in a mixing device or continuously
in an extruder. Forming and molding can be made semi-continuously with an
automated molding device. The requested molding times depend on the process
and can be reduced to times below 15 min/disk. Near-net-shape techniques mini-
mize the machining costs, in particular for the final machining steps. Carboniza-
tion can be performed continuously, whereas continuous silicon treatments are
still under development. However, the price target given by metallic disks can
never be reached, due to the costs of raw material and the processing costs.

The complex shape caused by internal vented disks can be achieved by different
manufacturing techniques (Figure 4.24) [10]. The complete machining of the
cooling channels before or after the silicon treatment step is too expensive for a
production process and was only used for the development phase so as to be as
flexible as possible. Industrially usable techniques for making cooling channels
are given in Figure 4.24.

The most flexible method is the joining of three parts with a cover, a bottom
plate, and a middle sector, which contains all cooling channels. The middle part
can be water-jet cut after the molding step. This technique allows the use of simple
molding tools, and due to the reduced thickness of a single part with approximately
13 to 14 mm, extremely short molding cycles. The disadvantage is the waste of the
water-jet cut pieces, resulting in higher material costs. The molding process, as
well as the water-jet cutting step, can be fully automated. Water-jet cutting can be
avoided by net-shape pressing of the middle section, which requires an additional
pressing tool. In the case of minimized material waste, two pieces can be net-shape
molded and then mechanically jointed. Chemical joining (welding) takes place
during the silicon treatment step (Figure 4.23).

Complete Joining and Net shape || Net shape
Machining Machining Technique with | [ Technique with
of 2 to3 parts dead molds movable tools

Figure 4.24 Manufacturing of complex vented brake disks [10].
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Another possibility is net-shape molding of a single part by using dead moulds
or movable tools (Figure 4.24). The disadvantages are that movable tools are more
complex and have to be cleaned after each molding cycle, or in the case of dead
moulds, be replaced. Furthermore, thicker green bodies require longer molding
and curing cycles, a disadvantage from the viewpoint of cost-effectiveness.

As shown by Figure 4.24, the tribological surface can be adapted according to
the requirements by using a surface coating, which is combined with increased
costs. The excellent friction behavior of C/C-SiC, the silicon treated C/C, is used
for emergency braking systems such as high-speed elevators, high-speed turning,
milling machines, and amusement rides. However, the silicon treatment contrib-
utes not only to an increased friction coefficient. C/C-SiC grades can also be tai-
lored for a superior sliding behavior due to the extreme low wear rates and the
possibility to combine hard carbide with a soft graphitic matrix. A typical example
for low friction and low wear applications are C/C-SiC sliding elements in the
high-speed train, Transrapid, running in Shanghai (Figure 4.25) [60].

The requirements are wear rates below 0.1 mmkm™ sliding length, with a fric-
tion factor below 0.3 against an iron track at a maximum speed of 500kmh™. The
C/C-SiC sliding elements possess high mechanical strength, low thermal conduc-
tivity, and must be biocompatible and environmentally compatible due to the wear
losses. The good sliding behavior in combination with good mechanical properties
was realized by a newly developed silicon treatment (P75, see Figure 4.15), a com-
bination of pack cementation and capillary impregnation. The excellent sliding

Figure 4.25 Sliding elements for the Transrapid [60].
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Figure 4.27 Specific strength of C/C in comparison to steel.

behavior can also be used in petrochemical pumps as bearings and sliding rings
(Figure 4.26). The advantage of these parts for pumps is their superior failure
behavior (pseudo-ductile) in comparison to monolithic ceramic elements. The
industrial application of C/Cs is based on the specific properties of these light-
weight materials. C/Cs possess the best specific mechanical high temperature
properties of all materials (Figure 4.27).

The strength and stiffness of C/Cs increase with increasing temperature.
The improvement in strength and stiffness from a. T to 2000°C is about
25%. Therefore, mechanical finite element analyses based on room temperature
properties include an additional safety factor for high temperature applications.
C/Cs are predestined for all high temperature applications under inert gas or
vacuum atmospheres, such as furnace materials, hot pressing dies, handling
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tools for hollow glass manufacturing, semi-conductor industry, and photovoltaic
applications.

4.3.2.1 C/Cs for High Temperature Furnaces

High performance vacuum furnaces are fully equipped with C/C materials.
Thermal insulation based on hard felts, CVI, or resin impregnated soft felts, are
used as standards in most furnaces (Figure 4.28). The hard felt boards are pro-
tected at the edges with U- and L-shaped profiles (carbon cloth reinforced) with a
standard length of 1, 1.5, or 2m. The profiles are used for protection against han-
dling damages, against gas erosion effects during gas quenching, and for assem-
bling the thermal insulation with C/C screws and nuts. Screws, bolts, and nuts
are used for fixation and joining of mechanical loaded bars and pillars within the
furnace. A broad database on the mechanical properties of C/C joining elements
exists for tensile as well as for shear load introductions (Figure 4.29) [61].

The furnace chamber itself is often equipped with a C/C chamber (Figure 4.30).
The C/C furnace chamber shown in the figure is 2000 x 1000 x 1000 mm®, with
a total weight of 30kg. The advantage of a furnace chamber is the improved homo-
geneity with respect to the temperature distribution. The maximum temperature
deviation within a furnace chamber can be limited to about 10°C over the full
range of required temperatures. However, the used heater system has to be adapted
to avoid heat sink effects. A further advantage of a C/C chamber compared to a
graphite one is the required lower thickness, resulting in a reduced dead mass
and better heating and cooling efficiencies. The disadvantage of the stiffness

494470000

Figure 4.28 Interior of an industrial furnace.
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Figure 4.29 Mechanical properties of C/C screws [61].

(a) Starting Torque and initial stressing force of C/C bolts in
dependence of the nominal diameter. (b) Breaking loads of
C/C-bolts as a function of the ratio height of nut to nominal
diameter.

reduction due to the reduced wall thickness can be overcome by stiffening the
whole component with profiles (Figure 4.30).

Heating elements for vacuum and inert gas furnaces can be tailored from elec-
trical properties, by using C/C materials as resistivity heaters. Their specific electri-
cal resistivity is dominated by the resistivity of the fibers and their thermal post
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Figure 430 C/C chamber for vacuum and inert gas furnaces for temperatures up to 2400°C.
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Figure 4.31 Electrical resistivity of two different C/C grades as
a function of application temperature.

Figure 4.32 Meander-shaped tubular and flat heating elements.

treatments. Figure 4.31 shows the electrical resistivity of two different C/C grades,
with a two-dimensional reinforcement depending on the application temperature.
Furthermore, the resistivity can be tailored by the design of the heating elements
(Figure 4.32). The total resistivity of the heating element can be calculated accord-
ing to the following equation:
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XL
Rl = pT

where P is the specific electrical resistivity, L is the length of the heating element,
and A is the cross-section. The length and cross-section can be optimized by the
design of the heating elements within the given limitations of the geometry of the
furnace facilities. The specific electrical resistivity depends on fiber orientation,
fiber volume fraction, fiber type, and the final heat treatment of C/C. Thereby, a
broad variety of total resistivity can be made according to the requirements of
the customer. However, the higher the final application temperature and therefore
what the final heat treatment has to be, the lower the specific resistivity. As
mentioned above, an important target in high performance vacuum and inert
gas furnaces is their homogeneity of the temperature distribution. Therefore, in
inert gas furnaces, a forced ventilation is also required, which can be achieved by
ventilators made of C/C applicable up to extreme temperatures above 1500°C
(Figure 4.33) [62].

The superior mechanical behavior, such as HT strength in fiber direction, is
used in chains made of carbon for sinter furnaces (Figure 4.34). The whole chain
is made of C/C. The maximum load can be overtaken by the UD reinforced chain
links with a specific tensile strength beyond 800 MPa. The maximum load is
limited by the C/C axes and their cross-sections. The chain links, the axes, and

Figure 4.33 C/C ventilators for forced inert gas conversion.
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Figure 4.34 Chain made of C/C with a total length of 38 m applied in a sinter furnace.

the distance holders are filament winded and near-net-shape manufactured. The
parts have only to be machined according to the required length or width, respec-
tively. C/C chains can be applied for vertical as well as for horizontal transportation
in a furnace. The main disadvantage is their sensitivity against wear loss and dif-
ferent gas atmospheres.

As already mentioned, C/C materials are attacked by oxygen at temperatures
beyond 420°C. In sinter furnaces, such oxidations are suppressed by using inert
gases, a mixture of nitrogen (N,) and hydrogen (H,) as endo- or exo-gases. In the
case of sintering, iron alloys, or thermal treatments of steel, a tailored carburiza-
tion of the metal alloy is required, which often forms water as an intermediate
product. Furthermore, open and closed furnaces sometimes contain water within
the applied insulation materials, due to the uptake at ambient temperature, if the
furnace is cooled down. This low amount of water cannot always be completely
removed during the heating phase in the temperature range below 420 °C. Thereby,
two typical chemical attacks can occur and affect the C/C materials inside the
furnace:

(1) C+H,0& CO+H, AH=-131.38k]J/Md at T = 800-1000°C

s
(2) C+2H,&CH, AH = -74.86k]/Md.

The most severe reaction is the formation of methane (reaction 2), because
oxygen or water attacks can be controlled by in-situ-measurements of the water
concentration in the furnace and an improved preheating to remove the remaining
humidity from the thermal insulation materials. Table 4.6 gives an overview of the
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Table 4.6 Overview of maximum application temperatures for
thermal treatments of iron alloys in furnaces with C/C

materials.

Atmosphere Maximum application Applicability of C/C
temp. (°C)

N, 1080 (1100) -

H, 1200 +++/0

Exo-gas 1050 +++

Endo-gas 1050 +++

Vacuum 1050 ¢}

0O, <420 +++

+++, applicable without restraint; O, applicable with
limitations.

maximum application temperature of C/C materials for thermal treatments of iron
alloys with respect to chemical resistance, including uncontrolled carburization
effects of the metallic alloys.

In the case of hydrogen, the methanization reduces the lifetime of the C/C parts.
This can be suppressed by using a gas mixture of hydrogen and nitrogen with low
hydrogen content. An alternative method is the treatment of the C/Cs with Si, to
form a C/C-SiC material, which reduces the attack of hydrogen by some orders of
magnitude. The disadvantage is the formation of silicides with compounds within
the metallic alloy, which has to be prevented. Therefore, the silicon treatment is
limited to selected alloys and to a maximum temperature of approximately 1100°C
for thermal treatment of metals.

The limitations in vacuum are mainly caused by carburization effects of the
metallic alloy due to the increased diffusion activity of the carbon under vacuum.
This behavior can be improved and shifted to higher temperatures by using an
improved crystallinity of the matrix, which can be achieved by CVI/CVD coatings
with highly orientated PyC. Such coatings (impregnations) enable maximum
application temperatures up to 1200°C.

4.3.2.2 Application for Thermal Treatments of Metals

Load carrying C/C systems are industrially used as fixtures for thermal treatments
of metallic parts such as vacuum brazing of steel or stainless steel components,
for annealing of high-quality steels for gas turbine compounds, low pressure car-
burizing, gas quenching of automotive parts, and case hardening of steel parts
with subsequent oil quenching (Figure 4.35). The industrial motivation to use C/C
fixtures instead of metallic ones is based on the following advantages:

¢ no distortion of C/C-trays, resulting in handling by roboting (increased effi-
ciency, reduced manpower costs);

¢ no brittleness, even after some years of application;

¢ increased lifetime of the fixtures;
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Introduction of water-jet cut C/C plates leads to:

» doubling capacity

= increased heat efficiency
« shorter cycle times

* longer lifetime

Figure 4.35 C/C—fixture with waterjet cut C/C plates for case
hardening of rods with subsequent oil quenching.

Conventional cast metal tray Carbon / Carbon tray design
Distortion due to thermal cycling in service for 8 years without
any distortion

RN

gross weight: app. 30 kg / Dimensions: 900 x 600 x 4 / gross
distortion after 9 month in service weight: 2 kg / load: 20 kg

Figure 436 Comparison of C/C and cast metal trays.

e improved energy efficiency by reduced weight compared to steel fixtures;
e increased number of trays by reduced thickness of the C/C fixtures;
e increased number of rods by optimized design.

All these advantages contribute to an improved efficiency and reduced costs in
thermal treatments of metallic components. The return of investment for the more
costly C/C fixtures in comparison to metallic ones is below 2 years. Therefore, this
is one of the fast growing markets for industrial C/C-applications.

A comparison of a cast metal tray and a C/C tray is given in Figure 4.36. As can
be seen, even after 8 years in service, no distortion can be detected in the C/C tray.
The weight saving is 28 kg per tray (Figure 4.36) and 336kg per batch (Figure 4.35).

|1o3
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This illustrates the advantage of reduced dead mass per batch and the enormous
potential of energy saving over a service period of 8 years, with up to 6 to 7 batches
per day. With increasing energy costs, the use of C/C fixtures will be even more
attractive and superior from the viewpoint of lifecycle and manufacturing costs.

The trays shown in Figure 4.36 are used for the same metallic parts as for case
hardening. The reduced height of the C/C trays enabled additional stacks in com-
parison to the metallic ones (Figure 4.35) Furthermore, the number of connecting
rods per tier could be increased by the thinner distance holder made from C/C.
The overall efficiency improvement resulted in doubling of connection rods per
batch. This demonstrates the economical and ecological superiority of C/C fixtures
compared to metallic ones. The C/C fixtures can be tailored to the required load
capacity (Figure 4.37). The C/C trays are designed according to customer require-
ments and can be used in their existing facilities and furnaces.

A new development for vacuum brazing of turbine components (Figure 4.38) is
the Unigrid system of Schunk. This lightweight grid (~2kg) is based on a textile
preform made via tailored fiber placement (TFP), without any joinings manufac-
tured near-net shape. The manufacturing process can be performed via RTM or
RI-methods (Resin Infusion). The direct contact of carbon and gas turbines has
to be avoided to prevent uncontrolled carburization. Therefore, CarboGard protec-
tive tiles based on alumina are available for the UniGrid system. The high flexibil-
ity of the UniGrids is shown in Figure 4.39.

The load capacity can be brought into line with these requirements by using
graphite supports connecting the trays. The graphite supports can be fixed wher-
ever necessary (i.e. in the middle, at the corners). The load capacity increases with
reduction of the free length between two supporting points. The system can be
assembled by the final end user and therefore be modified for a variety of different
applications. The use of C/C fixtures for thermal treatments of metals will be

Load per tier:
_-I ——— 800 kg

L

| |--f1-

Total load capacity:

El i ml : 8x3100kg=ﬁ.400h.g
_Hﬂ =

Dimensions:

} 2000 x 1200 x 70 mm?
(2 x 1000 x 1200)

Figure 4.37 C/C fixtures for heavy loads, for example, brazing of heat exchangers for cars.
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Vacuum brazing of
turbine components

Figure 4.38 Schunk UniGrid-system with CarboGard protective tiles.

Figure 4.39 Assembling of UniGrids with graphite supports [63, 64].

widespread in the future, due to the high cost efficiency for automotive suppliers.
The second fast growing market is the field of photovoltaic industry.

4.3.2.3 Application of C/C in the Solar Energy Market

The growth of the global solar energy market is shown in Figure 4.40 [60, 65]. This
market is mainly politically driven, with a worldwide lead by Germany. C/C struc-
tural components are necessary for the high temperature processes in manufactur-
ing photovoltaic cells such as re-crystallization and CVD-coatings, and for making
polysilicon as one of the most important raw materials. The shortage of polysilicon
on the market resulted in tremendous investments worldwide of some billions
of US dollars. The planned increase in the worldwide capacity for polysilicon is
given in Table 4.7. The announced capacity covers up to 2012, the demand of
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Figure 4.40 Growth of the Global Solar Energy Market
(Annual Installed Capacity). Source: EPIA-Report 2006.
Table 4.7 Planned capacity of polysilicon.
Capacity 2007 2010
Hemlock 7700 36000
Wacker 6500 21500
REC 5300 12500
Tokuyama 5200 5400
MEMC 3800 8000
Mitsubishi 2850 3500
Sumitomo 800 1600
Total China 130 6000
Elkem - 10000
Others - 4500

Source: Flynn & Bradford Prometheus Institute “Publications
from semiconductor companies.” Announced capacity in 2010:

109000 tons. Demand: PV, 45000 tons.

Silicon Demand (Tons)

semiconductor industry as well as photovoltaic applications. The need for C/Cs is
planned to increase from 2007 to 2012, by up to more than 600 %. Therefore, most
of the investments of European C/C manufacturers are concentrated on these
applications. Typical requirements are:

high purity levels

CVI/CVD coated C/Cs, to avoid carbon particle release
coatings for improved corrosion resistance against SiO-attacks

ductile
cost efficient
low methanization rates.

These requirements can only be fulfilled by C/Cs with inner and outer protec-
tion systems. Typical structural components are heaters, thermal insulations, heat
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Figure 4.41 Methanization rate of thermal felt insulations
normalized in comparison to standard C/C hard felt boards.
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= minimized “particle release”

Figure 4.42 C/C thermal insulations with mixed matrix systems.

shields, crucibles, handling tools, and carrier systems for solar cells. Most of the
C/Cs for these applications are based on mixed matrix systems, including CVI and
resin densifications [60]. Hard felt boards as thermal insulations possess have a
limited lifetime of some months in hydrogen or SiO environments, whereas
thermal insulations with mixed matrix systems survive more than two years under
the same conditions. The methanization, as well as the oxidation rate of such high
performance C/C insulations, is superior to standard grades (Table 4.7, Figure
4.41). The methanization rate can be reduced to 2% in comparison to standard
hard felt boards. Some typical thermal insulations are shown in Figure 4.42.
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Crucibles for pulling of single crystals are made of C/Cs with mixed matrix
systems as well as heating elements, to reduce their oxidation by SiO attacks
(Figure 4.43). Comparable chemical requirements are valid for etching processes
of wafers by using felt susceptors (Figure 4.44) [66]. Felt susceptors are necessary
for oxidative etching as well as for doping processes of wafers. Therefore, the sus-
ceptor must be highly purified, oxidation resistant, and should not be contami-
nated by the doping species. The gas flow characteristics have to be homogeneous
in order to guarantee excellent homogeneity of the treated wafer surface.

For future applications in fixation and fusion reactors, C/Cs are required with
a high thermal conductivity combined with a low erosion and sublimation rate.
Therefore, new development activities are undertaken to dope C/C with carbides
and to maximize their thermal conductivity. Although the potential for such modi-
fied C/Cs is high, an industrial application will not be feasible within the next 5
to 10 years.

Figure 4.43 Crucibles made of C/C with mixed matrix systems for pulling of single crystals.

Carbon/graphite felt
- Epitaxy of wafers

- etch cleaning (gases)
(see WO 2005/059992A1)

CVI PyC

}

Machining/Purification

}

CVI PyC/SiC
Alternating/gradient

|

Finally:
CVI/ICVD-SiC

Figure 4.44 C/C felt susceptor with mixed matrix systems.
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5
Melt Infiltration Process
Bernhard Heidenreich

5.1
Introduction

For industrial applications, CMC materials based on SiC or SiSiC matrices and
C- or SiC fibers are most common. Four different process routes are used for the
manufacture of these so-called C/SiC, C/C-SiC, or SiC/SiC materials: Chemical
Vapor Infiltration (CVI), Polymer Infiltration and Pyrolysis (PIP) also called Liqind
Polymer Infiltration (LPI), sintering by hot isostatic pressing, which are described
in detail by other authors in this book, and Melt Infiltration (MI), also called Liquid
Silicon Infiltration (LSI).

CVI- and LPI-CMC typically offer high mechanical strength and strain capability.
However, the main drawbacks of these manufacturing methods are long process
times, due to the low growth rates of the SiC, especially for CVI, and multiple
densification cycles needed for LPI. Additionally, due to high manufacturing costs,
CVI and LPI derived CMC are generally limited to aerospace applications.

To overcome these disadvantages, new processes have been developed since the
mid-1980s, based on the infiltration of molten metals in porous, fiber reinforced
preforms, offering a fast build-up of the ceramic matrix. The MI process of SiC
matrix based CMC is derived from the industrial manufacturing technology of
SiSiC materials, developed in the 1960s. Thereby, porous preforms of SiC particu-
lates, held together by organic binders, are infiltrated with molten Si, resulting in
dense SiSiC composites. Using C-fiber fabrics or C-felts, even thin-walled SiSiC
structures could be achieved by fully converting the carbon fibers to SiC [1].
However, it has also been observed that high modulus C-fibers could withstand
the siliconization process, leading to non-brittle fracture behavior [2, 3].

To capitalize on the high tensile strength and fracture elongations of the C- and
SiC fibers, which are significantly higher than those of SiC bulk ceramics, further
development focused on the protection of the fibers from attack by the molten
silicon as well as on weak embedding of the fibers into the brittle SiC matrix.
Therefore, tailored C/C preforms have been developed by several companies such
as Sigri Great Lakes Group (SGL Group), Schunk Kohlenstofftechnik (SKT), and
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Dornier, now EADS Astrium, in the 1980s and 1990s. At DLR, C/C-SiC materials,
and structural parts based on the low-cost LSI process, have been in the focus
since 1988. Originally developed for thermal protection systems (TPS) of reusable
spacecraft [4], new application fields beyond aerospace could be opened for these
CMC materials.

The development of MI-infiltrated SiC/SiC started more than 20 years ago [5] and
was driven by high temperatures as well as long-term applications in stationary gas
turbines and aero-engines. In 1993, General Electric (GE) presented the so-called
Toughened Silcomp material, based on coated SiC fibers [6]. In several US develop-
ment programs, for example, EPM (Enabling Propulsion Materials; 1994-1999),
UEET (Ultra Efficient Engine Technology Programme; 1999-2005), NGLT (Next
Generation Launch Technology), MI SiC/SiC materials were further developed [7]
and first exemplary components, including combustion chamber liners, turbine
shrouds, and even turbine blades, were field tested under real conditions, resulting
in various commercially available MI SiC/SiC materials.

This chapter focuses on C- and SiC fiber reinforced MI SiSiC materials offering
high strength and fracture toughness. Relatively brittle C/SiC and C/C-SiC materi-
als, characterized by the transformation of most of the C-fibers to SiC, for example,
CESIC materials (ECM) as well as MI SiSiC materials based on wooden preforms,
so-called biomorphic SiSiC, are not described. Due to their early stage of develop-
ment and limited data available, CMC materials based on ZrC and CuTiC matrices,
presented by Ultramet and DLR, respectively, as well as C/SiC materials recently
introduced by M Cubed, are not considered here. Although the direct metal oxida-
tion (DIMOX) process [8] is based on the MI of metals into a porous fiber preform,
it is not described in this chapter because, to the knowledge of the author, these
materials are not used in commercial applications up to the present day.

5.2
Processing

The manufacture of CMC materials and structural parts via MI generally can be
subdivided into four main process steps:

1. Coating of fiber tows to obtain fiber protection and weak fiber matrix interface;

2. Manufacture of a near-net-shape fiber reinforced green body;

3. Build-up of a porous, fiber reinforced preform with preliminary C and/or
SiGC;

4. Build-up of SiSiC matrix by infiltration of molten Si.

Various MI processes have been developed for the manufacture of so-called
C/SiC, C/C-SiC, and SiC/SiC materials, which mainly differ in the way the fibers
are protected and embedded in the SiC matrix, as well as in the way the green
body and the porous, fiber reinforced preform are realized (Figure 5.1).

For MI CMC materials based on SiC matrices, generally all types of C fibers can
be used, leading to material variations with significantly different properties. Due
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Figure 5.1 Schematic overview of different methods for producing MI-CMC.

to the high temperatures well above 1425 °C during MI processing, as well as the
high service temperatures, the range of SiC fibers is limited to high temperature
stable variants, that is, fiber qualities with low oxygen and free carbon content, for
example, Hi-Nicalon, Hi-Nicalon Type S (Nippon Carbon. Co. Ltd), as well as on
nearly stoichiometric SiC fibers such as Tyranno SA (UBE Industries Ltd.) and
Sylramic (ATK COI Ceramics, Inc.). For building up the SiC matrix, preliminary
C matrices based on polymer precursors, for example, phenolic resins, C and SiC
particulates or CVI-derived C as well as Si granulate, for example, highly pure
CVD-Si or low-cost Si qualities based on mineralogical manufacturing processes,
are used.

5.2.1
Build-up of Fiber Protection and Fiber/Matrix Interface

Due to the high reactivity of molten Si, direct contact to the C or SiC fibers usually
has to be avoided. Additionally, a weak embedding of the brittle fibers in the brittle
matrix is mandatory to obtain characteristic CMC properties, such as high strength,
fracture toughness, and thermal shock resistance. To ensure both, the fiber protec-
tion and the weak fiber matrix interface, three different methods are used for
industrial production (Figure 5.2):

1. Polymer impregnation of fibers and subsequent curing/pyrolysis (PIP);
2. CVI of fibers and fiber preforms;
3. In-situ fiber coating.

Fiber protection via PIP is widely used for fabric as well as short fiber reinforced
materials, for example, leading to so-called Sigrasic materials from SGL [9]. For
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Figure 5.2 Microstructure of Ml CMC based  SiC/SiC (GE) based on CVI fiber coating
on different methods for fiber protection and  (black) with single fibers embedded in SiC
weak fiber/matrix embedding. Left: C/SiC matrix. Right: C/C-SiC based on in-situ fiber
(SGL) based on PIP fiber coating showing protection, characterized by dense C/C
dense C/C bundles (dark gray) embedded in  bundles (black), embedded in SiC matrix
SiSiC matrix (gray: SiC, light gray: Si), Middle: (gray).

the manufacture of short fiber reinforced C/SiC brake disks, endless fiber bundles
or tows are impregnated with phenolic resin, which is then cured and pyrolysed,
embedding the fiber filaments in a dense carbon matrix (¢cmamix = 50 mass-%).
Subsequently, the coated fibers are cut to different lengths, resulting in a C/C-like
raw material.

Using CVI for fiber coating, a thin interphase layer is deposited on each fiber
filament, resulting in C/SiC and SiC/SiC materials with the filaments mainly
embedded individually in the SiC matrix. Whereas fibers and fabrics can be coated
continuously, dry fiber preforms based on fabric stacks or three-dimensional pre-
forms are coated in batch processes. For C-fibers, usually C coatings with a layer
thickness of ~0.1um are applied. SiC fibers are typically coated with C or BN
(~0.1-1pm). Due to their significant higher oxidation stability, Si-doped BN coat-
ings on Hi Nicalon fibers, as well as on in-situ coated Sylramic-iBN fibers [7], are
preferred for long-term use at high temperatures in an oxidizing atmosphere. To
avoid degradation of BN fiber coatings, caused by contact with molten Si, an addi-
tional overcoating of SiC or Si;N, is applied. Typical thicknesses for SiC overcoat-
ings are 0.5 to 5um [10]. CVI fiber coating generally is used for SiC/SiC materials
by GE (Hypercomp) and NASA, as well as for C/SiC and C/C-SiC materials devel-
oped by EADS Astrium (Sictex, Sictex Si) [11].

Time consuming and costly fiber coatings are not necessary if particularly suit-
able precursors, which offer a strong fiber matrix bonding, are used for the manu-
facture of the CFRP perform [12], leading to a segmentation of each fiber bundle
into dense C/C bundles during pyrolysis. During the subsequent MI, only the
fibers on the outer surface of the C/C bundles are contacted to Si and transformed
to SiC, whereas the fibers inside the C/C bundle are well protected. This cost-
efficient method is the basis of the LSI process, which has been developed at DLR
and which has already been transferred to FCT Ingenieurkeramik GmbH for the
serial production of friction materials. Similar processes are used by SKT and
Brembo Ceramic Brake Systems SpA.
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52.2
Manufacture of Fiber Reinforced Green Bodies

Two different methods are used mainly for the manufacture of C- and SiC-fiber
reinforced green bodies in near-net-shape geometry. In the first method, polymer
matrix-based green bodies, such as carbon fiber reinforced plastics (CFRP), are
manufactured, whereas in the second method, CVI is used, mainly for the build-up
of green bodies of SiC fiber reinforced materials.

For the manufacture of polymer-based preforms, well-known techniques, such
as Resin Transfer Moulding (RTM), autoclave techniques, and warm pressing are
used. In the following, these processes are described in detail for the manufacture
of C/C-SiC materials at DLR.

The RTM process is based on dry fiber preforms built up by stacking of cut
fabric sheets and one-dimensional plies or even on three-dimensional preforms.
The preforms are put into rigid, closed moulds and infiltrated with a polymer
precursor (P = 0.1 MPa). After curing the polymer (T = 210°C, Pay = 2.2 MPa)
the CFRP green body, characterized by high fiber content of about 60vol.-% and
low porosity (¢” <2-5%), can be taken out of the mould.

Autoclave and warm pressing techniques are used for the manufacture of CFRP
as well as for SiC fiber reinforced green bodies. Thereby, pre-impregnated fiber
plies are manufactured by wet drum filament winding (one-dimensional prepreg)
or by resin impregnation of fabrics. The resulting prepregs are cut into sheets and
laminated into open moulds or on cores, and are subsequently compressed and
cured in an autoclave (ppu = 0.8 MPa, Ty, = 180-250°C) or by warm pressing.
For short fiber reinforced C/SiC or C/C-SiC materials, carbon fibers are mixed
together with liquid or powdery polymer precursors. Subsequently, the press
masses are put in a mould, compressed (p < 5MPa), and cured (T, = 250°C),
leading to near-net-shape CFRP green bodies with a fiber content of about 50vol.-
%. Typical process times are 2 hours for warm pressing, 6 hours for autoclave,
and up to 30 hours for RTM.

Using CVI for the manufacture of SiC fiber reinforced green bodies, dry fiber
preforms are heated up (Tpu < 1100°C) and infiltrated by gaseous precursors,
usually a mixture of methyltrichlorosilane (process gas) and hydrogen (catalyst).
Thereby a small amount of SiC matrix, only as much as necessary to stabilize the
fiber preform, is deposited on the previously coated fibers, leading to rigid green
bodies with an open porosity of about 34vol.-%.

The composition and properties of the final CMC material are mainly deter-
mined by the green body. To meet the specific requirements of different applica-
tions, tailored green bodies have been developed, leading to a wide range of
different MI-CMC materials.

For components used at temperatures below about 1200°C, for example, brake
disks and pads, Si-rich materials can be favorable, due to the high thermal con-
ductivity of silicon. Therefore, green bodies with low fiber contents, leading to
high open porosities and broad micro-channels, are used.
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For high temperature applications and long-term use, where the melting tem-
perature of silicon is reached or even exceeded, the presence of free Si has to be
reduced to a minimum. This can be obtained, for example, by high fiber contents
and polymer precursors with high carbon yield, leading to a low open porosity and
narrow micro-channels after pyrolysis, resulting in Si contents below 5vol.-% for
C-fiber reinforced SiC materials. Starting from SiC fiber preforms with lower fiber
contents and therefore higher porosity, low Si contents can be obtained by using
precursors with SiC and C-particulates added, as well as by two phase precursors,
that is, different precursors with high and low C and/or SiC yield, or pore forming
agents, building up a favorable microstructure after pyrolysis, ideal for the forming
of a stoichiometric SiC matrix [10, 13, 14].

5.23
Build-up of a Porous, Fiber Reinforced Preform

In the third process step, a porous preform is generated, providing a C source for
the subsequent build-up of the SiSiC matrix by chemical reaction (Reactive MI)
or by bonding of SiC particulates (Non-Reactive MI) with the infiltrated molten
Si. For reactive MI, high emphasis is put on tailoring the porous preform to ensure
an entire and homogeneous infiltration of the part as well as the build-up of a SiC
matrix to be as stoichiometric as possible. To obtain this, the polymer-based green
bodies are pyrolysed in an inert gas atmosphere at T > 900°C and the polymer
matrix is converted to an amorphous C matrix, leading to porous C/C, or SiC/SiC
preforms, whereas the CVI derived green bodies are infiltrated with a C and/or
SiC-containing slurry.

In the case of fabric-based CFRP green bodies, used for the LSI process at DLR,
the volume contraction of the polymer matrix (=<50-60vol.-%) is not corresponding
to the low volume change of the green body, which is limited by the fiber reinforce-
ment. For example, two-dimensional fabric stacks lead to a contraction of the wall
thickness of about 8 to 10% and of only 0.5% in the in-plane directions. Due to
the resulting tension stresses in the matrix, micro-cracks are formed, and a char-
acteristic, translaminar channel system of interconnected open porosity (e” ~20—
30%) [15] is obtained in the C/C preform, which can be infiltrated easily by molten
metals. Thereby, the original CFRP fiber bundles are segmented into several C/C
bundles, consisting of carbon fiber filaments, embedded in a dense carbon matrix
(Figure 5.3). Overall process duration of the pyrolysis varies between 190 hours
for large and thick walled preforms based on laminated fabrics, down to less
than 40 hours for small-sized, cut fiber reinforced parts with random fiber
orientation.

SiC fiber reinforced green bodies derived by CVI typically consist of SiC fibers,
coated with a C or BN interphase and a SiC overcoating. To provide a carbon
source, necessary for the build-up of the final SiC matrix via MI, the residual
porosity of about 34vol.-% is filled by slurry casting. The slurry is based on water
and SiC particulates for Non-Reactive MI or a combination of SiC and C-
particulates, for Reactive MI and is infiltrated by applying gas pressures of about
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Figure 5.3 SEM figures of the cross-section before (left) and
after (middle) pyrolysis of the CFRP preform, showing dense
C/C bundles (right).

Table 5.1 Physical properties of molten silicon.

Physical Properties Unit Value

Density p gem™ 2.33-2.34 (20°C)

Melting temperature °C 1414-1420

Surface stress ¢ Nm™ 0.72-0.75 (1550°C in Vacuum)

Wetting angle 9 ° 30—41 (compared to SiC in Vacuum)
0-22 (compared to C in Vacuum)

Dynamic viscosity 1 10~ Pas 5.10-7.65 (1440°C)

4.59-6.38 (1560°C)

6MPa [13]. Using a defined ratio of SiC and C particulates with well adapted grain
sizes, SiC/SiC materials with low contents of free Si (¢s; = 5vol.-%) and low open
porosities (e’ < 6%) can be achieved after drying the preform and subsequent MI
[16]. For high strength SiC/SiC, it is desirable to minimize the carbon content in
the slurry to reduce exothermic reactions that can weaken the SiC fibers due to
the resulting high temperatures.

5.2.4
Si Infiltration and Build-up of SiC Matrix

In the last process step, the porous, fiber reinforced preform is infiltrated with
molten Si, at temperatures well above the melting point of Si (1420°C) in vacuum.
Thereby, the Si is sucked into the preforms porosity by capillary forces only.
Simultaneous to the infiltration, the Si reacts with the C, supplied by the preform,
forming the SiC matrix. In the preforms containing primarily SiC particulate the
Si act as binder for the particulates.

Due to the specific properties of molten silicon (Table 5.1), such as low viscosity,
high surface tension, and good wettability [17], fast filling of the preform porosity
is obtained. The infiltration behavior can be simulated by a calculation model
based on the capillary theory of Gibb and d’Arcy’s law, describing the motion of
fluid in the capillary, taking into account the influence of the capillary and reaction
forces, initial porosity, and capillary diameter, as well as the time dependent capil-
lary diameter caused by the build-up of SiC matrix in the capillaries. By numerical

119



120 | 5 Melt Infiltration Process

Q2 9o 9 9 e 9
[ERE OIS T T |

Infitration height m ——=

4
o

Figure 5.4 Infitration behavior of molten Si into a single
capillary of the porous C/C preform [18] (left) and schematic
view of the build-up of SiC matrix in a capillary (right). dyo =
capillary diameter before the infiltration of Si; dy = capillary
diameter in dependence of time t, dsic = thickness of
SiC-layer.

solution of the resulting Navier Stokes equation [18], the possible infiltration
height and time for common capillary diameters can be calculated (Figure 5.4).
As a result, the time needed for the infiltration generally is very short and even
large parts can be infiltrated completely within a few minutes.

For Reactive MI, parallel to the infiltration, the Si reacts with the carbon, forming
the SiC matrix:

Siliguid + Ceotia = SiCeoia AH=—68k]mol " |

Due to the heavily exothermal reaction, SiC layers consisting of SiC granules
are immediately built up on the walls of the capillaries and the reaction zone is
located between the carbon and the SiC (Figure 5.4) [19]. Therefore, the subse-
quent chemical reaction is determined by the diffusion of Si-atoms through the
SiC layer and is slowing down with increasing SiC-layer thickness. Due to the fact
that the molar volume of the resulting SiC (Vgic = 12.45 cm®*mol™) is 30% smaller
than the added volumes of the reacting C (V¢ = 6.53cm’mol™) and Si (Vg =
11.11cm’mol™), a single filling of the porosity is not sufficient to create a dense
SiC matrix, but further Si has to be infiltrated continuously. However, the trans-
formation of C to SiC leads to a volume increase of 91%. Thereby, the capillaries
tend to be closed by the formation of SiC until blocking the pore channels.

At DLR, C/C materials typically are siliconized at T = 1650°C and p < 3 mbar.
Prior to heating up, a calculated amount of Si granulate is added to the C/C
preform. The molten silicon is sucked into the micro-channel system of the
preform reacting immediately with C-matrix and C-fibers at the channel walls,
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Figure 5.5 Three-dimensional model of a typical
microstructure for fabric reinforced C/C-SiC basic material
showing SiC layers (gray), wrapping the C/C bundles (dark
gray). Right: SEM view of cross-section, showing free Si (light
gray) as an intergranular phase inside the SiC layer (gray).

whereas the deuse C/C bundles are not infiltrated. Unlike C/SiC or SiC/SiC
materials based on CVI fiber coating, where each fiber is individually embedded
in the SiC matrix, the resulting CMC material is characterized by dense C/C
bundles embedded in the SiC matrix and therefore consequentially is called C/C-
SiC (Figure 5.5).

Depending on the maximum process temperature and duration, unreacted, free
silicon remains as an intergranular phase in the SiC layers, especially in broad
capillaries. For economic reasons, a compromise between process duration and
conversion level has to be made, leading to Si contents in the range of 1 to 4vol.-%
in the final C/C-SiC basic material.

Typical process times are about 60 hours for large, thick-walled parts based on
fabrics down to about 12 hours for small, short fiber reinforced parts with random
fiber orientation.

One main advantage of the LSI process is the possibility to realize large and
complex structures via near-net-shape manufacturing and in-situ joining. Thereby,
the structures are divided up into basic components, for which individual CFRP
preforms are manufactured and pyrolyzed. After assembling the single compo-
nents by slight pressure fit, positive locking joints, or using a special joining paste,
based on a mixture of polymer precursor and carbon particulates, the final ceramic
joining is completed in situ by siliconizing the whole structure (Figure 5.6) [20].
The joining process is described in detail in a separate chapter of this book.

5.3
Properties

In CMC materials, the well-known properties of bulk ceramics, such as high
thermal and chemical resistance, hardness, and wear resistance, can be combined
with extremely unusual qualities such as thermal shock resistance, fracture tough-
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Figure 5.6 Lightweight C/C-SiC intake ramp demonstrator,
manufactured via near-net-shape and in-situ joining technique.
Left: CFRP single elements manufactured via RTM. Middle:
Assembled C/C preform (5 cell body structure, 10 end caps, 2

tubes). Right: Joint C/C-SiC structure after siliconization and
final machining (275 mm x 265 mm x 35mm).

Figure 5.7 SEM images of typical fracture behavior of CMC
characterized by fiber pull-out (left) and crack deflection

(right).

ness, and quasi-ductile fracture behavior, leading to a totally new class of materials
for high performance structural parts.

Carbon as well as SiC fibers offer significantly higher strength (o, > 1800 MPa)
and, more importantly, strain level (¢ > 1.5%) compared to bulk ceramics (SiC:
G, = 400MPa; € < 0.05%). By integrating the fibers with a weak interface to the
brittle ceramic matrix, the fibers can separate from the matrix. Therefore, cracks
arising by local overstressing will be bridged by the fibers and the load will be
transferred to the fibers. Additionally, cracks are stopped at the fiber matrix inter-
face or at micro-cracks in the matrix. In contrast to bulk ceramics, where cracks
are running through the entire part and cannot be stopped, extremely reduced
brittleness and increased damage tolerance can be obtained in CMC due to the
dissipation of crack energy by crack deflection, fiber breaking, and eventually fiber
pull-out (Figure 5.7).

In summary, the material behavior of fiber reinforced CMCs is more similar to
metals, like gray cast iron, than to monolithic ceramics and the material strength
is not dependent on the volume of the part or structure as it is with “Weibull
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materials,” such as bulk ceramics. Reliable CMC structures of large dimensions
can be realized without increasing the failure risk.

For MI-CMC, a wide range of different process variations are used by several
manufacturers. However, the availability of reliable data for material properties is
limited. Additionally, the published values cannot be compared directly, due to
different evaluation methods and lack of information about material composition
and manufacturing details. Therefore, the given values in the following tables
provide a rough orientation and cannot be used as design data directly, without
consulting the material manufacturer. The mechanical properties are investigated
on samples loaded parallel to the fabric layers or fibers. High temperature proper-
ties are determined in an inert gas atmosphere for C-fiber based CMC, and in
ambient air for SiC/SiC material.

In Figures 5.8 and 5.9, as well as in Tables 5.2 and 5.3, typical microstructures
and mechanical/thermal properties of two-dimensional-fabric and unidimensional
Table 5.2 Typical material properties of fabric and UD crossply
(0°/90°; EADS) based C/SiC and C/C-SiC materials in
dependence of the manufacturing method [21-23].

Cvi LPI LSl
C/siC C/siC C/siC C/C-siC C/C-siC  C/siC
Manufacture SPS MT EADS DLR SKT SGL
(SNECMA) Aerospace
Density g/em® 2.1 2.1-2.2 1.8 1.9-2.0 >1.8 2
Porosity % 10 10-15 10 2-5 - 2
Tensile strength MPa 350 300-320 250 80-190 - 110
Strain to failure % 0.9 0.6-0.9 0.5 0.15-0.35 0.23-0.3 0.3
Young’s GPa 90-100 90-100 65 50-70 . 65
modulus
Compression MPa 580-700 450-550 590 210-320 - 470
strength
Flexural MPa 500-700 450-500 500 160-300 130-240 190
strength
ILSS MPa 35 45-48 10 28-33 14-20 -
Fiber content vol.-% 45 42-47 46 55-65 - -
CTE coefficient || 10°K' 3° 3 1.16¢ -1-25*  08-1.5¢ -0.3
of thermal L 5% 5 4.06 2.5-7° 5.5-6.5¢  —0.03-1.36°
expansion
Thermal | W/mK 14.3-20.6° 14 11.3-12.6° 17.0-22.6° 12-22 23-12f
conductivity L 6.5-5.9* 7 5.3-5.5 7.5-10.3°  28-35 -
Specific heat J/kgK  620-1400 - 900-1600° 690-1550 — -

|| and L = fiber orientation.
RT-1000°C.
RT-1500°C.
200-1650°C.
RT-700°C.
200-1200°C.
20-1200°C.
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Figure 5.8 Typical microstructures of fabric bottom: LSI-C/SiC material (SGL). Right
reinforced C/SiC and C/C-SiC materials. Left  bottom: LSI-C/C-SiC XB (DLR). Both LSI/MI
above: CVI-C/SiC (MT Aerospace). Right materials characterized by dense C/C bundles,
above: LPI-C/SiC (EADS/Dornier). Both embedded in SiSiC matrix (SiC: gray, Si: light
materials showing high porosity (black). Left  gray) showing almost no porosity.

cross-ply (0-90 degrees) reinforced CMC materials, manufactured via CVI, LPI,
and MI/LSI, are compared. The scattering of the values originates from standard
material variants, based on different fiber types, fiber volume contents and matrix
composition. In Figure 5.10 and Table 5.4, an overview of exemplary carbon fiber
reinforced SiC materials is given, demonstrating the high variability of MI/LSI
processes.
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Table 5.3 Typical material properties of SiC/SiC materials in dependence of the manufacturing method [14,
24-26).

Gasphase infiltration Melt infiltration
SiC/siC Hypercomp Hypercomp N-24B
PP-HN SC-HN
Manufacture method CVI Ccvr MI-Prepreg MI-Slurry MI-Slurry
cast cast
Manufacturer - Snecma Propulsion General Electric (GE) NASA
Solide (SPS)
Fiber type - Nicalon Hi-Nicalon Hi-Nicalon Hi-Nicalon  Sylramic-iBN®
Fiber content vol-% 40 20-25 35 36
Temperature °C 23 1400 23 1200 25 1200 23 1200 23 1315
Density g/em’® 25 25 23 - 28 - 27 - 285 -
Porosity % 10 10 13 - <2 - 6 - 2 -
Tensile strength (UTS) MPa 200 150 315 - 321 224° 358 271 450 380
Proportional limit stress MPa - - - - 167 165 120 130 170 160
Strain to failure % 03 05 05 - 089 031 0.7 05 -0.55 -
Young’s modulus GPa 230 170 220 285 243 - - 210 -
Interlam. shear strength MPa 40 25 31 23 135 124 - - - -
CTE I 10°k 3 3F - - 357 373 374 434 - -
1 17 34 - - 407 415 321 312 - -
Thermal conductivity I W/mK 19 152F - - 33.8 147 30.8% 14.8% - -
1 9.5 577 - - 247 117 225 118 27¢  10°
Specific heat J/kgk 620 1200° — - 710 1140 700 26608 — -

|| and L = fiber orientation.

Si-B-C self healing matrix.

COI Ceramics + NASA.

Strain rate = 3 x 10°~107%; higher values are obtained at higher strain rates.
204°C.

1204°C.

1000 °C.

Engineering estimates.
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Figure 5.9 SEM micrographs of different SiC/SiC materials. Above: CVI-SiC/SiC (NASA),
characterized by high open porosity (black). Bottom: Hipercomp (GE) MI-SiC/SiC materials
based slurry casting (left) and on prepreg technology (right) [14].

Table 5.4 Material properties of fabric and short fiber reinforced C/C-SiC
and C/SiC material variants, obtained by LS| (DLR, SGL, SKT).

C/C-siC C/C-siC C/siC
Material properties Unit XB XT XC SF FU 2952 Sigrasic
P77 6010 GN)
Manufacturer - DLR DLR DLR DLR SKT SGL
Fiber reinforcement - Fabric  Fabric Fabric  Short fiber  Short fiber ~ Short fiber
Density gem™ 1.9 1.92 2.05 2.03 >2 2.4
Open porosity % 3.5 3.7 2.2 3.0 - <1
Young’s modulus® GPa 60 100 - 50-70 - 20-30
Flexural strength MPa 160 300 120 - 60-80 50-60
Tensile strength MPa 80 190 - - 20-30
Strain to failure % 0.15 0.35 - - 0.2-0.26 0.3
Thermal conductivity® ||  W/mK 18.5/17 22.6/20.8 - - 18-23 40/20°
1 9.0/7.5 10.3/8.8 25-30" 28-33
Specific heat (25°C) JkgK™ 750 690 720 750 - 600-800
SiC content vol.-%  21.2 19.8 30.4 26 - 60
Si content vol.-% 5.4 4.1 5.2 1.3 - 10
C content vol.-%  69.9 72.4 62.2 69.7 - 30
CTE I 10°K" -1/25¢ -1/2.2¢ - 0.5/3.5¢ 0.8-1.3¢ 1.8/3.0°
Ref. Temp. = 25°C 1 2.5/6.5¢ 2.5/7¢ 1.0/4.0° 5.5-6.0°

|| and L = fiber orientation.
0-300°C/300-1200°C.
20/1200°C.

25-800°C.
100/1500°C.
25/1400°C.

50°C.

200/1600°C.

@ o N o e



5.3 Properties

e 3 b’ Tt [T P
Figure 5.10 SEM micrographs of different C-fiber reinforced
MI CMC. Left above: Basic C/C-SiC material based on HTA
fiber fabrics (C/C-SiC XB; DLR). Right above: High tenacity
C/C-SiC material based on thermally treated T 800 fiber
fabrics (C/C-SiC XT; DLR). Left bottom: C/SiC material based
on random oriented, short fibers (Sigrasic 6010 GNJ, SGL).
Right bottom: C/C-SiC material based on random oriented,
cut HTA fibers (C/C-SiC SF; DLR).

5.3.1
Material Composition

Regarding the material composition, the main characteristic of MI-CMC are low
porosities and multiphase matrices. Due to process related and economical restric-
tions, the open porosity of CVI- and LPI-materials is usually higher than 10%, up
to 15%. In contrast, the very effective MI process leads to relatively dense CMC
materials with open porosities in the range of 2 to 6% (Figures 5.9 and 5.10).
Whereas with CVI, LPI, or hot pressing, almost stoichiometric 3-SiC matrices can
be obtained, the multiphase matrices of MI-CMC are a mixture of B-SiC crystals
formed by the reaction of Si with C, as well of non-reacted, residual C and Si.
Additionally, crystalline SiC particulates are embedded in the matrix of SiC/SiC
materials, built up via slurry casting, or prepreg technology.

Typical contents of non-reacted, residual silicon are in the range of 2 to 5vol.-%,
up to 17vol.-% for C/SiC and C/C-SiC and 12 to 18vol.-%, down to 5vol.-% for
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SiC/SiC, depending on the aimed application and the used raw materials and
processes.

For fabric reinforced, quasi-ductile C/C-SiC materials, the main characteristic
is the high amount of residual carbon matrix inside the C/C-bundles, used for
embedding and protecting the carbon fibers, as well as a certain carbon matrix
content in the crossing areas of the original fiber bundles. In total, a C-matrix
content above 12vol.-% and, by including the C-fibers, an overall C content in the
range of 60 to 75vol.-%, can be achieved. Due to the fact that the carbon fibers are
not equipped with a protective coating individually, some of the fibers are trans-
formed to SiC. However, the fiber contents of the final C/C-SiC materials are still
high, because of the high fiber contents of the CFRP and C/C preform
(Ok.c/cpreform = 55—65vol.-%). The corresponding SiC contents are low, in the
range of 20 to 30vol.-%. In contrast, CVI or PIP derived C/SiC materials typically
show a low overall carbon content (C-fiber and fiber coating) in the range of 40 to
50vol.-% and much higher SiC contents of about 30 to 40vol.-%. However, using
short fiber reinforced CFRP preforms with low fiber contents, the SiC and Si
content of MI-C/SiC can also be increased up to 60vol.-% and 10vol.-%, respec-
tively [21].

The fiber content in Mi-SiC/SiC materials typically is low, in the range of 20 to
25vol.-%, and about 35vol.-% for prepreg and slurry based materials, respectively.
For the fiber coatings, about 6 to 10vol.-% are common. In slurry cast materials,
the matrix is built up by 23 to 35vol.-% CVI-SiC overcoating and 16 to 18vol.-%
SiC particulates, as well as by 12 to 18vol.-% Si.

5.3.2
Mechanical Properties

The mechanical properties of CMC materials are heavily influenced by the fiber
matrix bonding. Therefore M1, as well as CVI and PIP/LPI materials, show similar
high ultimate strength and strain to failure capability, when highly complicent
fibre coatings, for example, CVI applied C or BN are used. However, in the case
of melt infiltrated C/C-SiC materials, where the carbon fibers are processed as
delivered and no costly fiber coatings are used, tensile and flexural strength are
significantly lower. One main advantage of MI-CMC is the generally higher inter-
laminar shear strength compared to CVI- and LPI/PIP-CMC, especially for SiC/
SiC materials, resulting from their significantly lower porosity.

At elevated temperatures up to 1200°C, in an inert gas atmosphere, the mechan-
ical properties of C/C-SiC are slightly higher than at room temperature, similar
to the behavior of C/C materials (Figure 5.11). However, at temperatures above
1350°C in a vacuum, a certain decrease of tensile strength was observed. Due to
oxidation at temperatures above 450°C in air, the lifetime of C-fiber based CMC
materials is limited. Oxygen can react with the C-fibres at CMC surfaces, where
fiber ends are exposed, and through matrix cracks that extend to the CMC surface.
These matrix cracks cannot only be generated by externally applied tensile loads
on the CMC, but also during CMC fabrication because of the thermal expansion
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Figure 5.11 High temperature properties of fabric reinforced C/C-SiC manufactured via LSI.

mismatch that exists between the C-fibres and SiC matrix. Thus despite the fact
that the SiC matrix and surface coatings significantly increase oxidation stability,
C/SiC and C/C-SiC materials are not usable for long term applications, e.g. in gas
turbines.

In contrast to C-fiber based CMC, the ultimate tensile strength (UTS) of SiC/SiC
materials is decreasing at higher temperatures primarily due to slow-crack growth
and creep cavitation in the reinforcing SiC fibers. However, the proportional limit
stress, that is the maximum design stress level in the linear elastic regime, as well
as strain to failure, or through thickness matrix cracking, are generally not influ-
enced by temperature and remain stable even after 1000 to 4000 hours of exposure
in air at 1200°C [14, 27].

Extensive investigations of various SiC/SiC materials showed decreasing life-
time in air at temperatures <950°C, with increased temperature and tensile loads
above matrix crackings leading to enhanced access of oxygen into the material.
Thereby lifetime was reduced from more than 1000 hours at 700°C/250MPa to
22 hours at 950°C/250 MPa [28]. For this reason, recession of fiber coating and
build-up of glassy interphases, resulting in localized fiber attack and high fiber
matrix bonding, was assumed.

In the temperature range between 950 and 1150°C, lifetime in air could be
improved significantly to more than 1000 hours at 1150°C/250 MPa. Thereby, the
oxidation of SiC and Si led to a rapid formation of a protective SiO, sealing of the
sample surfaces and the matrix cracks, generated by the applied stress.

At higher temperatures over 1200°C up to 1400°C and long exposure time of
over 100 hours, tensile strength and strain to failure are rapidly decreasing due to
fiber creep and oxygen ingress through matrix cracks, generated by high tensile
stresses. In addition, above ~1300°C, diffusion reactions of the residual Si in the
matrix are restarting, attacking the fiber matrix interphase and the fiber itself
[22, 27]. This again leads to severe degradation of the SiC fibers as well as to a
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brittle fracture behavior, due to significantly increased fiber matrix bonding.
Therefore, very low Si content and almost stoichiometric SiC matrices are the
focus of ongoing development of SiC/SiC materials, for use as high temperature
components in gas turbines.

Additionally, SiC as well as SiO, are not stable in typical combustion environ-
ments of gas turbines, characterized by high partial pressure of water vapor. Silica
is volatilizing by the formation of Si—-O-H, leading to continuous attack and deg-
radation of the SiC/SiC components. In sample tests, degradation of the wall
thickness of 200 to 500 um after 1000 hours exposure at 1200to 1315°C (p=1MPa,
gas velocity v = 90ms™') was observed [7].

In summary, the lifetime of SiC/SiC components can be increased by limiting
applied stresses to avoid matrix cracking and to reduce the content of free Si as
much as possible. Additionally, environmental barrier coatings (EBC) [29] based
on multi-phase non-oxide or oxide ceramics are mandatory in corrosive environ-
ments. To avoid micro-cracks in the protective coating, the maximum allowable
stress load of the composite is governed by the low strain to failure of the usually
highly brittle coatings, and therefore has to be reduced significantly.

533
CTE and Thermal Conductivity

Thermal conductivity and Coefficients of Thermal Expansion (CTE) of MI CMC
generally are low compared to metals and bulk ceramics. Compared to CVI and
LPI CMC, significantly higher thermal conductivity, especially perpendicular to
the fiber orientation, are offered by MI CMC, resulting from their lower porosity.
Because C-fibers show very different, anisotropic thermal properties compared to
the SiC matrix, the CTE and thermal conductivity of C/C-SiC and C/SiC materials
can be tailored in a wider range than SiC/SiC materials, where the thermal proper-
ties of SiC fibers and SiC matrices are similar.

At low temperatures up to 200°C, the CTE of C-fiber-based MI CMC parallel to
the fiber direction is generally very low, due to the negative CTE of the C-fibers.
In combination with the positive CTE of the SiC matrix, thermally stable (CTE;; gr
= 0 % (10°K™") CMC materials and components can be obtained by tailoring, for
example, fiber content and fiber orientation. Perpendicular to the fibers, the CTE
is dominated by the SiC matrix and therefore is significantly higher (CTE, pr = 2—4
x 107°K™). Similar to monolithic SiC and C materials, the CTE values increase at
high temperatures (CTEj;1y00:c = 2—4.5 X 10°K™; CTE, 1500:c = 7-8 X 10°K™). In
contrast, the CTE of MI SiC/SiC materials show similar values parallel and per-
pendicular to the fibers, only slightly influenced by temperature. Typical values
are in the range of 3.1 to 4.3 x 10°K™" (RT-1200°C) [14].

C fiber-based MI CMC, with high contents of C-fiber and C matrix, show low
thermal conductivities of A, = 7 to 9W/mK and A;; = 12 to 22W/mK at ambient
as well as at high temperatures. However, these values can be increased signifi-
cantly by using graphitized C-fibers or C/C performs, as well as by an increase of
the volume content of SiC and Si. Using short fiber reinforced C/SiC materials
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with high contents of SiC and Si (¢sic = 60vol.-%; ¢g; = 10vol.-%), maximum
thermal conductivities of up to A; = 40 W/mK (RT) and A; = 20 W/mK (1200°C),
comparable to gray cast iron, can be achieved.

SiC/SiC materials show about twice the thermal conductivity at ambient tem-
peratures compared to C-fiber-based MI CMC. Similar to C/SiC and C/C-SiC, the
in-plane thermal conductivity of SiC/SiC materials is about 30% higher than in
the perpendicular direction (A gr = 23/25W/mK and Aygr = 31/34W/mK for
slurry cast/prepreg based materials) resulting from the anisotropic fiber architec-
ture and the BN-coatings of the SiC fibers. At high temperatures, the thermal
conductivity is reduced by half (Ay1y0c = 12W/mK and Ay ipeec = 15 W/mK).
However, the perpendicular conductivity could be increased to A, gy = 41 W/mK
and A, 1y000c = 17 W/mK by a high the CVI-SiC matrix content of 35vol.-% and an
additional thermal treatment prior to MI [24].

534
Frictional Properties

LSI-based C/SiC and C/C-SiC materials show unique properties for friction appli-
cations, such as high wear resistance, high temperature and thermal shock resis-
tance, and a coefficient of friction, which can be tailored in a wide range for
successful uses in brakes as well as in gliding systems. This application field is
presented in detail in a separate chapter of this book.

5.4
Applications

C fiber reinforced CMC materials originally have been developed for lightweight
thermal protection structures of spacecraft. Due to their unique thermal and
mechanical properties, superior to all other available materials, such as metals
or monolithic ceramics, even very high manufacturing costs were acceptable.
However, by the development of cost-efficient MI processes, new application fields
beyond aerospace could be opened. Some materials even went out of the labora-
tories into the market.

SiC/SiC materials have been developed for hot components in jet engines and
stationary gas turbines, as well as for reactor structures in nuclear power genera-
tion and fusion technology. MI-SiC/SiC materials are commercially available but,
to the knowledge of the author, are not yet used in commercial applications.

5.4.1
Space Applications

In TPS of reusable spacecraft, maximum temperatures of up to 1800°C, high
heating rates of several hundred K/s and high thermal gradients are obtained
locally during the critical re-entry phase, lasting about 20 minutes. Therefore, in
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Figure 5.12 C/C-SiC structural parts for TPS. Top left: X 38
nose cap (ca. 740 x 640 X 170mm?®; t ca. 6mm; m ca. 7kg,
DLR), showing in-situ joint load bearing elements on the rear
side. Top right: Front view of nose cap, mounted on the
aluminium structural part of spacecraft. Bottom: Facetted TPS
structure, built up by flat panels, mounted on a rocket system.

this application field, there is no lightweight alternative to carbon fiber reinforced
CMC.

MI C/SiC materials were used for the first time for the nose cap in the TPS
system of the Buran from the former Soviet Union [30]. The current status of MI
C/C-SiC in TPS can be demonstrated on the nose cap for the NASA X-38 space-
craft (Figure 5.12), developed by DLR in the German TETRA program (1998-2002)
[31], which was planned to be the future crew return vehicle for the International
Space Station (ISS). This large, complex shaped and lightweight structure could
be realized in near-net-shape technology using LSI and in-situ joining methods.
Thereby the development of a well adapted mounting system, based on moveable
C/C-SiC levers, ensured safe fixing of the nose cap to the metallic fuselage, without
inducing inner stresses by the thermal expansion of the nose cap during re-entry.
Recent developments for novel TPS systems concentrate on facetted structures,
based on cost-efficient, flat panels [32]. During a re-entry test flight in 2005, a first
C/C-SiC structure could withstand extreme thermal loads (T, > 2000K) at the
sharp nose tip, as well as at the edges of the structure.
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Figure 5.13 C/C-SiC jet vane and sealing ring (left) and jet
vane assembly in the exhaust nozzle extension (right).

5.4.2
Short-term Aeronautics

In military rocket motors, CMC materials offer high potential for use in light-
weight structures at the most severe thermal, mechanical, and environmental
loads known to date. However, due to the very short service time, usually a few
seconds, oxidation is not critical in many cases so that carbon fiber based materials
can be used.

C/C-SiC jet vanes for thrust vector control (TVC) systems have been introduced
in military rocket motors (Figure 5.13). The moveable jet vanes are positioned
in the exhaust jet stream, leading to high bending forces in the jet vane shaft,
maximum temperatures of up to 3100K, and heating rates of several thousand
K/s in the leading edge, as well as to local temperature gradients up to 200 Kmm™
in the blade area. Additionally, the erosion of the leading edge, caused by AL,O;
particles impacting at velocities of up to 2000ms™, can be limited to an acceptable
level. Compared to metallic jet vanes, usually made of refractory metals such as
tungsten, the use of C/C-SiC materials offers weight savings of up to 90 %.

543
Long-term Aeronautics and Power Generation

Due to their higher temperature and thermal shock resistance, compared to metals
and monolithic ceramics, CMC materials offer a high potential to increase gas
turbine efficiency, leading to lower fuel consumption, higher output, and lower
emission of NO,, CO,, and CO. This can be achieved by increased temperature
capability of combustor liners and turbine components, allowing higher
combustion, as well as turbine inlet temperatures. Novel, temperature stable CMC
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materials have a high potential to reduce the consumption of compressor air,
usually needed to cool the hot components by half, as well as to increase hot wall
temperature by 30%. Thereby, fuel consumption and pollutant emissions (156
Mio tons kerosene, 61 Mio tons CO,, and 2 Mio tons NO; for civil aviation world-
wide in 2005) could be reduced by up to 15% and 80 %, respectively.

SiC/SiC materials are well suited for use in gas turbine engines due to
their unique properties, such as high temperature strength, creep resistance,
and thermal conductivity, as well as low thermal expansion, porosity, and
density.

In the United States, MI-SiC/SiC materials and components have been devel-
oped in multitude governmental funded programs since 1992. In 1997, field tests
were started by the integration of exemplary components in small- and medium-
sized stationary gas turbines from GE (GE 7 FA; 160MW) and Solar Turbines
(Centaur 50 S; 4.1 MW). The current status of these research activities is repre-
sented by successful field tests of combustor liners and turbine shrouds, as well
as by commercially available SiC/SiC materials, so-called HyPerComp, offered by
GE. For the field test, several SiC/SiC liners in original geometry (up to &760 mm;
1 =200mm, t = 2-3 mm), with multilayer EBC based on SiC, BSAS, and mullite,
have been tested for accumulated service times of more than 12000 hours at T,
up to 1260°C and a calculated stress load of about 76 MPa, induced by thermal
gradients only [29].

However, the minimum required service time of 30000 hours, which represents
the typical target time between overhaul of small turbine engines, still presents a
challenge. The most critical issue is the long-term stability of both, the SiC/SiC
material and the EBC, in the highly corrosive combustor environment, character-
ized by high water vapor partial pressures, temperatures well above 1200°C, and
combustion gas velocities of up to 90ms™. Current research is focused on SiC/SiC
materials with Si-free matrices, reliable coatings, and lifetime calculation
models.

5.4.4
Friction Systems

High performance brakes and clutches are one of the most important application
areas for carbon fiber reinforced carbon (C/C) materials. However, due to high
manufacturing costs and some unfavorable tribological properties, such as high
wear and unstable friction behavior at low temperatures, C/C is limited to applica-
tions in aircrafts and racing cars. By the development of cost-efficient MI-C/SiC
and C/C-SiC, these drawbacks could be overcome, and a wide range of potential
application fields beyond aerospace could be opened. Additionally, the material
properties could be adapted to a wide range of different applications, leading to
serial production of high performance brake disks for automobiles, brake pads for
high speed elevators, and even sliding elements for the high speed train, Transr-
apid. This important breakthrough of CMC technology is presented in a separate
chapter in this book.
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545
Low-Expansion Structures

The high thermal stability of C/SiC and C/C-SiC materials are favorably used in
low-expansion structures, such as calibrating plates and telescope tubes for laser
communication terminals (LCT).

Optical systems for satellite communication via laser beams provide high data
rates, for example, 1 Gbps at a distance of 20000km, but require extremely precise
structures for long service times of several years [33]. Figure 5.14 shows the optical
unit of the LCTSX used on the Terrasar-X satellite, launched in 2007. Due to a
tailored CTE in axial direction (0 £ 0.1 X 10°°K™), a constant distance between the
primary and secondary mirror, in the temperature range of =50°C and +70°C can
be obtained, ensuring a safe data transfer without transmission losses. Compared
to other low expansion materials, such as Cerodur, C/C-SiC offers lower density
and higher fracture toughness, which enables the near-net-shape manufacture of
thin-walled, lightweight structures. Additionally, the main drawbacks of CFRP
materials, outgassing in vacuum and hygroscopic swelling, have been overcome.

Figure 5.14 In-situ joined C/C-SiC telescope tube (& 140mm,
| =160 mm, wall thickness = 3 mm) for the LCT in the satellite
TerraSAR-X (Zeiss Optroniks).
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5.4.6
Further Applications

Another very promising application for carbon fiber reinforced SiC is ballistic
protection against high velocity or armor piercing projectiles. Compared to hard-
ened armor steel, ceramic armor systems offer a weight reduction of about 50 to
70%, leading to areal weights of 30 to 40kgm™. Well-known monolithic armor
ceramics, such as Al,Os, SiC, and B,C, offer high protection against single hits,
whereas multiple hit requirements are difficult to meet, due to the typically high
brittleness of bulk ceramics. More importantly, large SiC structures with complex
geometries are difficult to manufacture via common technologies such as hot
pressing, leading to high waste rates and production costs. Therefore, costly multi-
tile protection systems, based on a large number of small tiles, for example, 50mm
by 50mm, arranged precisely to large structures, are widely used for the protection
of vehicles and aircraft.

The drawbacks of monolithic armor ceramics can be overcome by C/SiC materi-
als, offering significantly reduced crack propagation and improved multiple hit
performance [34], as well as reduced weight compared to monolithic Al,O; and
SiC. Additionally, complex-shaped, thin-walled structures can be manufactured in
near-net-shape geometry via low cost MI/LSI processes (Figure 5.15).

In high temperature furnaces, carbon fiber reinforced SiC composites are used
for charging devices (Figure 5.15) and as supporting structures for high tempera-
ture treatment of metallic parts, as well as for brazing processes. Compared to
metals, C/SiC composites are significantly lighter and offer lower heat capacity,
which is favorable for fast processes with high heating up and cooling down rates.
Due to the low CTE of carbon fiber reinforced SiC, even unsymmetrical structures
with sudden changes in wall thickness are geometrically stable at varying tempera-
tures and do not show distortion even at elevated temperatures, offering higher
service life and safer operation compared to metal structures.

Figure 5.15 Examples for novel applications for LSI-C/SiC
materials based on short fiber reinforcement (SGL) Left: Vest
insert and bulletproof armor plate. Right: Perforated plate for
high temperature furnace charging devices.
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5.5
Summary

CMC materials offer a unique combination of properties at high as well as at
medium and low temperatures, which cannot be achieved by any other materials,
such as metals or monolithic ceramics. However, CMC materials are also expen-
sive due to high raw material and process cost. These drawback can be partially
cut by adding MI, as a more economical manufacturing process, to established
CVI and PIP/LPI. MI processes are characterized by a fast build-up of Si/SiC
matrix leading to short process times. The Si/SiC-matrix is built up almost simul-
taneously in the whole volume of the part in one single process step and no mul-
tiple infiltration cycles are needed to densify C as well as SiC fiber reinforced CMC.
Therefore, even very large, complex-shaped and thin-walled lightweight structures,
as well as very thick-walled components, can be realized in near-net-shape
techniques.

Compared to CMC materials derived from CVI and LPI, MI-based C/SiC, C/C-
SiC, and SiC/SiC materials offer significantly lower open porosities, leading to
higher shear strength and thermal conductivity. However, lower tensile strength
of C/SiC and C/C-SiC, as well as the limited lifetime of SiC/SiC materials caused
by free Si in the matrix attacking the fibers in long-term use at high temperatures,
are still a challenge.

After more than 20 years of development and gaining operational experience in
aerospace applications, MI-CMC materials have just found their way out of the
laboratory into high performance products for the industrial market. Typical appli-
cation areas are TPS structures for spacecraft, hot structures for rocket propulsion,
gas turbines and nuclear reactors, thermally stable structures, and friction materi-
als. The introduction of C/SiC automotive brake disks in serial production is a
breakthrough and an important milestone in CMC technology, offering high
potential for further applications of C/SiC and C/C-SiC materials in other indus-
trial areas.

The further development will not only focus on low cost processes and improve-
ment of material properties and EBCs, but also on providing design and simula-
tion tools in combination with convincing, non-destructive evaluation methods.
With the latter, scientists and engineers should be able to reliably calculate lifetime
as well as damage and failure behavior, which is a basic prerequisite for future
applications of CMC components in very promising, but challenging, safety-
critical applications fields.
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Chemical Vapor Infiltration Processes for Ceramic Matrix
Composites: Manufacturing, Properties, Applications
Martin Leuchs

6.1
Introduction

Ceramic matrix composites (CMCs) are a class of materials, which—while keeping
most of the properties of conventional ceramics—overcome their main disadvan-
tage: their tendency to brittle fracture and the problem of sudden failure of com-
ponents in applications. The greatly improved crack resistance of CMCs is caused
by energy consuming mechanisms at the fiber/matrix interface, which divert,
bridge, or stop the propagating cracks [1, 2]. Essential for this mechanism is weak
bonding between fibers and matrix, as only this can allow the crack bridging
mechanism and the effective use of strength and elongation capabilities of the
fibers (usually >2000 MPa and 2 % (Chapters 1 and 2)). With a strong bond between
fibers and matrix, the fibers would have to sustain infinite elongation capability to
bridge a crack (Figure 6.1). With this weak bonding mechanism, resulting material
is damage tolerant and demonstrates deformations and elongations, which are
impossible in conventional ceramics. Pictures of crack surfaces of CMC materials
demonstrate this weak bonding, by showing the so-called fiber pull-out
(Figure 6.2).

Technically, this weak bonding is achieved via a thin carbon or boron nitride
[3] coating of the fibers, which allows the matrix to glide along the fibers
(Chapter 3).

The properties of this material, with respect to reliability and behavior under
dynamic loads and thermal shocks, reach the level of metallic components.

Presently, besides carbon/carbon composites (Chapter 4), only CMCs using
carbon or silicon carbide fibers, together with a silicon carbide matrix, have reached
major importance in industrial development and manufacturing processes. Some
importance of oxide CMCs [4] can also be observed (Chapters 8 and 9).

The manufacturing processes, presently relevant on an industrial level, differ in
their methods to infiltrate the so-called fiber preform with the specific matrix
material. In oxide CMCs, the matrix between standard fibers of ceramic oxides is
obtained by low temperature sintering of special organic liquids (sol/gel) mixed
with oxide powders. For a SiC matrix, essentially three processes are introduced.
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Figure 6.1 Scheme of crack formation and fiber pull-out mechanism.

Figure 6.2 SEM picture of a CMC fracture surface showing fiber pull-out.

The chemical vapor infiltration (CVI) process, discussed below, the liquid polymer
infiltration (LPI, sometimes called the polymer infiltration and pyrolysis(PIP)
process (Chapter 7), and the liquid silicon infiltration (LSI) process (Chapter 5).
These different manufacturing techniques lead, of course, to different materials
with different properties, manufacturing costs, and fields of application.

All these manufacturing techniques start their processes by fixing the fibers into
a shape, which—as in the manufacture of carbon fiber reinforced plastic materi-
als—is as close as possible to the final shape of the intended product. The design
of the fiber preform has to choose the fiber orientation in a way that considers the
expected loads of the component. The second step is the matrix infiltration and
the third one, if required, usually consists of machining (Chapter 12) the compo-



6.2 CVI Manufacturing Process for CMCs

nent to its final dimensions. Sometimes an additional coating or impregnation of
the residual porosity is applied.

In this chapter, material derived from CVI will be presented with its essential
manufacturing steps, properties, and some specific fields of application.

6.2
CVI Manufacturing Process for CMCs

The process for SiC infiltration is mostly identical to the coating process called
chemical vapor deposition (CVD). In a furnace at temperatures above 800°C, the
fiber preform is exposed to a process gas (vapor). For the deposition of SiC, this
gas is usually a mixture of hydrogen and methyl-trichloro-silan (MTS, CH;SiCl).
Because the gas also reaches the inner layers of the preform, the process is not
called the CVD-process, but instead the CVI-process. The overall chemistry of this
process follows the simple scheme:

cHsicl, _nH: | sic+3HCl

and shows that hydrogen is working as a catalyst. Beta-SiC is generated in this
process.

To ensure the deposition of SiC to a good and near stoichiometric quality, three
parameters have to be observed, namely pressure, temperature, and volume ratio
of hydrogen and MTS. According to [5], lower pressures and temperatures require
a higher H, to MTS ratio to reach stoichiometric SiC deposition. Lower ratios lead
to carbon-rich deposition and too much hydrogen yields silicon-rich matrix mate-
rial. Higher temperatures and pressures increase the deposition rate and thus
reduce the processing time.

To ensure the penetration of gas into deeper layers of the preform, the penetra-
tion depth of gas into pores has to be taken into account. Figure 6.3 shows the
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Figure 6.3 (a) Thickness of SiC deposition in a pore with a
diameter of 100 microns for different temperatures at 20kPa
pressure; (b) for different pressures at 900°C.
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calculated effect of temperature and pressure on the penetration depth of gas into
a cylindrical pore of 100 micron diameter [6]. It can be seen that higher tempera-
tures and pressures substantially reduce the penetration depth, because the depo-
sition close to the surface is closing the entrance to the pore faster under these
conditions. Lower temperatures and pressures increase the mean free path of the
gas molecules, so they can penetrate deeper into the preform channels.

Basically, two types of CVI processes are relevant in the field of CVI techniques
for industrial manufacturing of SiC-matrix composites with either carbon or
silicon carbide fibers: isothermal-isobaric infiltration and temperature-pressure
gradient infiltration.

6.2.1
Isothermal-Isobaric Infiltration

In the isothermal-isobaric process [7], the fiber preform is placed in a special
furnace (Figure 6.4) and heated to the process temperature somewhere below
1000°C. Then, at a well defined pressure, typically around 100hPa, a mixture of
hydrogen and MTS is introduced into the furnace at a well defined flow rate. The
process conditions have to be chosen in a way that avoids premature closure of
the preform surface by the growing SiC. Since the movement of gas molecules is
controlled by diffusion only, a higher mean path length is necessary. Therefore,
comparatively low process pressures and temperatures are necessary, which in
turn lead to process times of several weeks. Furthermore, the wall thickness of
preforms is limited to a few (~3-5) millimeters. Components with higher wall
thickness have to be infiltrated in two or more infiltration steps, with an intermedi-
ate grinding-off of the tight surface layer.
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Figure 6.4 Scheme of an isothermal and isobaric CVI process, taken from [6].



6.2 CVI Manufacturing Process for CMCs

6.2.2
Gradient Infiltration

In the gradient CVI-process [8, 9], the same process gas is penetrating the preform,
not by diffusion but by being forced through via a pressure gradient. In this
method it is necessary to place the preform in a device that seals the gas input
side from the output side (Figure 6.5). To avoid a faster SiC deposition on the
input side, a thermal gradient is applied over the wall thickness. The gas input
side is kept at a lower temperature level. Therefore, at the beginning of the process,
the SiC deposition rate is higher on the hotter output side. With increasing infiltra-
tion, the heat conductivity of the preform grows and the deposition rate on the
input side increases. At the same time, it decreases on the output side, because
the process gas is mostly used up before reaching there. During the infiltration
process the matrix grows from the hotter side of the preform to the cooler side.
If temperature gradient and gas flow are properly controlled, the SiC matrix is
evenly distributed over the wall thickness. Because no diffusion mechanism has
to be taken into account, the temperature and pressure level can be raised to more
than 1150°C and up to ambient pressure. Both measures increase the chemical
reaction rate and the supply of MTS molecules. The necessary infiltration time in
the gradient CVI process therefore is reduced to a few days. Furthermore, due to
forced gas flow, fresh process gas is always present at the site of the deposition
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Figure 6.5 Scheme of a gradient CVI process.
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and less intermediate gas products of the MTS decomposition are poisoning the
process.

6.2.3
Discussion of the Two CVI-processes

For the industrial production of CMC, usually a programmable and automatic
system is installed, which controls furnace temperatures, gas flows, and process
pressure in a reproducible way, depending on the type and size of the preforms.
The coating of the fibers with carbon or boron nitride tends to be done in the same
furnace.

The isothermal CVI process has the advantage of great flexibility with respect
to the shape of the preform. Furthermore, in large furnaces, many preforms, even
with different shapes, can be infiltrated in one shot, which reduces specific costs
for the CMC components. The problem with this process is the long infiltration
time due to the diffusion controlled infiltration mechanism, which in turn leads
to higher component costs and increased length of design cycles for developing
components. The limitation of the wall thickness to about 5mm is another draw-
back of this process, if a one-shot process is chosen.

The gradient CVI process has the advantage of short infiltration times, allowing
quicker reaction to design needs, and the capability to infiltrate a preform wall
thickness up to about 30mm. The problem with this process lies in the need for
tools to cool the preform and force the gas flow through. Therefore, only simple
shaped components, such as tubes with round and rectangular profiles and plates,
have been infiltrated in this process. More complex parts need to be built by
joining techniques from such elementary components.

In the present situation of industrial manufacturing, both types of processes
show advantages in specific situations. Also, the small market for CMC compo-
nents does not allow a final judgement about a commercial or technical advantage
of one or the other method.

It should also be mentioned that other types of CVI processes have been studied,
for example, a simple forced flow process with pressure gradient and without tem-
perature gradient [10] and a pressure pulse process [11]. However, they have not as
yet reached an industrial level of production. The same holds for the technology to
infiltrate the fiber preform via an electrophoretic infiltration process [12, 13].

6.3
Properties of CVI Derived CMCs

6.3.1
General Remarks

The SiC-matrix deposited with a CVI process is a homogeneous beta-SiC with very
fine crystalline structures (Figure 6.6). They grow in radial orientation around the
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Figure 6.6 Micrographs of SiC fiber reinforced SiC, showing
the SiC matrix as light areas between the gray fibers. Pores are
black and pores between the layers of fabric have an extension
up to about 0.5mm. Many of the small pores in between the

filaments seen on the left are closed.

Figure 6.7 With three-dimensional fiber structures; the
problem of weak interlaminar strength can be solved.

filaments of the fibers. The carbon or boron nitride coating of the filaments has a
graphite structure with the planes parallel to the filament surface. This allows the
matrix to glide along the filaments.

The use of fiber fabrics, three-dimensional structures (Figure 6.7), or other
structures of fibers, for example, filament wound preforms, must have channels
wide enough to allow the gas to penetrate into the deeper layers of the preform
before being closed too soon by the SiC deposition. Thus, at the end of an isother-
mal infiltration process, the material has a closed porosity if a tight surface has
grown on the preform. A mixture of closed and open porosity is the result of a
gradient-CVI process.

A general feature of all types of CMC material properties, besides their residual
porosity, is their anisotropy, given by the pattern of the fiber orientation. CMC
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material with two-dimensional fiber structures, often realized by conventional lay-
up of fabrics, shows low strength values perpendicular to the fabrics. Interlaminar
shear strength and interlaminar crack resistance are low, which has to be consid-
ered at the design stage, when bending loads for the component are expected.

A special difference between CMC using carbon and silicon carbide fibers
should be mentioned. Since carbon and silicon carbide have a different coefficient
of thermal expansion and the matrix forming process takes place at high tempera-
tures, the silicon carbide shrinks more than the carbon fibers when cooling down
to ambient temperature. This leads to a pattern of micro-cracks in the matrix of
all C/SiC materials, while SiC/SiC material has no micro-cracks in its fabricated
state.

Furthermore, the fiber content has to be greater than a certain minimum to
carry the tensile load, which at the moment of crack formation immediately has
to be sustained only by the reduced cross-section of the fibers in load direction.
The matrix no longer contributes after the crack has formed.

Finally, material data of CMC usually show a scatter in the range of 10 to 20 %,
and the type of CVI process has no significant influence on the properties.

6.3.2
Mechanical Properties

6.3.2.1 Fracture Mechanism and Toughness

The main feature of CMCs is their elongation capability and fracture behavior.
The latter is usually characterized by the fracture toughness or the stress intensity
factor, K;.. For the exact measurement of this quantity, it is necessary to determine
the size of the fracture surface. The complex pattern of cracks, which are formed
in the matrix and between fibers and matrix, does not allow this measurement.
Therefore, measurements of samples for single edge notch bend (SENB) tests [14,
15] were done using the initial notch surface as the value of the fracture surface,
yielding lower data than with the true, but unknown and larger surface. The cal-
culation based on this value was defined as the “formal stress intensity factor”
(SIF). The data obtained are not values characterizing the material in the conven-
tional sense, but allow a comparison of different types of CMC materials, if the
samples have the same geometry. The results shown in Figure 6.8 demonstrate
that different types of CMC material have different behavior concerning the crack
resistance. The liquid silicon infiltration process is yielding the lowest peak values,
because this process cannot ensure the single filament pull-out mechanism, but
rather only something like a filament bundle pull-out. Furthermore, compared
with conventional silicon carbide, the energy for pushing the crack through the
sample is a multiple for all CMC types (the area under the curve is a measure for
the energy it takes for complete crack formation).

The peak value of the curves gives information about the force, which is neces-
sary to make the crack propagate through the sample. Materials produced by CVI
and LPI techniques are superior to material of the other process types, mainly
because in CVI and LPI materials, the filament pull-out mechanism makes best
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Figure 6.8 The result of single-edge-notch-bend (SENB) test
demonstrates the variety of different CMC materials with
respect to crack resistance. CSiC(CVI) and SiCSiC(CVI): CVI
materials with C- and SiC-fibers; CSiC(PP/95) and
CSiC(PP/93): two types of LPI material; Ox(PP) is oxide CMC
and CSiC(Si) is LSI-derived material.

use of the fiber and filament properties. The result of this property is the insensi-
tivity toward notches and bearing loads [16, 17].

It should be noted that often the damage tolerance of CMC material is demon-
strated by measurements of the bending strength, the documented curves which
usually show some quasi-plastic behavior; but these measurements do not indicate
the toughness level. The quantitative measurement of the stress intensity factor
of any material cannot be performed by bending tests.

6.3.2.2 Stress-Strain Behavior
Following the toughness behavior, the elongation capability of CVI material is
more than 10-fold compared to conventional SSiC. Figure 6.9 and the data in Table
6.1 demonstrate this behavior, which again shows that the CVI process technique
is using the fiber potential in an effective way. In Figure 6.9, SiC/SiC has an exact
linear elastic behavior up to a load of about 90 MPa. Beyond this load the matrix
starts to build up a pattern of micro-cracks, which are bridged by the filaments.
After a first load, this linear elastic behavior is no longer observable and the
Young’s modulus is reduced (Figure 6.10).

To completely characterize CMC materials, it is advisable to look at three test
results: bending strength, tensile strength, and toughness. CMC material with
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Figure 6.9 The stress-strain curve of SiC/SiC material, derived
via CVI, shows a linear elastic range during the first loading

(the straight line is an extra line created by the computer to
determine the slope and the Young's modulus).

Table 6.1 Data of CVI derived C/SiC and SiC/SiC compared with those of conventional silicon
carbide.

Unit CVI-SiC/SiC CVI-C/siC SSiC

Fiber fraction % 42-47 42-47 -
Density gem™ 2.3-25 2.1-2.2 3.1
Porosity % 10-15 10-15 <1
Tensile strength MPa 280-340 300-320 100
Strain to failure % 0.5-0.7 0.6-0.9 0.05
Young’s modulus GPa 190-210 90-100 400
Bending strength MPa 450-550 450-500 400
Compressive strength MPa 600-650 450-550 2200
Interlaminar shear strength MPa 45-48 45-48 -
Coefficient of thermal expansion at r. t. 10°K™* 4 (pl) 3 (p)) 4.1

4 (ve) 5 (ve)
Heat conductivity at r. t. W/mK 20 (pl) 14 (pl) 110

10 (ve) 7 (ve)

“pl” and “ve” denote parallel and vertical orientation to the fabric, respectively.

high fiber content and only a small fraction of matrix material will show a high
level of tensile strength, because the test is close to a fiber tensile test; the same
material will show poor bending result, because bending a fiber bundle does not
require much force.

On the other hand, material with low fiber content and a high share of matrix
material will show high bending strength values close to those of conventional
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Figure 6.10 In strain controlled low-cycle-fatigue (LCF) tests,
CVI-SiC/SiC reaches about 8 million cycles before rupture.
The stress level at the beginning has been 80% of the material
strength. On the tensile side, the Young’s modulus is
changing after the first load.
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ceramics, and poor elongation capabilities, because there are not enough fibers to
carry the load in the cracks.

6.3.2.3 Dynamic Loads

The crack bridging and pull-out mechanism allow the use of high-quality CMC
materials under dynamic loads. Figure 6.10 shows the test results of a strain con-
trolled low-cycle-fatigue test with SiC/SiC material derived via a gradient CVI
process. With a starting load of 80 % of the tensile strength, about 8 million cycles
between the tensile and compressive strain position were reached before failure.
On the tensile side, the fatigue effect on the stress level is small; on the compres-
sive side, a higher increase of the stress level is observed, because the surfaces of
the cracks do not match perfectly when pressed together. It can also be seen that
the stress strain curve after the first load changes its slope (the Young’s modulus)
to a lower value.

6.3.2.4 High Temperature Properties and Corrosion

Mechanical reliability under mechanical and thermal stress, as well as thermal
shock resistance and mechanical strength in a temperature range between 750
and 1300°C, and sometime above, have been the major incentive to develop CMC
materials and components for hot structures for space re-entry vehicles and energy
plants (e.g. heat exchangers, combustion chambers, and components for gas tur-
bines). The properties of CVI derived SiC/SiC and C/SiC material under high
temperatures depend heavily on the details of the conditions such as load, ambient
gas composition, and speed of the gas. Several publications, including modeling,
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deal with the topic of high temperature corrosion of silicon carbide based CMC
materials, using either carbon or silicon carbide fiber material under various con-
ditions and including some measures of protection [18-23]. The basic properties
can be summarized as follows:

The behavior under thermal shock can be characterized as being excellent.
Figure 6.11 shows a test result, where small pieces of 25 x 25 x 3mm have been
exposed to an acetylene-oxygen flame and cold air in cycles lasting 30 s. Within
these cycles the temperature changed between 300 and 1100°C. No macroscopic
damage was observed with SiC/SiC after 1000 cycles, zirconia was destroyed after
3 cycles, and SiSiC after 10 cycles.

SiC matrix material derived by CVI can stand temperatures over 2300°C in
vacuum or an inert gas atmosphere without problems, and this is also the case
for carbon fibers. Standard silicon carbide fibers start to reorganize their amor-
phous structure at temperatures above 1200°C and lose their mechanical proper-
ties, even in vacuum [24]. Meanwhile, more stoichiometric and crystalline SiC-fibers
are available from Nippon Carbon (Hi-Nicalon S) and Ube Industries (Tyranno
SA), showing improved high temperature stability [25, 26].

Most important for high temperature applications is the behavior in the pres-
ence of oxygen. Carbon fibers start to convert into CO, at temperatures above
500°C and the amorphous silicon carbide fibers also start reacting with oxygen at
about the same temperature, due to their content of free carbon. Crystalline silicon
carbide starts to form SiO, to a significant extent at temperatures above 850°C.
The formation of this glassy coating gives a passivation effect and slows down
further penetration of the oxidation process. At temperatures above 1600°C, and
in an oxygen atmosphere with a low partial pressure of about 5kPa, lack of oxygen
leads to the formation of gaseous SiO [5]. Under this so-called process of active
oxidation, the silicon carbide rapidly disappears.

Therefore, it is clear that in components for the envisaged heat shields of
space re-entry vehicles or gas turbines, an anti-oxidation protection system had
to be developed for the silicon carbide based CMC materials. Such systems,
based on CVD coating with SiC, have been qualified for components of space

Figure 6.11 SiC/SiC (left), SiSiC and ZrO2 (right) samples,
25 X 25 X 3mm, after thermal shock tests in cycles of 30 s
between 300 and 1100°C.
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re-entry vehicles, where a qualification for less than 100 hours of lifetime is
sufficient. For longer lifetimes, coating systems based on oxides are under develop-
ment [27, 28]. These are of limited success so far, except for an oxide based system,
which has successfully been applied to gas turbine combustors [29] (Section
6.4.2).

In other environments, other than in hot oxygen containing gases, corrosion
problems are less severe. Silicon carbide and carbon are among the most corrosion
resistant materials that exist. Only strong bases can corrode silicon carbide, and
carbon fibers show corrosion not only with oxygen at high temperatures above
500°C, but also with strongly oxidizing agents such as concentrated nitric acid

[3]-

6.3.2.5 Thermal and Electrical Properties

Due to the anisotropic orientation of fibers, thermal and electrical properties also
are dependent on the direction of measurement. The data are influenced and
characterized by the type of fiber, the level of porosity, and the anisotropy of the
material. Silicon carbide is a semi-conductor, where the electrical resistance is
reduced with rising temperature, and carbon fibers have a much better conductiv-
ity, both electrical and thermal, than silicon carbide fibers. Due to the locally
inhomogeneous material, the scatter of data is usually in the range of 10 to 20 %.
The scatter is increasing if the sample size is reduced, because then the local
variations of the porosity become more important.

6.4
Applications and Main Developments

6.4.1
Hot Structures in Space

Hot structures for space vehicles, where the material for reusable components has
to survive in several thermal and mechanical load cycles for a total of less than 100
hours, have been qualified. In the European program, HERMES, several compo-
nents for heat shields and thermal insulation systems have been developed [30, 31].
In a German development program for hypersonic airplane technology, (HYTEX),
a component for the hot air intake ramp (Figure 6.12) has been designed and
manufactured on the basis of CVI and LPI technology. In this program, for the first
time screws and nuts made from CVI-C/SiC material were used (Figure 6.13).
Under mechanical load of 32kN at 1600°C, this component showed the deforma-
tion pre-calculated by design [32].

In a further program financed by ESA, the German and Bavarian government,
the rear body flaps (Figure 6.14) of the NASA crew return vehicle X-38 were
designed, manufactured in C/SiC material, and qualified [33]. In total, three such
flaps were produced. One was used for extensive qualification tests. A mechanical
deformation test at IABG, Munich (Germany), again demonstrated the correct
design of the stiffness and deformation. The central bearing was tested at DLR in
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Figure 6.12 C/SiC component of an air intake ramp
developed in the HYTEX program for hypersonic jet engines.

Figure 6.13 C/SiC screws and nuts, which can be used due to
their damage tolerance and notch insensitivity.

Figure 6.14 Pair of C/SiC body flaps for flight control during
the re-entry phase of the space vehicle X-38 of NASA. Each
flap is about 1.6 X 1.5 x 0.15m and has a weight of 68kg. It is
probably the largest component that is CMC constructed,
built and qualified for flight so far.
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Figure 6.15 Development of a new type of C/SiC flight control
flap, where the momentum is introduced via an axis. The
length of this test sample is about 450 mm.

Stuttgart (Germany) under near to real re-entry conditions. Under a mechanical
load of 4 tons and simultaneous +8 degree movement at 1600°C in air with con-
trolled oxygen concentration, 5 re-entries were successfully simulated [34]. After
acceptance by NASA, two flaps were mounted in Houston, Texas, and final
mechanical acceptance tests for the flap control were performed. Due to financing
and space shuttle problems, NASA cancelled the test flight, in which a space
shuttle would have brought the unmanned X-38 into space for a first realistic re-
entry event with one of the largest CMC components built so far. More than 400
screws and nuts have been used for the joining of the 4 segments of each flap.

In European programs (e.g. the Future Launcher Preparatory Programme FLPP,
SHEFEX, Pre-X) of the European Space Agency (ESA), further development work
has commenced [35], where different concepts for controlling the re-entry phase
with moveable rudders and other hot re-entry control surfaces are to be tested.
Figure 6.15 shows one example, which concentrates on innovative design details
and new preform and joining techniques.

6.4.2
Gas Turbines

The expected possible increase of efficiency is the motivation to develop CMC
material as hot gas turbine components. With respect to mechanical load, the
combustion chamber can be considered as the component with the lowest thermo-
mechanical requirements. To realize efficiency increase, the whole system of
combustor, stator vanes, and rotor vanes has to sustain the increased temperature
level. The thermal shock resistance of SiC/SiC material has been demonstrated in
combustion chamber tests [36] lasting a total of 150 hours, with peak temperatures
up to 1400°C and several start/stop cycles.

In the United States, the problem of oxidation of ceramic fibers and SiC matrix
by residual oxygen and hot water vapor was attacked by using crystalline silicon
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carbide fibers and an oxidation protection coating based on a system of oxide layers
[37]. A test with a combustor has reached more than 15000 hours [38] at a con-
ventional temperature level.

Further progress is under development with respect to improved fibers based
on a SiBNC composition, which are expected to show further improvement of
properties in temperatures up to 1500°C and in the presence of oxygen (Chapters
1 and 2).

For the turbine engines of military jet planes CMC components, weight saving
flaps for thrust control, have been developed and tested in France [39, 40]. The
temperature load of these components under normal flight conditions is low
(~600°C). Therefore, several hundred hours of flight time, including shorter
periods of higher temperature loads at about 900°C, can be achieved.

6.4.3
Material for Fusion Reactors

The high temperature properties and the first results of irradiation tests have made
CMC materials based on crystalline SiC fibers and matrix interesting candidates
for components in future fusion reactor concepts [41-46]. The main reason is
because crystalline SiC has shown promising behavior when irradiated with neu-
trons. Therefore, the crystalline silicon carbide fibers have to be chosen for this
application. Tests of material with Tyranno SA fibers from UB.E. Industries and
Hi-Nicalon Type S fibers from Nippon Carbon, as well as Sylramic fibers devel-
oped by Dow Corning together with CVI derived SiC matrix, are on their way for
application oriented testing. Within the frame of the EFDA (European Fusion
Development Agreement), for example, two- and three-dimensional (Figure 6.7)
samples have been supplied to check the effect on through-thickness data.

The differences, with respect to through-thickness strength and heat conductiv-
ity, are listed in Table 6.2.

6.4.4
Components for Journal Bearings

The use of sintered silicon carbide (SSiC) in journal bearings of pumps started in
the 1980s [47]. In these bearings, pumped liquids such as water or hazardous

Table 6.2 Comparison of through-thickness data of two- and
three-dimensional SiC/SiC based on Tyranno SA fibers from
Ube Industries.

2D-SiC/siC 3D-SiC/SiC

Strength (MPa) 6.8 16
Heat conductivity (W/mK) 17.0 24.3
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chemicals are used as lubricants. Examples are magnetic coupled pumps or pumps
for seawater desalination plants, water gates, or waterworks.

The use of CMC material improves the reliability of such bearings in cases
where conventional ceramics, especially for large pumps running under heavy
load conditions, are not working reliably enough.

To qualify such material, the tribological behavior of CVI-derived C/SiC and
SiC/SiC was studied in ring-on-disc tests [48, 49]

The surface of a machined CMC (Figure 6.16) demonstrates that the tribological
properties of the material and the tribological system can be influenced by:

* the type of fibers used (carbon or silicon carbide);
e the orientation of the fibers with respect to the surface;
o the filling of the porosity with some proper material.

Lubricant, temperature, and tribological partner are further parameters of the
system.

Results of the ring-on-disc tests are presented in Table 6.3. They were obtained
following the German standard DIN 58835, in which a ring with 14mm inner
and 20 mm outer diameter is pressed onto a rotating disc. The rubbing conditions
of 2ms™ and 5MPa pressure realize mixed friction.

It can be seen that tribological systems can be complex: with SSiC as rubbing
partner, no influence of the fiber orientation has been observed (line 2 of the table),
while under dry conditions or with aluminium oxide as partner in water, the
results with fibers of vertical orientation were much better than with parallel ori-
entation (line 3 and 1 of the table). Looking at the effect of the type of fiber, with
parallel fiber orientation with SSiC as partner, there was also no significant differ-
ence in water, while in air and in water with aluminium oxide as partner, there is
a significant difference (lines 4, 5, and 6 of the table).

Figure 6.16 The surface of SiC/SiC demonstrates the mixture
of open pores, areas with fibers of different orientation, and
matrix material.
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Table 6.3 Tribological data of ring-on-disk test.

No. Disk Ring Medium Wear in mm*h~’ CoefT. of
_— friction
Ring Disk
1 SiC/SiC pl Al O, Water 0.080 0.150 n.a.
SiC/SiC ve ” ” 0.014 0.065 n.a.
2 SiC/SiC pl SSiC Water 0.005 0.005 0.04
SiC/SiC ve ” ” 0.004 0.005 0.03
3 SiC/SiC pl SSiC Air 4.0 36.0 0.66
SiC/SiC ve i ” 1.8 17.3 0.66
4 SiC/SiC pl AlLO, Water 0.080 0.15 n.a.
C/sic pl ” ” 0.005 0.03 na.
5 SiC/SiC pl SSiC Water 0.005 0.005 0.03
C/SiC pl ” ” 0.003 0.010 0.10
6 SiC/SiC pl SSiC Air 4.0 36.0 0.66
C/sic pl v ” 0.013 1.16 0.12

“pl” denominates samples with fiber orientation parallel to the friction surface, “ve” with vertical
orientation.

Further tests in water with zirconia, tungsten carbide, and chromium oxide as
partner materials, showed higher wear and friction coefficients and the pair of
SSiC and C/SiC or SiC/SiC as partner turned out to be the best. Subsequent tests
on radial and axial journal bearings at the pump company KSB in Frankenthal,
Germany, showed:

¢ The open porosity of CVI-derived CMC material has to be impregnated to allow
the build-up of a hydrodynamic lubricating film.

e The pair of SiC/SiC running against SSiC allowed a factor of 2.5 to 3 higher pres-
sure times velocity (so-called PV) values, compared to many other tested pairs of
materials (Figure 6.17).

In these tests, speed or load of the ring on disk rig were increased and the limit-
ing speed or load was measured with 80°C water as the lubricant. For many
systems, the product, the so-called PV value, is found in area 1 of Figure 6.17. The
system of SiC/SiC running against SSiC, shown in curve 2, demonstrates the
capability of taking almost the triple load of all other tested systems.

With this result it was possible to furnish large pumps with shaft diameters of
100mm or more (up to >300mm) with all-ceramic journal bearings, where CMC
would be used as shaft sleeve material (Figure 6.18), shrink fitted on the shaft
component, and conventional SSiC would be the bearing, also shrink fitted into
its metallic environment [50, 51]. In this case, SSiC is under compressive stress
and thus shows sufficient reliability. Since 1994, several hundred pumps have
been equipped with this bearing system, which in some cases has proven more
than 40000 successful running hours. For small pumps, the reliability of bearings
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Figure 6.17 Result of tests, where the load limit of the
tribological system of different pairs of material in water of
80°C was determined. Area 1 is a region where the load limits
of several pairs of conventional materials, including ceramics,
have been found; line 2 gives the limit of PV values of the pair
SSiC running against SiC/SiC material.

Figure 6.18 SiC/SiC shaft sleeves for water lubricated journal
bearings of large pumps. The outer diameter of these sleeves
lies between 100 and 305 mm.

using conventional SSiC is technically sufficient and for economic reasons CMC
material is not used.

On the basis of these results, development programs are testing the possibility
of applying this bearing concept for liquid oxygen (LOx) turbo pumps of space
rocket engines. In a first step, the compatibility of C/SiC and SiC/SiC with LOx
was checked. Aging tests, an impact test (ASTM Standard D2512-95), and auto-
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ignition tests (French standard NF 29-763) were successfully performed. No dete-
rioration of strength or traces of ignition on impacts with 100] of energy were
observed. Auto-ignition of fine powder of all constituents of CMC (carbon fiber,
silicon carbide fiber, silicon carbide CVI-matrix) was tested at 120 bar of pure
oxygen with temperatures up to 525°C. Only the powder of carbon fibers showed
auto-ignition at 437°C.

In pin-on-disc tests, the tribological behavior under mixed friction, a series of
several loads and speeds was measured. Pins with a diameter of 8mm were
pressed onto a rotating disk and the pin center formed a circle of 70 mm diameter
on the disk. Wear and friction coefficient of the test with a load of 2.8 MPa and a
speed of 4m/s, the highest tested values, are shown in Figure 6.19. They demon-
strate a friction coefficient reduced to about 50% and a wear rate reduced by
roughly a factor of 50 compared with a metallic (steel 440C) system. They
also show that under these conditions there is no difference between C/SiC and
SiC/SiC materials, and that for SiC/SiC the fiber orientation on the rubbing
surface has no real effect [52].

In a subsequent test series of a hydrostatic journal bearing with a CVI-SiC/SiC
shaft sleeve and an SSiC bush (Figure 6.20), a promising result was obtained.
Several hours at a speed of 10000rpm (shaft diameter 70mm) with changing
radial loads between 120 and 1150 N and a series of 49 start/stop-tests with various
load profiles, showed no significant wear and good behavior with respect to stiff-
ness and LOx consumption. The inner surface of the bush became shiny and its
roughness was reduced from an R, of 0.3 to 0.04 microns. Due to a slight misalign-
ment in one area, the wear was 3microns [53].

In case of a successful further qualification, longer life times and reusability of
such pumps together with better damping properties, simpler construction, and
reduced costs for mounting and maintenance for such bearings, can be expected

Wear ratio of the pin P=2,76 MPa - V=4m/s Mean friction coefficient
Pin 440C
3,0E-04- Pin 440C__ Pin 440C_ 06 pin44oc | Disc440C
Disc SSiC| Disc 440C - 05 Disc SSiC
EsE04 § '
20804 g 04
E 20804 @ pncMc1 | PinCMC2 | Pincmc3
1 5E-08 S 031 Dpiscssic + DiscSSIC |- Disc SSIC
s 8
= 1,0E-04 B 027
H PinCMC 1| PinCMC 2 | Pin CMC 3| =
g 5,0E-05) Disc SSIC Disc SSIC I Disc SSiC 1 o014
0,0E+00- — o 0+
1 2 3 4 5 1 2 3 4 5
bérie1 1,14206E-05|1,63312E-06| 6,63385E-06|0,000248638) 0,000259781 ‘Séne’l 025 0,25 023 0,46 0,53

Figure 6.19 The diagrams show wear (left) SiC/SiC pin with fabric perpendicular to

and coefficient of friction (right) of pin-on-disk friction surface. CMC2: SiC/SiC pin with fabric
tests in liquid oxygen (LOx). The pin diameter parallel to friction surface. CMC3: C/SiC pin
has been 8mm and the circle diameter on the with fabric perpendicular to friction surface.
disk 70mm. The data shown are for a load of 440C: type of steel, which can be used in LOx.
2.76 MPa and a speed of 4m/s. CMC1: SSiC: sintered silicon carbide.



6.5 Outlook

Figure 6.20 Journal bearing system for application in liquid
oxygen. The shrink fit on a steel component still holds at LOx
temperatures; this means that at room temperature the CMC
sleeve has a permanent hoop stress of about 160 MPa.

6.5
Outlook

The class of the different CMC materials is still new and starting to appear on the
industrial market. The situation is comparable to the fiber reinforced plastic mate-
rials of the 1960s or 1970s. Therefore, applications concentrate on components,
which would mean high efforts, risks, and costs with conventional ceramics. Nor-
mally such components have a specific function in a larger system and, although
costly, create a substantial benefit.

Several applications of CVI-derived CMC components are under field observa-
tion or development, beyond the ones already mentioned above. Examples are
valve components, which have to sustain temperature and pressure shocks, heat
shields for racing cars, casings for rocket engines, and fins for supersonic
rockets.

However, knowledge about these innovative materials is still limited and not yet
a significant part of any education curriculum for engineers. Furthermore, it is
still necessary to collect additional data, and their statistical behavior, and particu-
larly information about the performance under more or less well defined condi-
tions in various applications. Communication between research and development
engineers also has to be intensified.

The main focus of future development work probably will be:

o Improvement of thermal (>1200°C) stability of ceramic fibers in corrosive envi-
ronments, such as air or exhaust gases. The incentives for these activities are
applications of CMC components in high temperature heat exchangers and gas
turbines. The long-term stability will have to face the problem of high tempera-
ture behavior of inhomogeneous materials, which tend to change their structure
via diffusion according to the physical laws of phase diagrams.
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¢ Reduction of manufacturing costs for silicon carbide fibers and the ceramic
composite, which is the cost for the matrix creation. This will allow increasing
markets, especially since several applications have been technically successful,
but are not yet applied because of high costs.
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7
The PIP-process: Precursor Properties and Applications
Giinter Motz, Stephan Schmidt, and Steffen Beyer

7.1
Si-based Precursors

7.1.1
Introduction

Organometallic compounds (precursors) based on silicon have attracted consider-
able interest in recent years, owing to their promising potential for the formation
of ceramics with tailored properties [1-4], matrices in composites [5-7], ceramic
fibers [8-14], and polymer as well as ceramic surface coatings [15-19]. Since the
first synthesis of the very simple silicone [(H;Cq),SiO], in 1901 by Kipping [20],
pioneering works of Fink [21, 22] in the 1960s, and Verbeek and Winter [23] in
the mid-1970s, a wide variety of precursors have been developed for the prepara-
tion of different polymer derived ceramics [24-28] (PDC). The major advantages
of such polymer based materials are their intrinsic homogeneity at the atomic
level, low processing temperatures, since the precursors can be transformed into
amorphous covalent ceramics at temperatures between 800 and 1000°C, and the
applicability of established polymer processing techniques. In general, processing
of ceramic materials via precursor technology involves the synthesis of the precur-
sor from monomer units, followed by cross-linking into an unmeltable, pre-
ceramic polymer network (thermoset), and finally the pyrolysis at elevated
temperatures. The pyrolysis initiates the organic-inorganic transition and results
in amorphous ceramics, which crystallises at temperatures exceeding 1000°C
(Figure 7.1).

The requirements for the precursor are given by the appropriate application and
differ from a cross-linkable liquid to meltable and curable, or unmeltable but
soluble solids. For the broader distribution of these precursors, they should be
processable by conventional polymer processing techniques. Furthermore, the
starting material should be readily available, relatively cheap, and the synthesis
should be uncomplicated.
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educts
(chemical compounds)

T < % synthesis

liquid/solid or
meltable/soluble

oligomer or polymer
o — < %cross-linking

thermoset

unmeltable polymer
T < % pyrolysis

amorphous ceramics

T < % annealing

crystalline ceramics

Figure 7.1 General processing of ceramics based on organometallic oligomers or polymers.

7.1.2
Precursor Systems and Properties

Many different precursor systems are used in industry for the processing of
ceramic materials (Figure 7.2). Small and simple, gaseous precursor molecules
are applied for the deposition of hard ceramic coatings such as TiN, Si;N,, or SiC
via the CVD process (chemical vapor deposition) on different substrates. But also
the generation of a ceramic matrix (e.g. SiC) in porous structures is possible by
using chemical vapor infiltration (CVI). This process can be very time-consuming,
depending on the thickness of the specimen.

The Sol-Gel-technique is applied to manufacture oxide ceramic coatings, for
example, SiO,, AL,Os, TiO,, or ITO (indium-tin-oxide). The solved molecular com-
pound, such as TEOS (tetraethoxysilane), reacts after the addition of an acid to the
gel under elimination of an alcohol. The residual organic groups separate during
the subsequent heat treatment. The ceramic yield is relatively low due to the high
content of the necessary solvent and the organic groups.

In terms of the chemical composition, oligomer or polymer precursors are
generally divided into oxygen containing and oxygen free materials. The class of

Powder-
less
ceramics

CVD- or CVI-process
(gaseous molecules)

Sol-Gel-technique
(molecules)

“Precursor’-technique
(oligomer or polymer)

Figure 7.2 Classification of techniques for the powderless processing of ceramics.
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silicones (Si-O-C precursors) is well established and commercialized. A great
variety of different products is available in large quantities from companies such
as Dow Corning (United States), Wacker Chemie AG (Germany), and Bluestar
Silicones (China) (former Rhodia). But only a very small fraction is used for pro-
cessing of ceramics, despite the relatively low costs and the good availability of
silicones. This is due to the reduced thermal stability of the resulting SiCO ceram-
ics in comparison to non-oxide systems.

Since the 1960s, numerous different non-oxide precursors for processing of
ceramics have been developed for several applications. Polysilazanes without
any organic group lead to SiN ceramics. Polysilazanes functionalized with organic
groups, polycarbosilazanes, and polysilylcarbodiimides, are used to obtain SiCN
ceramics [1-4, 25]. Polysilanes and polycarbosilanes serve as a source for the
formation of SiC. The reaction of carbosilazanes with boron compounds lead to
polyborocarbosilazanes, which are attractive for processing of high temperature
stable SiBCN ceramics [29, 30]. But also Si-free precursors are known. Pure BN
ceramics are available by pyrolysis of, for example, poly(methylamino)borazine
[31-33].

Whereas the different chemical composition of the pre-ceramic polymers influ-
ences properties such as moisture sensitivity of the precursor or high temperature
stability, corrosion, and oxidation behavior, as well as the tendency for crystalliza-
tion of the resulting ceramics, the structure and the functional groups of the
polymers determine the processability and the ceramic yield.

Especially the viscosity, the cross-linking behavior of the pre-ceramic polymer
and the ceramic yield are important properties in the processing of CMC-materials
via the polymer infiltration and pyrolysis process (PIP-process). Table 7.1 shows,
by means of selected self-synthesized, examples of how the precursor architecture
influences their properties. The silazane (Si-N) units of the so-called VN-precursor
are linearly linked with each other and cycle to small rings with low average
molecular weight because of steric influence of the vinyl groups. The higher
molecular weight and resulting increase in viscosity of the HPS-precursor are due
to the substitution of every second vinyl-group at the silicon atoms by hydrogen.
The very low steric demand of the H-atom reduces the tendency to form small
cycles. The HVNG-precursor contains a third NH-function at every second silicon
atom. This additional three-dimensional bonding leads to a higher average molec-
ular weight and a remarkable increase in viscosity in comparison to the VN- and
HPS-precursors.

7.1.3
Cross-Linking Behavior of Precursors

The cross-linking of the precursors to form an unmeltable thermoset is possible
by addition as well as condensation reactions and also depends on special func-
tional groups (Figure 7.3). Most of the commercialized non-oxide precursors,
such as silazanes and carbosilanes, contain Si-H and Si-vinyl functionalities,
respectively.
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Table 7.1 Molecular structure and resulting properties of different silazanes.

Precursor  Simplified molecular structure Average Viscosity at Ceramic
molecular 20°C (Pas) yield (%)
weight (1000°C
(gmol™) N,-atm.)

VN 255 0.004 62°

HPS **N*S‘i ~%N—S‘i— 440 0.05 73

CH, | CH, |,
[ cheeH,| [ W]
| o
HVNG *N—s‘i *N—s‘i— 920 29 82°
B NH n L CH, n

a By using of a radical initiator (e.g. dicumylperoxide [DCP]) for cross-linking.

[ RR’Si-NH ]n

NH; / H, elimination

R, R’= H, vinyl

R, R” = vinyl

condensation

hydrosilylation

polymerisation

isomerisation

Figure 7.3 Different kind of cross-linking reactions for silazanes.

Both condensation and addition reactions, to form a thermoset, usually start at

temperatures above 200°C A good thermal insulation is required. Furthermore,

low molecular precursors, such as VN or HPS can already boil at this temperature.
Cross-linking is only possible by using an autoclave under high pressure condi-
tions. By using a suitable radical initiator or catalyst, it is possible to reduce the

cross-linking temperature and to promote addition reactions. The desired hydrosi-
lylation (Si-H + Si-vinyl) and polymerization (Si-vinyl + Si-vinyl) reactions already
start at 100°C, which avoids the evaporation of oligomers. This approach lowers
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Figure 7.4 Polysilazane cross-linked at 300°C (N,): (a) only thermally; (b) with initiator.

5
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N NH;
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5 —_—
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N
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Figure 7.5 Differences in weight loss of a silazane precursor

with and without an initiator investigated by FTIR-coupled
TG-measurements.

the apparent effort for thermal insulation, provides for a bubble-free thermoset
(Figure 7.4) and leads to an increased ceramic yield after pyrolysis.

Figure 7.5 shows typical differences in the pyrolysis behavior of a low molecular
pure and initiator added SiCN-precursor, respectively. The pure precursor shows
a significant weight loss during cross-linking in the temperature range between
100 and 250°C, mainly based on the evaporation of low molecular oligomers. In
contrast, the use of an initiator leads to connection of smaller molecules with
larger molecules or with each other below the boiling point. A remarkable weight
loss starts at temperatures higher than 350°C due to further cross-linking by con-
densation of gaseous ammonia.

7.1.4
Pyrolysis Behavior of Precursors

Depending on the used precursor system, the pyrolysis starts at temperatures
higher than 400°C, characterized by the elimination of organic groups evaporated
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as methane, ethylene, and hydrogen (Figure 7.5). The polymer network will be
destroyed during this complex process and the amorphous ceramic is formed. The
composition of the resulting ceramic depends on the used pre-ceramic polymer
and the pyrolysis atmosphere.

The transformation of the precursor polymer into ceramics is also coupled with
remarkable shrinkage of the material (Figure 7.6). This is one of the most impor-
tant drawbacks of the precursor technology in comparison to the sintering of
ceramic powders (up to 20vol.-%). The curvature in Figure 7.6 indicates up to
400°C the typical thermal expansion of the polymer with increasing temperature.
Simultaneous to the first weight loss at 400°C (Figure 7.5), the material starts to
shrink rapidly during the transformation from the polymer state to amorphous
ceramics. This shrinkage is based on two effects. On the one hand, organic or
inorganic groups at the polymer backbone with certain sterical demand were sepa-
rated off. This weight loss results in shrinkage. On the other hand, many bonds
were broken and a denser but random network composed of, for example, Si, C,
and N atoms, were formed. This effect dominates the further shrinkage at tem-
peratures above 800°C, because only small amounts of residual hydrogen release
the amorphous system. With increasing temperature, the atoms can be adjusted
in an increasingly regular manner, which leads to a further shrinkage of about
10%. Finally, at higher temperatures, crystallization is initiated, depending on
both the used elementary composition as well as the pyrolysis atmosphere.

The shrinkage of the precursor during pyrolysis and the formation of gaseous
species avoid the processing of greater ceramic parts directly from the pre-ceramic
polymer. Therefore, the applications are limited to specimens with small dimen-
sions, such as ceramic fibers and coatings or on CMC materials, where the porosity
is filled by multiple infiltration/pyrolysis steps.

In accordance with the results from the TG-measurements and dilatometry, the
pyrolysis leads to a significant change in hardness and density (Figure 7.7). First
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Figure 7.6 Dilatometric measurement of the linear shrinkage
of cross-linked SiCN material during pyrolysis.



7.2 The Polymer Impregnation and Pyrolysis Process (PIP)

32+ ——
transition
28 po|ymer/ amorphous
ceramic "
/"'/.

—"

Density [g/cm?]
auljeishio

0 200 400 600 800 1000 1200 1400 1600 1800
Temperature [°C]

Figure 7.7 Density values of SiCN material after pyrolysis at different temperatures.

increase in density was observed up to 400°C because of a higher degree of
cross-linking. The strongest increase in density was measured during the transi-
tion from the polymer into the ceramics in the temperature range from 400 up to
800°C. The further compaction effect up to 1500°C is due to rearrangements
in the amorphous state. The last increase in density at temperatures higher than
1500°C in Figure 7.7 is based on the decomposition of the SiCN ceramic by the
loss of nitrogen and the formation of crystalline SiC.

7.1.5
Commercial Available Non-oxide Precursors

For a long time the use of non-oxide precursors in many markets was strongly
restricted by their relatively high prices, the variability, and the availability. In the
meantime, not only the techniques for processing of precursors were improved
but also a great variability of pre-ceramic polymers with different properties
(Table 7.2) for several applications was developed. Recently, KiO.N. Corp. (Clariant
GmbH, Germany) publicized a new method for the manufacture of polysilazanes
in great quantities at reasonable prices [4].

7.2
The Polymer Impregnation and Pyrolysis Process (PIP)

7.2.1
Introduction

CMCs are a class of technologically advanced materials, which have been devel-
oped in recent years for different industrial applications such as aerospace, energy,

7
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Table 7.2 Commercial available precursors (not complete).

Precursor name Resulting ceramic  Important Company
system properties®

KiON HTT 1800 SiCN Liquid Clariant GmbH"
KiON HTA 1500 slow or rapid cure  SiCN Liquid Clariant GmbH"
KiON ML33 SiCN Liquid Clariant GmbH"
KiON ML66 SiCN(O) Liquid Clariant GmbH"
KiON ML20 SiCN(O) Liquid Clariant GmbH"
Ceraset PURS 20 SiCN Liquid Clariant GmbH"
Ceraset PSZ 20 SiCN Liquid Clariant GmbH"
Ceraset Ultra SiCN Meltable solid ~ Clariant GmbH"
NL 120A-20 SiN Solution Clariant GmbH"
NN 120-20 SiN Solution Clariant GmbH"
SMP-10 SiC Liquid Starfire Systems®
MCs SiC Moldable Starfire Systems®
CVD-2000 SiC Solution Starfire Systems®
CVD-4000 SiC Solution Starfire Systems®
SOC-A35 SiCO Meltable solid ~ Starfire Systems®

a  For further information see data sheets.
b Clariant Produkte GmbH, Am Unisys Park 1, 65843 Sulzbach, Germany.
¢ Starfire Systems, 10 Hermes Road, Malta, NY 12020, USA.

and the automobile industry, due to their excellent mechanical strength, chemical
inertness, and heat resistance, along with their further features as lightweight
materials. Currently, studies for the application of CMCs in the design of future
controlled thermonuclear fusion reactors are being conducted.

As far as the basic materials are concerned, several types of ceramic matrices,
ceramic fibers, and also manufacturing technologies may be used for the produc-
tion of CMCs. The most important currently available CMC-qualities (fiber/matrix)
are:

Nextel/Al,O; or mullite (Al,05-SiO,) usable up to 1100°C*

e SiC/SiC usable up to 1300°C*
e C/SiC usable up to 1600 °C*#*
e C/C usable up to >2000 °C**

KX

* long term use, ** with oxidation protection.

In terms of processing, only multi-filament fiber bundles with small diameter
mono-filaments (5-20 um) can be used in the manufacture of long-fiber reinforced
ceramics. Commercially available fibers are:

e carbon fibers;
* oxide fiber types based on Al,O; (Nextel); and
 non-oxide fibers based on SiC (Nicalon, Tyranno).

In principle, the working temperatures of the SiC-based reinforcing fibers are
between 1000 and 1300°C of the oxide fibers at 1100°C and one of the carbon
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fibers up to more than 2000°C (in an inert atmosphere). These temperatures
depend significantly on the particular working time.

There are a variety of methods used to create the composite material. Often two
or more of these methods are combined. The methods used depend on architec-
ture of the fibers and matrix precursor chemistry. Problems include making a fully
dense matrix, reduction of cracking during processing, and producing the required
matrix at a low enough temperature so that the fibers are not damaged or even
destroyed. To manufacture CMC components, an infiltration process is required
to build up the matrix in between the fibers. Depending on the infiltration media,
it is a so-called gas phase or liquid phase infiltration process. All processes have
one thing in common: the infiltration media does not have the final composition
of the matrix material, which is generated in chemical reactions during processing
[34-37].

A particular process, the so-called CVI, is known and used on an industrial scale
for the manufacture of CMC materials. In addition, melt infiltration processes,
such as the liquid silicon infiltration (LSI-process), are used to build up CMC-
structures. These processes are described in detail in the other chapters in this

book.

7.2.2
Manufacturing Technology

An additional process, not yet used on an industrial scale, is being investigated
and developed. It is based on the wet infiltration of fiber rovings or preformed
fiber materials with not gaseous, but liquid, ceramic polymeric precursors in a
melted state or in solution. The so-called PIP process, used to manufacture CMCs,
is widely recognized as a versatile method to fabricate large, complex-shaped
structures. Compared with other ceramic composite fabrication processes, the PIP
process offers significantly greater flexibility. By utilizing low temperature forming
and molding steps typically used for manufacturing polymer matrix composites,
the PIP approach allows use of the same existing equipment and processing tech-
nologies. The infiltration of a matrix preform with a liquid ceramic precursor gives
a high-density matrix and permits many possible reinforcement geometries [38,
39].

7.2.2.1 Preform Manufacturing

The ability to fabricate preforms having the desired shape and architecture is of
primary importance in the CMC industry. There are a number of processes that
can fabricate such a complex shape (Figure 7.8), including:

e filament winding;

e hand lay-up of prepreg;

e braiding (in combination with stitching to generate three-dimensional
material);

e three-dimensional weaving [40].
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Figure 7.8 Preform manufacturing by: (a) filament winding;
(b) hand lay up of prepreg; (c) two-dimensional braiding;

(d) three-dimensional braiding; (e) two-dimensional stitching,
(f) three-dimensional stitching (EADS).
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Each of these techniques, combined with further processing, has its own
particular benefits such as low cost, fiber orientation and architecture, and size,
depending on the design and stress requirements of the particular application.
However, the high temperature treatments involved can lead to reactions between
matrix and fibers, which can adversely affect the strength of the composite.

7.2.2.2 Manufacturing of CMC

A carbon-fiber coating with thin protective layers is of crucial importance with
regard to the damage-tolerant fracture behavior of several fiber-reinforced ceram-
ics. For a C/SiC material, a coating of pyrolytic carbon (pyC) leads to an optimized
fiber/matrix interface to guarantee sufficient debonding of the fibers in the matrix.
This leads to the typical fiber pull-out or to a crack deflection in the interface
between fiber and matrix, and so to excellent mechanical characteristics of the
material (Figures 7.9 and 7.10) [41, 42].

The viscosity tends to be high in the ceramic precursors, making complete
infiltration and wetting of reinforcing fibers difficult. The infiltration can be done
by filament winding or vacuum impregnation using a polymeric matrix precursor.
Analogous to the manufacturing technique with carbon fiber reinforced plastics

R,
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Figure 7.10 Mechanism of “quasi-ductilizing” of a fiber-coated PIP-CMC [37].
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(CFRP), the structure is laminated either via pre-produced prepregs, filament
winding, or textile technologies, then compacted and finally cross-linked in an
autoclave at moderate temperatures between 100 and 300°C and pressures of 10
to 20 bars.

For the production of C/SiC material, a polycarbosilane with a high ceramic
yield of SiC is an allyl hydridopolycarbosilane, consisting of a chain of alternating
C- and Si-atoms, such as:

—SiH,-CH,—-SiHR—-CH,- SiH,—
Here R is equal to an allyl-group:

The length of the chain, as well as the frequency of the allyl-groups, defines the
viscosity of the polymer system. Because of the double-bond of the allyl-group, all
molecules get irreversibly cross-linked in the curing process in the autoclave. In
addition to the polycarbosilane precursor, different precursor polymers can be
used, which are converted into the ceramic matrix during the following high
temperature process (Figure 7.11).

Both the initial shaping and fabrication of the polymer composite are carried
out with low-temperature processing equipment. The subsequent transformation
of the pre-ceramic polymer into the ceramic matrix is provided by a high tempera-
ture treatment (pyrolysis) between 1100 and 1700°C, resulting in an amorphous
or nano-crystalline structure according to the pyrolysis conditions.

One problem of the PIP process appears during pyrolysis, which results in a
significant loss of weight of the precursor-polymer (up to 40%, depending on the
polymer). This is based on the evaporation of oligomers as well as solvents and

Polxsilane Polxcarbosilane Polxsilazane Polxsiloxane
R R R R

H R
Polymer _|_|_ _l_l_ l _|_—_
Precursors |S' |SI Tl |C _TI_ '|\l_ TI =
Curing R R R H R H R
(T=200 - 300°C
p= 10-20bar)
Pyrolysi
Amopiolg si—c—o s—N—c  s—o—¢
c(r:ysta"i_ne SiC, C, SiO, SiC, SisN, SiC, C, SiO,
eramic

Figure 7.11 Possible precursors for the production of C/SiC by ceramization [43].
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structural rearranging with evolution of gases, such hydrocarbons and hydrogen.
Simultaneously, the transformation of the polymeric material having a typical
density of about 1gecm™ into a ceramic material of higher density (2.5-2.7gcm™
of SiC precursors) implies a bulk contraction (volume reduction of the matrix)
with production of porosity, such as macro- and micro-pores in the matrix being
formed. Nevertheless, the microstructure is characterized by large interbundle
pores, which show a negative impact on the mechanical properties. Even micro-
cracks appear during the high temperature formation of the ceramic matrix.

The porosity can be reduced by repeating the polymer infiltration, the so-called
re-infiltration (or re-impregnation) and the pyrolysis processes several times. This
leads to significant reduction of the porosity and a simultaneously hardening of
the matrix. Mechanical characteristics of the composite, such as tensile strength
or shear strength, are improved with the number of re-infiltration steps until
reaching a maximum of strength. Unfortunately, almost four to eight or more
cycles are necessary to reduce the porosity and fill up the matrix to a satisfying
degree.

In order to overcome such a problem, a further known solution is to use, along
with the pre-ceramic polymer, inert “fillers” such as ceramic powders, for example,
SiC, which do not undergo bulk contraction during the thermal treatment and are
compatible with the matrix. Such powders are used because they allow the voids
in the fiber materials and among the material layers to be better filled to reduce
the total number of the necessary infiltration and pyrolysis cycles in the whole
process.

For C/SiC materials, the currently used inert fillers are commercially available
SiC powders of micrometric granulometry. However, such powders suffer from
further problems. These problems include the non-homogeneous distribution of
the powder, as the powder particles barely infiltrate the fiber bundles (typically
formed of 500-1000 fibers of 5-15um in diameter). The gaps among the fibers
are by two orders of magnitude narrower than the size of the fibers [43, 44].

Moreover, the amorphous or nanocrystalline nature of the matrix generated by
the pyrolysis of pre-ceramic polymers can be affected by the presence of crystalline
ceramic particles. This is especially so of particles with larger size, which influence
the mechanical characteristics of the resulting CMC. Recent developments have
dealt with the use of ceramic fillers of a nano-size diameter in combination with
the pre-ceramic polymer. In this case, the size of the ceramic particles is much
lower than the mean distance among the ceramic fibers. It also allows the gaps
between the single fibers to be filled in a generally homogeneous manner. Also
the amorphous or nano-crystalline structure of the pre-ceramic polymer matrix
is not substantially affected by the presence of particles that remain nano-metric
sized after the pyrolysis. The homogeneous dispersion of such nano-metric
powders into an initially amorphous matrix can act as a crystallization nucleus for
the matrix formation.

The advantages of using nano-metric powders are even more apparent if the
technique of liquid infiltration and pyrolysis is applied to three-dimensional fiber
preforms produced by textile technologies, such as braiding or weaving in
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combination with stitching. Only particles of extremely reduced size can be uni-
formly distributed in three-dimensional fiber preforms.

In addition, the active filler controlled pyrolysis (AFCOP process [43, 44]) can
be used to create a matrix product with an increased volume during ceramization.
In the ideal case, the shrinkage of the polymer system and the increase of volume
due to the active filler component can be compensated for (Figure 7.12). It is rela-
tively easy and can be used to produce matrices at low cost.

During the ceramization process, the component geometry constantly relies on
shrinkage so that all the geometries are feasible, which can be realized with clas-
sical CFRP technology. Optionally, the component may be finished by, for example,
turning, grinding, and coating with an anti-oxidation layer in a final production
step.

The overall PIP-process consists of the following single steps (Figure 7.13):

1. coating of fibers to create a weak fiber-matrix interface (ductilizing of fiber
matrix bonding);

2. infiltration of the fibers/fiber architecture with a pure polymer-system or a
powder-filled slurry system, e.g. via fiber winding, lay up of prepregs, or infiltra-
tion of textile fiber preforms by RTM (resin transfer moulding);

3. lamination of prepregs or joining of infiltrated parts, as well as forming if
necessary;

4. curing via temperature and pressure in the autoclave;

5. ceramization via pyrolysis (high temperature process in vacuum or inert
atmosphere);

6. multiple re-infiltration with a pre-ceramic polymer and following pyrolysis;
7. optional coating with an external oxidation protection system.

As can be seen, a CMC having improved mechanical characteristics, particularly
as far as density and homogeneity of the matrix is concerned, is still desired. It is
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Figure 7.12 Shrinkage mechanism of polymers [43, 44].
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also important for industry that such a material can be produced within industri-
ally practical times and costs, as well as with large enough thicknesses to be used,
for instance, as structural components in large plants.

The PIP process provides the following advantages:

e lower cost of the one-step PIP process route, compared to the multistage CVI
process;

e low schedule risk due to comparable short processing time;

o feasible for integral structure design due to the possibility of in-situ joining of
different pre-hardened single parts within the autoclave process;

e similarity in design, analysis, and manufacturing with conventional CFRP stan-
dards and low tool costs lead to cost efficiency.

However, one preferred CMC is certainly the C/SiC (carbon fiber reinforced
silicon carbide) because of its excellent thermal and mechanical properties in high
temperature applications for a limited lifetime. C/SiC is currently used for space
applications, such as heat shields or propulsion parts as well, as in the military
field because of the following characteristics [45]:

Material Features

e ultra-light weight
e high chemical and erosion resistance
e fast and low-cost near-net-shaping
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Table 7.3 Exemplary material properties of SICARBON in different fiber architecture.

S| CARBON Temperature Fiber Data
range (°C) orientation
Thermal expansion CTE  10°1/K  RT-1500 i 5/2
Thermal conductivity A W/mK RT-1500 L/l 6/14
Spec. heat capacity [ kJ/kgK RT-1500 - 0.6
Density p gem™ RT-1500 UD/0° 90° 1.8
Porosity vol% RT-1500 uUD/0° 90° 8
Tensile strength MPa RT-1500 UD/0° 90° 470/260
E-modulus E GPa RT-1500 uUD/0° 90° 80-90
Interlaminar-shear-strength MPa RT-1500 UD/0° 90° 11-20

e high temperature resistance (thermal shock)

« high flexibility in structural design

* potential reduction of component weight up to 60% (in comparison to the par-
ticular metal component).

Material Properties
A wide range of properties is adjustable, due to the free variation of fiber
orientation:

¢ permissible material temperature: — long-time use/short-time use
e thermal conductivity

e thermal expansion

« high stiffness

e high tensile strength.

For EADS-Astrium’s C/SiC material, produced via a PIP-process named SICAR-
BON, the following exemplary material properties can be obtained (Table 7.3).

73
Applications of the PIP-process

7.3.1
Launcher Propulsion

Due to advantages inherent in ceramic composites, currently engine manufactur-
ers and research institutes are stepping up their activities geared toward the use
of ceramics in rocket engine thrust chamber components. In view of the extreme
thermo-mechanical loads in the combustion chamber of liquid-propellant rocket
engines, previous developments mostly concentrated on the use of ceramic com-
posites in the less thermally loaded nozzle extensions. At EADS-Astrium, subscale
nozzles on the ratio of 1 : 5 for the Ariane 5 main engine “Vulcain” was made of
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PIP-C/SiC and also successfully tested on the research test bench P8 at DLR in
Lampoldshausen [46—48].
The objectives to use CMCs for rocket nozzle extension are:

« simplification of cooling design (active cooling — radiation cooling);
» reduction of component mass (high thrust-to-mass ratio);

e potential to increase the payload capabilities;

e substitution of metal materials to expand the operation temperature;
e increase the performance and reliability.

The high mechanical loads during the operation sequence of the rocket motor
require additional design measures, such as local C/SiC stiffeners at the outer
nozzle shell. Figure 7.14 shows two subscale test nozzles made by EADS-
Astrium’s PIP-C/SiC.

Figure 7.15 shows the Vulcain subscale nozzle during a hot test; temperatures
of up to 2300 K with extreme thermal gradients were measured.

The leap from subscale to large structures, such as the Ariane 5 upper-stage
engine Aestus nozzle, represented a particular problem. The process-induced
component shrinkage occurring during manufacture and as a function of the fiber
orientation had to be solved during production development, with a special empha-
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Figure 7.14 Vulcain subscale PIP-C/SiC nozzle extensions (ratio 1:5).
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Figure 7.15 Hot test of Vulcain subscale PIP-C/SiC nozzle extensions.
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Figure 7.16 Ceramic nozzle on test bench (left), during the
vacuum hot-firing test (middle) and during vibration test

(right).

sis on adherence to the geometrical tolerances. Based on the FEM and thermal
analyses, the required angle and the wall-thickness progression of the Aestus
nozzle were set via the winding technique in near-net-shape and lightweight
design, as for the Vulcain subscale nozzle. The loads occurring on launching the
Ariane necessitate providing a stiffening ring at the end of the nozzle.

Within the framework of the test program, the structural integrity and the
thermal load on the C/SiC nozzle extension were verified in a sine-load vibration
and vacuum hot-firing test. The test was performed at the DLR’s test facility in
Lampoldshausen (Figure 7.16).

7.3.2
Satellite Propulsion

Combustion chambers for apogee- and attitude-control engines for satellites are
currently made of refractory heavy metals such as rhenium, iridium, and plati-
num, due to their high resistance to chemical attack and the high service tempera-
ture. Besides high material and manufacturing costs, as well as the substantial
use of raw materials, heavy metals exhibit high density, amounting to more than
21 gem™. The potential offered by CMC as a structural material for small thrusters,
in addition to the benefits already mentioned as objectives in the nozzle extension
programs, lies in the clearly lower manufacturing costs compared to metal con-
struction. Further advantages are:

* simplification of the construction method by reducing the individual compo-
nents (single-piece construction), hence reduced test effort;

¢ increase in the permissible wall temperatures of currently 1900 to ~2200K (with
suitable layer system), hence increase of engine performance.

* reduction of engine mass of 30 to 50%.

In 1998, in order to study the use of composite ceramics (PIP-C/SiC) for small
thrusters, the first hot-firing tests were carried out at sea level with different C/SiC
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Figure 7.18 EAM PIP-SICARBON production model.

combustion chambers. The propellant compatibility (MMH/N,0,), diverse joining
concepts, and investigation of Environmental Barrier Coatings (EBCs) with regard
to long-term deployment and leakage, comprised the main areas of effort. Figure
7.17 shows the combustion chamber design and also during the hot-firing
operation.

Due to the low specific weight, the high specific strength over a large tempera-
ture range, the low CTE, the good chemical and erosion resistance with hypergolic
propellants, their good damage tolerance, and the feasibility of manufacturing a
single piece reinforced ceramic combustion chamber combined with a nozzle
extension, the Astrium’s LPI-C/SiC was defined as baseline material for the devel-
opment of the new European Apogee Motor EAM.

The natural micro-cracks and pores of reinforced ceramics and the associated
gas leakage has to be mastered. Figure 7.18 shows the prototype of the single piece
ceramic component.

In addition to propulsion applications, advanced two-dimensional-C/SiC based,
as well as oxide/oxide CMC materials, can be applied to hot structures and thermal
protection systems, which are suitable for future re-useable space transportation
vehicles. The particular PIP process of these products will allow the design and
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Figure 7.19 TPS components produced by PIP- = process.

manufacturing of complex and highly integrated components, for example, leading
edges, stiffened panels, nose caps, flaps and rudders, engine protection shields,
and so forth. (Figure 7.19) [47].

7.4
Summary

CMCs fabricated via the polymer infiltration and pyrolysis process are attractive
construction materials for lightweight applications at temperatures higher than
1000°C. It is possible to produce large-sized, and if required, complex as well as
thin-walled, high-temperature structures via the PIP process with a following
ceramization. C/SiC is especially suitable for high temperature aerospace applica-
tions, such as thermal protection systems (heat-shields) and propulsion compo-
nents. Current investigations have the objective of increased long-term resistance
and significant reduction of production costs.
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Oxide/Oxide Composites with Fiber Coatings
George Jefferson, Kristin A. Keller, Randall S. Hay, and Ronald |. Kerans

8.1
Introduction

Advanced aerospace applications require structural materials that are lighter,
durable, and capable of operation at higher temperatures. Ceramic matrix
composites (CMCs), also called ceramic fiber-matrix composites (CFMCs)
and continuous fiber ceramic composites (CFCCs), have structural capability at
temperatures above those for advanced intermetallics, and damage tolerance
far superior to monolithic ceramics [1, 2]. The most advanced CMCs use SiC
fibers and matrices, but are limited in lifetime by oxidation, particularly in
combustion environments and other environments with high pH,0, despite the
use of environmental barrier coatings (EBCs) [3-5]. Superior high-temperature
environmental stability can be achieved by using oxides for all constituents: fibers,
matrices, and fiber coatings. Oxide/oxide CMCs also tend to be less expensive than
SiC-SiC CMCs. However, reduced creep resistance and strength at high tempera-
tures limit the application of oxide/oxide CMCs. This is a direct consequence of
the creep resistance and high temperature strength of the current polycrystalline
oxide fibers (Table 8.1) [6, 7, 20]. Oxide/oxide CMCs also have higher thermal
expansions (CTE) and lower thermal conductivities than SiC. Component design
for high thermal gradients and transients (thermal shock) is therefore more
difficult [2].

The toughness of current commercially available oxide/oxide CMCs is a
consequence of the matrix fracture energy dissipation, by diffuse micro-cracking
in a porous matrix. The properties of these types of CMCs have been extensively
reviewed (Table 8.2, [21, 28-34]) and additional information is given in the
following chapter. Impressive mechanical properties are reported, but there are
limitations to the matrix-dominated properties as a consequence of the matrix
porosity. Poor interlaminar properties [22, 35-37], low thermal conductivity
[38-40], matrix permeability, and fretting and wear [41] are substantial concerns.
The temperature capability of porous-matrix CMCs is limited by the matrix
sintering temperatures; coarsening or densification of the matrix degrades CMC
toughness [23].
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Table 8.1 Constituent properties.

Comp. (wt %) Strength (Mpa) Modulus  Dens Dia. Creep  Expansion
(GPa) (g/cc)  (um) limit"  (ppm/°C)
Al,O, SiO, Filament* Tow® (°C)
Fibers
Nextel 610 >99 <0.3 3100 1600 380 3.9 10-12 1000 8.0
Nextel 650 89 - 2550 - 358 4.1 10-12 1100 8.0
Nextel 720 85 15° 2100 800 260 3.4 10-12 1200 6.0
Sapphire* 100 0 3100 2250 435 3.8 70-250 - -
Matrix constituents (fully dense properties)
Alumina 100 0 - - 380 3.96 - 8.1
Mullite 755 24 - - 220 3.16 - 5.0
a  Saphikon inc, c-axis single-crystal.
b In crystalline mullite phase.
¢ 2.5mm gauge length.
d 1% strain after 1000 hours @70MPa, single filament; Refs: fibers [6-16]; mullite/alumina: [6, 7, 14-19].

Table 8.2 Room temperature mechanical properties of porous matrix oxide/oxide CMCs.

Designation Fiber direction properties Off axis (matrix dominated) strength

E (Gpa) Prop.limit UTS  +45°  In-plane Interlaminar Trans-

(MPa) (MPa) (MPa) shear shear (MPa) thickness
(MPa) (MPa)
COI-610/AS 124 - 366 - 48.3 15.2 -
GE-610/GEN-IV 70 100 205 54 27 - 7.1
UCSB-610/M 95 - 215 - - - -
UCSB-720/M 60 80 150 28 - 10 -
COI-720/AS 75.6 - 220 - 31 11.7 2.7
COI-720/A-1 75.1 50 177 - - - -

S. Butner, Personal Communictaion; References [21-27].

The logical approach to improving the matrix-dominated properties is through
the use of a dense matrix with an engineered fiber-matrix interface [29, 42]. The
toughness of dense-matrix oxide/oxide CMCs is a consequence of matrix crack
detection at the fiber-matrix interface, and subsequent fiber pull-out [29, 42, 43].
Typically, this is accomplished by engineering the fiber-matrix interface through

the use of fiber coatings.

The objective of this chapter is to review recent progress in oxide/oxide CMCs
that utilize fiber coatings. The review will focus on high-temperature (>1000°C),
dense-matrix oxide/oxide CMCs, which excludes CMCs with glass or glass-ceramic

matrices and fibers.
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8.2
Applications

The improved interlaminar properties, hermeticity, wear resistance, and other
matrix-dominated properties of dense matrix oxide/oxide CMCs, are expected to
eventually drive their transition to some of the applications currently under devel-
opment for the more mature porous-matrix CMCs. Recent field tests of a combus-
tor outer liner for over 25000 hours in a Centaur 50S (Solar Turbines) gas turbine,
demonstrate the potential of porous-matrix oxide/oxide CMCs (Figure 8.1) [44—46].
Exhaust components of interest include nozzle flaps for a fighter aircraft [38] and
lightweight helicopter exhaust ducts that insulate and protect the surrounding
structure [47]. Other components include the seal-casing shroud and stationary
vanes [48] in a turbine engine. Rotating components are currently not under con-
sideration because of the modest high temperature strength and creep resistance
of current oxide fibers.

In current oxide CMC applications, the primary part loading is in-plane, which
is in the fiber direction and therefore the best-strength orientation for the CMC.
However, the interlaminar and off-fiber-axis strength of current CMCs is so much
lower than the fiber-direction strength (in-plane) (Table 8.2), that interlaminar
failure is a design limiting issue [49, 50]. It is this limitation that is driving the
development of dense matrix composites.

8.3
CMC Fiber-Matrix Interfaces

A tough dense matrix CMC requires crack deflection at or near the fiber-matrix
interface, and fiber pull-out afterwards. Therefore, the fiber-matrix interface must

Figure 8.1 Oxide/oxide combustor inner and outer liners
fabricated by ATK-COI Ceramics (Photo courtesy of ATK-COI
Ceramics).
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be weak relative to the fiber, which is important because virtually all fabrication
processes degrade the fiber strength to some degree. Fiber-matrix interface issues
are briefly reviewed in this section. A comprehensive review of CMC fiber-matrix
interfaces is available elsewhere [42].

8.3.1
Interface Control

Dense matrix CMCs use a fiber-matrix interface that is engineered to be weak
(Figure 8.2a). A matrix crack that approaches a coated fiber is deflected either at
the matrix-coating interface, within the coating layer, or at the coating-fiber inter-

fiber-matrix ‘
debond

b) ©)

Figure 8.2 (a) Schematic showing toughening (c) fracture surface of Nextel 650/alumina
through crack deflection at the fiber-matrix composite with no interface coating after heat
interface; (b) SEM micrograph of fracture treatment at 1200°C. Absence of crack
surface of Nextel 610/monazite/alumina deflection mechanism led to brittle failure in
composite, heat treated at 1200°C for 5 (c).

hours, showing extensive fiber pull-out;
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face. The fiber ultimately fractures at a point out of the matrix crack plane, and
pulls out of the matrix with continued loading. Fiber pull-out requires some load
to overcome friction, which in turn can be affected by the fiber surface roughness.
A fracture surface showing fiber pull-out in a Nextel 610/monazite/alumina CMC
is shown in Figure 8.2b. For comparison, a fracture surface of a brittle Nextel
650/alumina composite, with almost no fiber pull-out, is shown in Figure 8.2c.

The optimal interface properties, such as coating thickness, friction, and pull-out
lengths, depend on the CMC constituents. General fracture mechanics guidelines
for crack deflection usually refer to the He and Hutchinson criteria; the ratio of
the interface and fiber fracture energies must be less than 0.25 when the fiber and
matrix are of similar elastic modulus [51, 52]. A more comprehensive discussion
of these criteria is given elsewhere [42, 53, 54].

The design and evaluation of oxide fiber coatings for controlled interface proper-
ties is complex. Carbon (C) and boron nitride (BN) are the usual fiber coatings,
but they have poor oxidation resistance. The accumulated understanding of CMCs
based on C and BN coatings provides a good foundation for oxide coating design.
However, oxide coatings can also be expected to have major differences with C
and BN. Oxide coatings are less compliant, so the optimal coating thicknesses are
likely to be thicker [55]. Even with thick coatings, the low friction achievable with
C and BN is probably unattainable.

Despite the challenges, monazite coatings (LaPO,) have been definitively dem-
onstrated to deflect matrix cracks and substantially improve alumina-based CMC
properties [56, 57]. Use of monazite fiber coatings in Nextel 610 reinforced alumina
matrix CMCs increased life by over two orders of magnitude compared to a CMC
with no coating [57]. These composites did have a porous matrix so that, while the
effectiveness of the coatings was established, the expected improvement in matrix-
dominated properties, to be gained with a dense matrix, was not demonstrated.

83.2
Fiber Coating Methods

Coatings have been deposited on ceramic fibers by a variety of methods, including
solution/sol/slurry precursors [58-60], chemical vapor deposition (CVD) [61-64],
and electrophoretic deposition (EPD) [65, 66]. The process choice is often dictated
by the coating material. CVD has been successful for the production of C and BN
coatings [67-70]. However, it is difficult to continuously deposit fiber coatings of
multi-component oxides with the correct stoichiometry using this process. EPD
requires a conductive substrate, and is better suited to batch coating of cloth and
preforms.

Liquid precursor (solution/sol/slurry) coating techniques have been the most
successful for the deposition of multi-component oxides on continuous oxide fiber
tows [59, 71-73]. A typical fiber coater is shown in Figure 8.3a [59, 74]. An immis-
cible liquid floating on the coating precursor can aid in removal of excess sol,
allowing discrete coating of individual filaments, with minimal bridging of the
coating between filaments and crusting of the coating around the tow perimeter
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Figure 8.3 (a) Fiber coating apparatus utilizing immiscible
liquid solution [72]; (b) typical monazite (LaPO,) coatings
produced using the high volume fiber coater. The coatings are
relatively uniform with very little bridging between the fiber
tows.
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(Figure 8.3b). The sol chemistry must be carefully controlled to avoid fiber degra-
dation [72, 73, 75]. Multiple coating passes (2-5) are generally needed for deposi-
tion of coatings greater than 100nm in thickness. A high volume fiber coater has
recently been developed by UES, Inc. that deposits multiple coating layers in one
coating run. This decreases both the coating cost and time. The use of an immis-
cible liquid is unnecessary because the fiber tow passes over many rollers that
break up coating bridges and fins.

Bridging and crusting of the coating is also a major problem in dip coating of
fiber cloth and preforms. Fiber tows can be coated prior to weaving into cloth [76].
There is a possibility that the coating will be damaged during weaving, but this
can be minimized by appropriate fiber sizing. The deposition of monazite coatings
on cloth has recently been demonstrated by a precipitation process (Figure 8.4)
[77]. These coatings are much more uniform than those made by the continuous
coating process. If acceptable coated fiber strengths are achieved, it is expected
that this process will be very attractive for cloth and preform coating.

Another recent approach to cloth and preform coatings uses a hybrid technique
[29, 78]. The fabric is initially coated with carbon using a solution. After matrix
processing, the carbon is burned away, leaving a slight gap at the fiber-matrix
interface. The composite is then infiltrated with a monazite precursor solution,
which fills the gaps.

Coated fibers are generally characterized for coating thickness, uniformity,
composition, microstructure (including porosity), and single fiber strength.
Coating characterization is challenging and often requires both SEM and TEM.
TEM sample preparation requires specialized procedures [79, 80]. Coating thick-
ness uniformity can be quantified for some coatings using SEM image analysis
and statistical methods [81].

Figure 8.4 Polished cross-sections showing discrete monazite
coatings deposited onto Nextel fabric. The coatings, shown as
brighter halos around the fibers, are uniform with very little
bridging.
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The strength of the coated fiber is critical, since significant degradation can
occur during coating [71-73, 75, 82]. Tow testing and single filament testing are
both used [17, 83]. Smaller strength variations can be measured by single filament
testing. Fiber coatings may also protect fibers from damage during processing.

833
CMC Processing

As oxide fiber coating technology matures, processes to produce dense oxide
matrices must be developed to make best use of the coated fibers. Achieving high
matrix density in CMCs is complicated by the continuous fibers. The one-dimen-
sional constraint introduced by fibers inhibits densification [84, 85]. Furthermore,
temperatures, pressures, and chemistries are limited by the need to avoid damag-
ing fibers. This situation is further aggravated by fiber cloth (two-dimensional) and
three-dimensional fiber reinforcement. Fiber cloth imposes densification con-
straints in two dimensions, but allows some shrinkage in the third, while three-
dimensional fiber preforms do not allow shrinkage in any direction. Since some
porosity is usually unavoidable, processing options are restricted to deciding how
best to distribute the void volume. This benefits the processing of porous matrix
composites, but improved processing methods are required for dense-matrix
CMCs with engineered fiber-matrix interfaces.
Oxide/oxide CMC processing typically involves the following steps:

. coating fibers (Section 8.3.2)

. arranging fibers in the desired architecture
. matrix green body formation

. consolidating the matrix

. final machining

Ul AW N =

If fiber preforms are used, step 2 precedes step 1. Matrix forming techniques
(step 3) include pressure infiltration, pre-pregging followed by vacuum bagging/
autoclaving and EPD. After green body formation, CMCs are consolidated (step
4) using pressureless sintering, hot pressing, or hot isostatic pressing (HIPing).

Hot pressing or HIPing can provide a dense oxide matrix composite. For
example, fully dense Al,O;-LaPO, matrices have been created by hot pressing, as
a demonstration, using sapphire fibers [86]. However, the current engineering
grade oxide fibers (Nextel series, Table 8.1) will not survive the required 1400°C
process temperature needed for full density. Therefore, lower processing tempera-
tures are required. In most cases, the oxide composite is pressureless sintered and
then re-infiltrated with a sol, solution, slurry, or a gaseous oxide precursor to
increase the matrix density.

Re-infiltration with a liquid ceramic precursor typically requires many infiltra-
tion steps, since only small increments in densification result from each step. This
is directly related to the rheology and ceramic yield of the liquid precursor. For
example, alumina sols are limited to about 8 vol.-% solid yield per step before
becoming too viscous for infiltration [87]. Furthermore, the ultimate densification
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is limited as the matrix porosity becomes increasingly difficult to infiltrate with
each step [87, 88]. Recently, a novel infiltration technique, using an aqueous CrOs;
solution, has been investigated [89, 90]. During heating, the solution deposits as
solid Cr,0; on the porous matrix surfaces. The aqueous CrO; solution has a lower
viscosity and a higher solid yield per infiltration step than other ceramic sols.
Composite matrix porosity as low as 15% has been achieved using this method.
However, it should be noted that toxicity concerns may limit the practical use of
chromia as a composite matrix [91].

Other processing techniques include directed metal oxidation and reaction
bonding. Some fiber coatings, such as rare earth orthophosphates, are carbother-
mally reduced at about 750°C [92] and require processing methods that avoid low
pO,. These methods are reviewed in more detail elsewhere [34, 93].

8.3.4
Fiber-Matrix Interfaces

Interpretation of results on interface control is complicated. It is difficult to dis-
tinguish between the absence of fiber-matrix crack deflection and the strength
degradation of fibers [94]. It can also be difficult to distinguish between fiber-
matrix crack deflection and porous-matrix distributive damage mechanisms. These
factors make careful choice of control specimens (with no fiber coatings) and tests
important, to properly evaluate the effect of fiber coatings on CMC mechanical
properties.

8.3.4.1 Weak Oxides

Monazite and xenotime rare earth orthophosphates satisfy the crack deflection and
fiber pull-out criteria for CMCs, and have been definitively demonstrated in high
fiber volume fraction CMCs [57, 70, 95, 96]. Monazite (LaPO,) is the most widely
studied, having a high melting point (>2000°C) and is stable with oxides such as
alumina [95, 97, 98]. It also bonds weakly with many oxides, particularly alumina,
is relatively soft for a refractory material, and is machinable [95, 99]. Morgan and
Marshall first demonstrated the functionality of monazite as a fiber-matrix inter-
face [95]. The importance of plastic deformation and the relative softness of mona-
zite have been demonstrated by characterization of pushed-out monazite-coated
single-crystal fibers. The monazite coating was intensely plastically deformed, but
the surrounding matrix and fiber were not deformed [100]. Five deformation twin
modes have been identified in monazite [101, 102] and other interesting plastic
deformation mechanisms, including dislocation climb at room temperature, have
been described [103, 104].

Mechanical testing, either tensile or flexural, of CMCs with high volume frac-
tions of monazite-coated fibers are listed in Table 8.3. Monazite coatings increased
the strength and use temperatures for Nextel 610, porous alumina matrix CMCs
[57]. CMCs with monazite fiber-matrix interfaces lost about 30% of their tensile
strength after 100 hours and 1000 hours at 1200°C; control samples lost more
than 70 % of their strength after only 5 hours at 1200°C [57]. Fractography showed
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Table 8.3 Oxide/oxide composites with weak oxide interface coatings.

Fiber* Matrix Fiber Vf (%) Comp. Testtype Test UTS (MPa) Ref.
Coating arch. density condition®
(%)
LaPO, Al O, 0° 20° 70-75  Tensile RT 198 + 12 [57]
RT, after 143+ 7
1200°C,
100h
Uncoated AlLO; 0° 20¢ 70-75 RT 45+ 20
LaPO, AlLO, 0° 20° 70-75  Tensile RT 168 £10.5 [57]
1200°C 167 £2.5
Uncoated AlLO, 0° 20° 70-75 RT 93 +6.4
1200°C 100 £ 26
LaPO, AlLO, 8HS 40 ~87 3-pt. bend RT (3pt. 226 [105]
bend)
LaPO, AS¢ 8HS - - Tensile RT ~140 [106]
Uncoated AS? 8HS RT ~210
In-situ LaPO, Al,0;-LaPO, 8HS 40 ~80 Tensile RT 200-250 [86, 109]
CaWoO, Al,05-CaWO,  ©0° ~80 Tensile RT ~350 [56, 110]
NdPO, (Nextel ~Mullite + 8HS 35 ~86 4-pt. bend RT 235+32  [107, 108]
720) 5wt.-% ZrO, 1000°C 23417

1200°C 233 £33
1300°C 230+ 41

an o e

All fibers Nextel 610, except NdPO,.

RT = room temperature test; HT = high temperature test.

Composite strengths normalized to a Vi = 20%. Actual V;ranged from 18-35%, although most ~18-25%.
Aluminosilicate matrix from COL.

extensive fiber pull-out of monazite coated fibers, with evidence of monazite
smearing, diagnostic of plastic deformation (Figure 8.5) [100]. Tensile strengths
at 1200 °C were similar to those at room temperature. Control samples were brittle,
with no fiber pull-out.

Monazite coating functionality was confirmed for monazite-coated Nextel 610
and Almax fabrics in relatively dense matrix CMCs [96, 105]. By hot pressing at
high temperatures (=1200°C), composite densities between 80 and 90% were
attained. LaPO,-monazite coatings were not successfully evaluated in Nextel 312
and Nextel 610/aluminosilicate matrix CMCs [106]. Fiber strength degradation
during fiber coating may be responsible for this result. CMCs with NdPO,-mona-
zite fiber-matrix interfaces have also been evaluated [107, 108]. The CMCs were
about 86 % dense and tested using 4-pt. flexure at high temperature. The strengths
were about 235MPa at room temperature; this was retained up to 1300°C. The
strength decreased to less than 15 % after 300 thermal cycles to 1150°C.

An in-situ monazite coating was developed for porous matrix Nextel 610-based
CMCs [86, 109]. The coating was formed from an alumina matrix precursor mixed
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4pm 1pm

Figure 8.5 SEM micrographs showing Nextel 610/monazite/
alumina fracture surface: (a) The monazite coating (lighter
phase) can be seen between the fiber and matrix; (b)
Deformation of the monazite in the trough appears as
smearing of the coating.

with about 10 to 20 vol.-% monazite precursor during CMC fabrication. The CMC
had higher damage tolerance and reduced notch sensitivity compared to control
samples. Monazite was also dispersed throughout the matrix; the effect of this
dispersion on matrix-dominated properties was not characterized.

Scheelite (CaWO,) fiber-matrix interfaces were demonstrated for Nextel 610/
alumina CMCs [56, 110]. Relatively dense (>80 % dense) unidirectional CMCs had
tensile strengths approaching 350 MPa and strain-to-failure of about 0.25 %. Some
debonding at the fiber-matrix interface was evident from fractography.

8.3.4.2 Porous Coatings and Fugitive Coatings

A porous fiber coating can, in principle, function like a porous matrix, but with
less effect on the matrix-dominated properties. There are several limited studies
of porous coatings, including zirconia-silica [111], ZrO, [112], and rare-earth alu-
minates [113]. The term fugitive is used for fiber coatings that are removed after
CMC fabrication. Carbon is the obvious choice. Carbon coated fibers can be incor-
porated in oxide/oxide CMCs and then oxidized, leaving a gap at the fiber-matrix
interface [114]. Functional fugitive coatings were shown for sapphire-reinforced
yttrium-aluminium garnet and for Nextel 720/calcium aluminosilicate glass-
ceramic CMCs [114]. Push-out testing was used for both CMCs. Tensile testing
of the Nextel 720 CMCs found higher strengths (92 = 42MPa) in comparison to
control samples without a fugitive interface (22 £ 3MPa). The initial carbon
coating thickness was found to be very important. Fugitive carbon coatings were
also examined for the small diameter Nextel 610 fibers in a mullite matrix [37].
These coatings were not successful due to incomplete coverage of the fibers.
Duplex fugitive carbon + ZrO, fiber coatings have also been reported [64, 115, 116].
CMCs with fugitive fiber coatings may sacrifice strength, stiffness, and thermal
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conductivity in directions perpendicular to fibers, as compared to CMCs with
dense fiber-matrix interfaces and matrices. This may inhibit selection of such
CMCs for some applications.

8.3.4.3 Other Coatings

Research has been conducted on other fiber-matrix interface concepts. Other
coatings include easy-cleaving coatings, such as phyllosilicates [117, 118], hexalu-
minates [119], and layered perovskites [120] and ductile coatings such as platinum
[121, 122]. A commercial product, “Soft-Cera,” is available from Mitsui-Mining
Materials Corp. It consists of 22 vol.-% Almax fabric (Al,05) with a ZrO, coating
and a porous alumina matrix [123, 124]. Initial reports indicate relatively low
strengths of 50 to 60MPa and little effect of gauge length on the composite
strength.

8.4
Summary and Future Work

Porous matrix oxide/oxide CMCs, useful at temperatures up to about 1200°C, are
commercially available. The matrix-dominated properties of these CMCs are
modest, and limit application of such CMCs. Dense matrix oxide/oxide CMCs with
engineered fiber-matrix interfaces and improved matrix-dominated properties
have greater application potential. The functionality of rare earth orthophosphate
fiber-matrix interfaces has been definitively demonstrated. These fiber coatings
may also benefit porous matrix oxide/oxide CMCs if the fiber is subject to envi-
ronmental attack in a combustion environment. Hermetic monazite (LaPO,) coat-
ings are being developed to protect fibers from aggressive environments [125].
Insertion into many applications may also require increased sophistication in
CMC design, such as component-specific fiber architectures with reproducible
economical processing, and improved processing methods for three-dimensional
densification constraints.

Current oxide/oxide CMCs are limited in use temperature by the capabilities of
commercially available oxide fibers. There are clear approaches to the development
of higher temperature, fine diameter oxide fibers. Yttrium-aluminium garnet and
mullite have creep resistance and micro-structural stability superior to current
alumina based fibers. Preliminary research demonstrates the potential of such
fibers [6, 7, 126-128]. Commercialization of such fibers will improve the maximum
use temperatures and will allow for matrix densification processing at higher
temperatures.
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All-Oxide Ceramic Matrix Composites with Porous Matrices
Martin Schmiicker and Peter Mechnich

9.1
Introduction

Ceramic materials generally display excellent temperature stability, high hardness,
and good corrosion and erosion resistance. However, monolithic ceramics are
delicate structural materials due to their inherent brittleness. Many efforts have
been made during the last two decades to overcome this problem. To achieve
damage tolerant and favorable failure behavior reinforcing components, such as
Zr0, particles [1], whiskers or chopped fibers [2]), and continuous fibers were
employed, the latter showing the most promise [3]).

Ceramics such as nitrides, carbides, borides, or carbon achieve high strength
and excellent creep resistance up to elevated temperatures, due to their predomi-
nant covalent bonding. However, the fundamental drawback of these materials is
their susceptibility to oxidation. Thus, for many years, every endeavor has been
made to extend the lifetime of non-oxide materials, in particular non-oxide Ceramic
Matrix Composites (CMCs), by protective coatings [4]. Long-term oxidation protec-
tion is hard to obtain as a matter of principle, particularly when the coated com-
posites are used under cyclic thermal or mechanical load. As a consequence, there
is an increasing interest in oxide fiber-oxide matrix ceramics (oxide/oxide
CMCs) as structural materials for high temperature applications in oxidizing
atmospheres.

Although Dboth constituents of fiber-reinforced ceramics, that is, ceramic
fibers and ceramic matrices, are brittle, the composites display quasi-ductile
deformation due to mechanisms such as crack deflection, crack bridging, or fiber
pull out [5]. A premise for these mechanisms to work is debonding between
fibers and the matrix under mechanical load. To achieve weak fiber-
matrix bonding, either suitable fiber coatings have to be employed, for example,
cleavable, porous, and low toughness materials (“weak interphase” approach), or
alternatively, highly porous matrices (“weak matrix” approach) may be used.
Materials making use of the porous matrix concept exhibit only a few local
fiber-matrix contacts and hence debonding at the fiber-matrix interface is
easily achieved [6].
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Table 9.1 Requirements of hot-gas conducting structures.

Monolithic  Monolithic  Non-oxide Oxide

non-oxide oxide cMC cMC
ceramics ceramics
Sufficient strength at elevated temperature  + (@) + ©)
Oxidation resistance - + — +
Thermal shock resistance - - + +
Graceful failure behavior - - + +

+, good; O, suitable; —, insufficient.

Current and future applications of oxide/oxide CMCs are focused on gas turbine
technology (e.g. combustor liners, nozzles, vanes), space transportation (e.g. heat
shields for re-entry space vehicles), chemical engineering and metallurgy (e.g.
burner nozzles, catalyst supports, filters, kiln furniture), and energy conversion
(e.g. absorbers and heat exchangers of solar power plants). In Table 9.1, the prop-
erties required for hot gas conducting structures are compiled, showing how the
different groups of materials (oxide, non-oxide; monolithic, CMC) can fulfill the
demands. It turns out that oxide/oxide CMCs have the potential to make the best
compromise.

9.1.1
Oxide Ceramic Fibers

In order to achieve strength values as high as possible, a fiber microstructure
characterized by nano-sized grains is preferred. This is derived from the Hall-
Petch-like correlation between strength and crystal size with 6 < d™*° (6 = strength
and d = grain diameter) [7]. Though nano-crystalline fibers have high strength
values at room temperature, thermal and mechanical stability at elevated tempera-
tures often decreases because of creep and grain coarsening effects. Thus, the
grain size is a key feature for tailoring the fibers’ mechanical properties.

It is instructive to compare microstructure and properties of the most used
commercial fibers Nextel 610 and 720, both fabricated by 3M, St Paul, MN (USA).
Nextel 610 consists of single phase o-alumina with an average grain size of
=80nm. However, Nextel 720 consists of a mullite/alumina phase assemblage
with a bimodal grain size distribution: =80nm alumina grains co-exist with
=~350nm mullite crystals. Due to their phase composition, the room temperature
strength and Young’s modulus of Nextel 610 fibers are significantly higher than
those of Nextel 720. However, the creep rate of Nextel 720 is about four orders of
magnitude lower with respect to Nextel 610. Temperature-dependent grain coars-
ening and related strength degradation of Nextel 610, 650 (a less used Al,0;/ZrO,
fiber), and 720 fibers are depicted in Figure 9.1. In general, the onset temperature
of grain coarsening is =1200°C. However, relative strength degradation depends
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Figure 9.1 Room temperature strength, microstructure and
grain size of different Nextel fiber types 610, 650 and 720 after
isothermal firing (1h).

on the starting grain size as the driving force of coarsening. Thus strength deterio-
ration of Nextel 720 is less pronounced than in Nextel 610 and 650.

9.1.2
“Classical” CMC Concepts

The fiber bundles or fabrics have to be introduced homogeneously in suitable
oxide matrices (typically alumina, mullite, yttrium aluminum garnet (YAG), and
glass ceramics). This is commonly achieved by the liquid phase impregnation of
fiber tows or fiber fabrics using dispersed particles (“slurries”) polymers, sols, or
combinations thereof. Subsequently, the conversion to ceramic bodies is carried
out by evaporation of the carrier liquid, pyrolysis, or gelation and a final sintering
step.

The preparation of fairly dense and defect-free crystalline matrices is challeng-
ing: On the one hand, sintering temperature should not exceed 1300 to 1350°C,
in order to avoid fiber degradation (see above). On the other hand, fibers and fiber
fabrics tend to form rigid networks that may inhibit the sintering process. Thus,
matrix shrinkage within the rigid fiber network typically leads to a high amount
of matrix cracks [5]. To some extent, matrix cracks and porosity caused by shrink-
age within the rigid fiber skeleton can be reduced through consolidation via
unidirectional hot-pressing or by hot-isostatic pressing (HIP). However, while
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unidirectional pressing is suitable for structures of simple shape only, HIP is a
complicated and costly method. A possible alternative to overcome the shrinkage-
related problems is matrix processing via reaction-bonding, using non-oxide, for
example, Al metal powders as starting materials, such as (RBAO) reaction bonded
aluminium oxide and (RBM) reaction bonded mullite [8, 9]). The principal idea of
this method is that the volume gain due to oxidation should compensate for the
sintering-induced shrinkage. Although simple in theory, the RBAO process is
complicated, due to the low temperature melting of aluminium and the formation
of transient alumina, and also because oxidation and sintering proceed at different
temperatures. In the case of RBM, the process requires temperatures of =1550°C
[9], which is much too high for CMC processing using polycrystalline oxide fibers.
Though mullite formation can be significantly accelerated using suitable additives
(CeO,, Y,03) [10], the transient liquid phase, which is then involved, will react with
the fiber surfaces.

It is generally accepted that debonding at the fiber-matrix interface is the pre-
condition for energy dissipating mechanisms, such as crack deflection, crack
bridging, and fiber pull-out. Thus, the interface strength must be weak enough to
facilitate the above-mentioned mechanisms, yet strong enough to enable a load
transfer between fibers and matrix and to provide sufficient cohesion in transverse
direction. To tailor the interfacial characteristics of CMCs with dense matrices,
suitable fiber coatings have been suggested. These interphases must not react with
the fiber and the matrix during processing and under service conditions [5]. In the
ideal case, the fiber coating provides optimum interface strength and fracture
toughness and protects the fiber against mechanical damage during CMC process-
ing. The status quo of interface engineering is compiled in the previous chapter of
this book.

9.2
Porous Oxide/Oxide CMCs without Fiber/Matrix Interphase

As implied above, CMC concepts with dense matrices reveal many unsolved prob-
lems. Though much effort was made, particularly in the field of fiber coating and
composite processing, many questions still remain. In the open literature, there
is virtually no example of oxide/oxide CMC with fiber coating and dense matrix
produced at a technical or pilot-plant scale. Research activities are mainly restricted
to so-called micro- or mini-CMCs consisting of one fiber or one fiber tow, respec-
tively. These CMCs are relatively easy to fabricate and apt for rapid evaluation,
though the interpretation of mechanical properties may be misleading [11].

As an alternative to oxide/oxide CMCs with dense matrices and fiber-matrix
interphases, composites with porous matrices without interphases have been
developed since the mid-1990s [12]. The porous matrices typically consist of
alumina or aluminium silicates. The bonding between a porous matrix and the
incorporated fibers typically is weak, thus leading to matrix crack deflection along
the fiber-matrix interface. Moreover, the matrix strength is too low to allow stress
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transfer into the fibers high enough to fracture them. The macroscopic deforma-
tion and fracture behavior of porous matrix CMCs is similar to “classical” dense
matrix-coated fiber CMCs. However, in contrast to these materials, manufacturing
of porous matrix composites is more simple and inexpensive, since both costly
fiber coatings and elaborate matrix densification techniques are not required. For
these reasons, porous matrix CMCs are highly attractive materials. Detrimental
effects with respect to CMCs with dense matrices have lower compressive strength,
inherent permeability, and lower wear resistance [13, 14].

Figure 9.2 shows the microstructure of a porous oxide/oxide composite com-
pared to a CMC with dense matrix and a fiber-matrix interphase.

To date, major research and development activities on oxide/oxide CMCs with
porous matrices are conducted by the University of California (UCSB), the German
Aerospace Center (DLR), and the University of Bayreuth (Germany). Meanwhile,
porous matrix CMCs are commercially available inter alia from ATK-COI ceramics

Figure 9.2 Scanning electron micrographs of a conventional
CMC with dense mullite matrix obtained by hot-pressing and
BN fiber coating (top) compared to a porous matrix CMC
(bottom).
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Table 9.2 Oxide fiber/mullite matrix composites: fabrication and main characteristics.

Fabricating institution Infiltration Shaping of Fibers Matrix Status
techniques of  components
fiber bundles
or fabrics

ATK-CO.I. Ceramics,  Slurry and Laminating of ~ Nextel 720, Aluminosilicate, Commercial
San Diego, CA polymer woven Nextel 610 alumina (porous)

(USA) fabrics,
filament
winding

University of Slurry Laminating of ~ Nextel 720 Aluminosilicate Laboratory
Bayreuth woven fabrics (porous) scale
(Germany)

DLR (Germany) Slurry Filament Nextel 720, Alumina, Pilot scale

winding Nextel 610 aluminosilicate
(porous)

University of Slurry and Laminating of ~ Nextel 720 Aluminosilicate/ Laboratory
California, Santa polymer woven fabrics zirconia (porous) scale
Barbara UCSB (with fillers)

(USA)
Pritzkow (Germany)  Slurry Laminating of ~ Nivity, Nextel Aluminosilicate Commercial
woven fabrics 440

Duotherm Slurry Filament Nextel 720, Alumina (porous)  Commercial

Isoliersysteme winding Nextel 610

GmbH (Germany)

(USA), Pritzkow Spezialkeramik, and Duotherm Isoliersysteme GmbH (both
Germany), the latter manufacturing CMC materials under license from DLR.
Table 9.2 gives an overview of recent activities on all-oxide fiber-reinforced CMCs
with porous alumina or aluminosilicate matrices.

9.2.1
Materials and CMC Manufacturing

Similar processing techniques were described for porous matrix oxide/oxide
CMCs by UCSB, University of Bayreuth, and ATK-COI [6, 15-17]). First, ceramic
textile preforms (typically woven Nextel 610 or 720 fabrics) are infiltrated by a
matrix slurry. Vacuum-assisted infiltration may be used to enhance this prepreg
fabrication process. Next, the prepregs are stacked to form laminates. The lami-
nates can be molded and subsequently sintered in air at moderate temperatures
(1000-1200°C). The matrix of these CMCs typically consists of alumina or mullite
grains bonded either by a siliceous gel, colloidal alumina, or colloidal mullite. In
the UCSB processing route, the sintered panels subsequently are subjected to
several impregnation cycles with AlL,(OH)sCl solution, followed by gelation and
pyrolysis, in order to increase the matrix density.
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In contrast to the infiltration of ceramic textiles, the oxide/oxide composites at
DLR (WHIPOX) Wound Highly Porous Oxide Matrix CMC, are manufactured by
filament winding. The matrix is derived from a commercial pseudo-boehmite/
amorphous silica phase assemblage with overall compositions ranging between
70 and 100wt.-% Al,O;. The processing route is sketched in Figure 9.3. In a first
step, the organic sizing of the fibers (Nextel 610 or 720, respectively) is removed
by thermal decomposition in a tube furnace. The cleaned fiber tow is continuously
infiltrated with a water-based matrix slurry. Then the infiltrated tow is pre-dried
to stabilize the matrix and finally wound in one-dimensional-two/dimensional
orientation on a mandrel. Green bodies are removed from the mandrel at the
moist stage, allowing subsequent stacking, forming, or joining of the prepregs.
Once in their final shapes, the green bodies are sintered free-standing in air at
=~1300°C. High porosity allows easy mechanical finishing of sintered WHIPOX
CMCs. Conventional machining methods (drilling, cutting, grinding, milling, etc.)
can be applied. Fiber contents of WHIPOX CMCs range between 25 and 50 vol.-%.
In contrast to CMC materials prepared by UCSB, COI, and University of Bayreuth,
the matrix slurry used for WHIPOX does not consist of a filler and binder phase,
resulting in a bimodal particle size distribution. Instead, alumina or aluminosili-
cate particles of uniform size distribution are employed, having high sinterability
due to a special powder pre-treatment.

CMC fabrication via winding process gives a number of benefits with respect to
fabric infiltration techniques:

o Complex shapes are possible using a suitable mandrel (Figure 9.4a).

e Tailored reinforcement with adapted fiber orientation can be achieved through
variation of the fiber winding angle (Figure 9.4b).

e By variation of the winding pattern continuous fiber layers, open structures
(grids), or combination of both can be implemented (Figure 9.4c).

e The fiber fraction can be adjusted by tuning the particle size distribution of the
slurry (Figure 9.5) [18].

e Fiber rovings used for the winding process are significantly lower-priced than
fiber fabrics (e.g. 750€/kg vs 1500€ /kg, Nextel 610, 3M, 3000 Den).

Figure 9.6 shows a typical fiber-matrix contact zone of WHIPOX CMCs. The
composite consists of Nextel 610 fibers and a matrix with a composition of
95wt.-% Al 05, 5wt.-% SiO, corresponding to a phase assemblage of a-alumina

. De-sizing ~ Water-based Pre- Fiber ~Computer-controlled
As-received slurry drying stress Winding module
fibers infiltration control

Figure 9.3 Processing route for porous matrix CMCs
(WHIPOX) using DLR’s filament winding equipment.
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Figure 9.4 (a) Rotation-symmetric WHIPOX component
(protection tube); (b) winding pattern with variable fiber
orientation (computer simulation); (c) combination of
continuous fiber layers and grid-type structures as a result of
special winding sequence.
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Figure 9.5 Tailoring of WHIPOX CMCs fiber content: (a) 16
vol.-% fiber fraction; (b) 26 vol.-% fiber fraction; (c) 40 vol.-%
fiber fraction.
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0.5 um

Figure 9.6 Dark field STEM image of fiber/matrix contact area of WHIPOX CMCs.

and minor amounts of mullite. Construction of Dirichlet cells [19] is a suitable
tool for the characterization of the composite’s mesostructure, providing informa-
tion on fiber distribution and homogeneity. Fiber cells are areas around individual
fiber centers containing all points closer to the respective fiber center than to any
other. Figure 9.7 shows the fiber cells corresponding to Figure 9.5a—c with fiber
fractions of 16, 26, and 40 %, and the corresponding cell size distributions.

9.2.2
Mechanical Properties

Damage tolerance of porous oxide/oxide CMCs is not only due to “classical” fiber-
matrix debonding. Matrix pores act as sites of micro-cracking and disintegration,
both relating to substantial energy dissipation. These failure mechanisms also
reduce the stress concentrations caused by fiber breaks [20]. In porous matrix
composites, a crack does not develop a continuous front and matrix failure occurs
instead by multiple micro-cracking. Micro-cracking proceeds until the matrix is
completely disintegrated, at which point fiber failure and hence total failure of the
composite takes place. A sequence of processes is taken into account: matrix
micro-cracking — local fiber failure — evolution of bundle damage — coalescence
into “bundle cracks” — linkage of bundle cracks, that is, “fiber pull-out” [21].
Early analyses of the mechanical behavior of porous matrix CMCs emanates
from models used in conventional CMCs to characterize the debonding behavior
of coated fibers. Using a different physical scale, a fiber bundle of a porous matrix
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Figure 9.7 Construction of Dirichlet fiber cells corresponding
to WHIPOX mesostructures imaged in Figures 9.5a—c.
Average cell sizes are inversely proportional to the fiber
fraction and cell size distribution is a measure of fiber

homogeneity.

CMC was equated to a single filament of a conventional CMC, while the porous
matrix was equated to (porous) fiber coatings [22]. According to this consideration,
a certain ratio of matrix fracture energy to fiber bundle fracture energy is the pre-
condition for crack deflection in porous matrix CMCs. The critical ratio is of the
ratio 1:4, but also depends on elastic mismatch between fibers and matrix and on
residual stresses. To fulfill the fracture energy condition, matrix toughness should
be low, which is achieved by its high porosity. Furthermore, special demands were
made on the architecture of a porous matrix CMC: it was supposed that the dis-
tribution of fiber bundles should be heterogeneous in order to create matrix-only
pathways for delamination cracks [22].

Systematic investigations on mesostructure and delamination behavior of
WHIPOX CMCs suggest that the matrix pathway argument is less important.
Although it was shown that thick interlaminar matrix agglomerations may facili-
tate delamination and hence control the interlaminar shear strength of the mate-
rial [23], it turned out that damage-tolerant fracture behavior is not affected by the
homogeneity of fiber distribution.

Re-examinations of the debonding criteria [24] revealed a significant gap between
the limit of debonding and the conditions typically occurring in porous matrix
CMCs. As a consequence, the matrix porosity may be reduced to a certain extent
to enhance shear strength and off-axis properties, yet without the risk of material
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embrittlement. Re-infiltration experiments on WHIPOX CMCs showed that the
work of fracture is not affected, if the matrix density is increased by up to four
infiltration cycles [25]. However, data interpretation is difficult since supplemen-
tary infiltration may be more effective in the outer areas of a CMC, thus leading
to a matrix density gradient.

Comparison of strength data of porous matrix CMCs published by different
authors is difficult due to varying processing and design parameters (fiber bundles
or fiber fabric, fiber content, fiber type, matrix composition, matrix porosity, sinter-
ing temperature, etc.). The anisotropic design of the oxide/oxide composites leads
to different failure mechanisms (Figure 9.8). Depending on the direction of the
applied load, matrix-controlled delamination or fiber-controlled fracture can occur.
Beyond, intralaminate debonding and miscellaneous failure mechanisms may
emerge. To date, highest tensile strength of porous matrix CMCs was published
by Simon [17] (Figure 9.9). Ranges of characteristic data obtained for WHIPOX
CMCs, using different winding patterns, fiber types, and matrix compositions, are
summarized in Table 9.3.

Cyclic fatigue behavior at room temperature was investigated for WHIPOX
CMCs, consisting of Nextel 720 fibers and aluminum silicate matrix [26]. For this
purpose, Young’s moduli were determined as a function of cycle numbers under
various mechanical loads. Figure 9.10a shows a shear stress-deformation diagram
used to determine the “yield shear strength” 1, of the material. As long as cyclic
fatigue experiments were carried out in the elastic range, T,.,/Ta < 1, no indication
of degradation could be detected, even after 10* cycles. On the other hand, if loads
greater than the yield strength were applied, a continuous loss in stiffness was
observed, indicating fatigue due to an increasing number of defects, such as micro-
cracks and local fiber-matrix debonding (Figure 9.10b). Zawada et al. investigated

Short Beam ' Single Edge
Shear (SBS) | ] Notched Beam
test ! T T J (SENB) test
Matrix- Fiber-
controlled controlled
delamination fracture

l _ (In-plane)
Isnr:::fz:‘:ﬁ;th In-plane-strength

Figure 9.8 Fracture mechanisms in porous matrix CMCs as a
response to the anisotropic microstructures; left: matrix-
controlled delamination; right: fiber-controlled fracture.
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Figure 9.9 Stress strain curves of different porous matrix
CMCs: (1) Nextel 610/mullite matrix [17]; (2) Nextel 610/
mullite-alumina matrix [6]; (3) Nextel 720/mullite matrix [17];
(4) Nextel 720/mullite-alumina matrix ([6]).

Table 9.3 Ranges of materials properties of WHIPOX CMCs.

Tensile strength 55-120 MPa
In-plane bending strength 80-350 MPa
Young’s modulus 40-200GPa
Interlaminar shear strength 5-30MPa
Specific weight 1.5-3gem™
Thermal conductivity 1-2W/mK
Thermal expansion coefficient 4.5-8.510° K™
Total porosity 25-50 vol.-%

the high temperature fatigue of an oxide/oxide composite manufactured by
General Electric (GEN 1V) [15]. At each stress level tested in the 1000°C experi-
ments, a slight decrease in modulus with increased cycle count was observed. It
can be assumed that the minor fatigue effects at 1000°C are due to the free SiO,
“binder” in the matrix of these materials.

Creep of WHIPOX CMCs under tensile load was recently investigated by Hack-
emann [27]. In Figure 9.11, creep rates are compiled as a function of stress and
temperature. Data in the figure allow estimation of the tolerable load for a given
creep rate. For instance, 1% deformation within 1000 hours can be anticipated at
1050°C, if a stress of 50 MPa applies. At 1100°C, the same deformation rate cor-
responds to only 25 MPa. Further investigations revealed that the processing tem-
perature of the composite has a significant influence on its creep rate. Creep rates
are relatively low if high sintering temperatures were used before and vice versa.
This can be explained in terms of grain coarsening in the load bearing fibers at

217



218 | 9 All-Oxide Ceramic Matrix Composites with Porous Matrices

(@ w &0
o
= /\/\‘\
] 4.0 e K’%\’“\v—\_
[%2]
9 /
@ 20
@
(0]
e
(D T T
0 50 100 150
Deflection [um]
(b) 160 Cycles
Tmaxl Te = 1.07 1 100 575
120
z
e} 801
@
S
401

0 20 40 60 80
Deflection [um]

Figure 9.10 (a) Short beam shear test to determine the yield
shear strength 1, of WHIPOX CMC; (b) cyclic fatigue test
showing degradation if the load exceeds 1.
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elevated sintering temperatures. Since creep rates correspond to d~ (d = grain
size), in the case of Coble-type diffusional creep, slight changes in average grain
size can affect the creep rate distinctly.

9.23
Thermal Stability

High temperature applicability of porous matrix oxide/oxide CMCs depends not
only on fiber stability (see above) but is limited by the stability of the matrix micro-
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structure against reactions and densification. The influence of thermal aging on
the mechanical properties of a porous matrix oxide/oxide CMC manufactured at
UCSB was investigated by Carelli et al. [28]. The CMC consists of Nextel 720 woven
fabrics with a porous mullite-alumina matrix. The study revealed that strength and
failure strain in a 0- to 90-degree orientation remains essentially unchanged after
a 1200°C (1000h) treatment, despite some strengthening of the matrix and of the
fiber-matrix bonding. However, in the 45-degree direction, significant increase in
strength and modulus was observed, but at the expense of the damage tolerant
fracture behavior. A change in fracture mechanism was observed from matrix
cracking, delamination, and fiber scissoring to fiber cracking, when thermally aged
samples were tested in the 45-degree direction. The anisotropic degradation behav-
ior was rationalized by the fact that mechanical properties in the 45-degree direc-
tion are dominated by the matrix, whereas in the 0- to 90-degree direction, it is
largely fiber-dominated. Thus, matrix strengthening is expected to affect the
mechanical properties in the diagonal direction rather than in the fiber
direction.

Recent investigations of Simon [17] showed that an all-mullite matrix system
exhibits the best performance. The strength level of this material remains
unchanged up to 1200°C and retains about 80 % of its initial strength, even after
exposure at 1300°C. Sintering effects of the mullite matrix, as monitored by
increasing stiffness, occur above 1150°C, while the stiffness increases above
1000°C in mullite-alumina matrix composites [13]. CMCs with an alumina-silica
matrix undergo rapid degradation, starting at temperatures as low as 1000°C.
In addition to the strength loss, fracture occurs in a brittle manner with virtually
no fiber pull-out. Closer inspection of a WHIPOX-type Nextel 720/aluminosilicate
matrix composite (fiber composition 85wt.-% Al,O;, 15wt-% SiO,; matrix
composition 68wt.-% Al,O;, 32wt.-% SiO,) reveals that the silica-rich matrix
reacts with the alumina-rich Nextel 720 fibers, leading to a new generation of
mullite formed at the fibers’ rims (Figure 9.12) [29]. The silica-rich matrices of
these heat-treated materials show significant pore agglomeration and densification
effects. Thus, due to the poor matrix stability, the fracture behavior of these
composites becomes completely brittle. An alumina-rich matrix (95wt.-%
AlO3, 5wt.-% SiO,; i.e. a-alumina plus minor amounts of mullite), on the other
hand, is thermodynamically stable against the Nextel 720 fiber. Only minor
pore agglomeration and particle coarsening were observed upon firing at 1500°C.
Evidence suggests damage-tolerant fracture behavior of WHIPOX CMCs
with an alumina-rich matrix, even if temporarily heat treated at 1600°C
(Figure 9.13).

Lifetime predictions of mullite-alumina matrix/Nextel 720 fiber composites
were performed by Zok [13]. The propensity of crack deflection was analyzed in
terms of toughness and Young’s modulus of fibers and matrix considering the
development of the matrix properties by thermal treatment. Lifetimes of 60000
hours were estimated for a mullite matrix composite at 1200 °C, being comparable
to service lives of gas turbine components.
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Figure 9.12 WHIPOX CMC with mullite/SiO, matrix:

(a) as-prepared; (b) 1600°C, 1h,; left: polished section; right:
fracture surface. Note that upon firing the matrix shows pore
agglomeration, particle coarsening and reaction with the
Nextel 720 fibers, thus leading to embrittlement of the
composite.

9.2.4
Other Properties

The favorable fracture behavior of porous matrix CMCs corresponds to their excel-
lent thermal shock and thermal fatigue properties. Thermal shock resistance can
be explained by local stresses dissipating over short distances and hence thermally
induced stresses cause only short-range damages. The excellent thermal shock and
thermal fatigue behavior was demonstrated by focally heating of a WHIPOX plate
with a solar furnace or an oxyacetylene torch (Figure 9.14). Despite the extreme
thermal gradients, no macroscopic deterioration is detectable, even after multiple
heating/quenching cycles [26].

Various material properties (e.g. thermal diffusivity, air permeability) have been
determined for WHIPOX CMCs. Reliable data are important for potential applica-
tions, such as thermal insulators, filters, or burners. Thermal conductivity perpen-
dicular to the fiber orientation is 1 to 2W/mK at elevated temperatures. Closer
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Figure 9.13 Load/deflection curves of WHIPOX CMCs with

alumina/mullite matrix. Damage-tolerant fracture behavior
upon short-term firing (1h) at 1500 and 1600°C is retained.

inspection reveals lower thermal conductivity if a mullite matrix is employed
instead of alumina. However, thermal conductivity in fiber direction is somewhat
higher than perpendicular to the fiber direction, reflecting the anisotropic archi-
tecture of the composite. The air permeability of wound CMCs strongly depends
on parameters such as matrix composition and winding pattern. According to
Figure 9.15, air penetration rates between 10 and 1001 cm™?h™" were determined
at overpressures of 250 mbar. It can be anticipated that flow-rate controlling meso-
pores, typically occurring near fiber bundle intersections, are more ubiquitous, if
stiffer 3000 DEN fiber rovings are used instead of more flexible 1500 DEN rovings.
Furthermore, these data suggest higher air penetration if a winding angle of +45
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Figure 9.14 Hot spot test using an oxyacetylene torch as a
proof of thermal shock and thermal fatigue resistance of
WHIPOX CMCs.

140
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Flow rate [l/cm? h]

Overpressure [mbar]

Figure 9.15 Air permeability of different WHIPOX CMCs
consisting of Nextel 610 fibers and Al,O;/mullite matrix: (a)
3000 DEN fiber roving; fiber orientation +45 degrees; (b) 3000
DEN fiber roving; fiber orientation £15 degrees; (c) 1500 DEN
fiber roving; fiber orientation £15 degrees.

degrees (two-dimensional orientation) is used instead of £15-degree fiber orienta-
tion. These findings also can be rationalized by higher amounts of fiber crossover
regions occurring in composites of two-dimensional fiber texture. Virtually airtight
porous matrix CMCs, on the other hand, may be obtained by subsequent sealing
of the surface or by application of external coatings (see below).
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9.3
Oxide/Oxide CMCs with Protective Coatings

The chemical stability of mullite and alumina is a serious issue for the long-term
application of oxide/oxide CMCs in combustion environments, characterized by
the presence of water vapor-rich (exhaust) gases. Basically, mullite and alumina
exhibit a relative high chemical stability under quasi-static conditions. However,
under highly dynamic flow conditions of powerful industrial burners and combus-
tors, mullite and alumina are prone to decomposition and volatilization. Due to
the high water-vapor partial pressure and high gas velocities, volatile Si- and Al-
hydroxides are formed and are ablating continuously. In the case of mullite ceram-
ics, a significant recession is observed in flowing water vapor, even at moderate
temperatures around 1000°C. The driving force behind the recession is formation
and evaporation of Si-hydroxides, predominantly Si(OH), [30], leading to forma-
tion of a porous residuum of -Al,O;. However, starting at temperatures of 1300°C,
a significant recession of 0-Al,O; is observed. In a similar manner to SiO,, Al,O;
is mobilized via formation of Al-hydroxides, predominantly Al(OH); [31]. At tem-
peratures of >1450°C kinetics of Al,O;, recession nearly equals that of mullite [32].
Gas permeability and high specific surface areas associated with the fiber archi-
tecture may give rise to even more severe corrosion problems for mullite- and/or
alumina-based CMCs.

The application of chemically resistant environmental barrier coatings (EBCs)
is considered as a solution for the corrosion problem. EBCs promise higher cor-
rosion resistance and therefore increased service lifetime and temperature capabil-
ity of components. Suitable EBC materials must exhibit a thermodynamic
compatibility to mullite and/or alumina at least to service temperature. In order
to minimize mechanical stresses, similar thermal expansion rates of CMC and
EBC are beneficial.

In the past, a number of candidate materials were identified and tested to be
used as EBC, but with focus on protection of silicon-based, non-oxide structural
ceramics and composites [33]. Among the first investigated promising EBC materi-
als were yttrium-containing silicates Y,SiOs and Y,Si,0,, exhibiting water vapor
recession rates of two to three orders of magnitude lower than mullite and alumina
[34]. In particular, the monosilicate Y,SiOs displayed an excellent corrosion resis-
tance under simulated gas turbine environments. Analogous, highly corrosion
resistant compounds were found among the rare earth silicates Yb,Si,0,/Yb,SiOs
and Lu,Si,0;/Lu,SiOs [35, 36]. Due to their relative low thermal expansion, zirco-
nium silicate (zircon ZrSiO,) and hafnium silicate (hafnon, HfSiO,) were consid-
ered as potential EBC materials. However, the former displayed only minor
corrosion resistance in water-rich environments [37, 38].

Regarding the chemical nature of common oxide/oxide CMCs, reactions between
EBC and CMC become a key issue. In state-of-the-art CMC, alumina is a dominat-
ing component. Hence, critical reactions between Al,O; and silicate EBCs can be
anticipated. A eutectic composition exists in the ternary system Al,0;-Si0,-Y,0;
at only around 1360°C. Therefore, service temperatures of Y-silicate EBCs are
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restricted below this point, in order to avoid any co-melting and disintegration of
the EBC/CMC system. In reality, ubiquitous impurities are considered, even to
lower the maximum service temperatures.

Silica-free compounds are attractive EBC materials to avoid the reaction problem.
In alumina/alumina CMCs, Y-aluminates such as YAG (yttrium-aluminum-garnet
Y;Al;0,,) are promising since there is no low-melting eutectic and thermal expan-
sion coefficients of coating and CMC are similar [CTE: AL, Os: 9.6 x 10°K™;
Y;Al504,: 9.1 x 10°K™). YAG-based EBCs with a coating thickness of about 100 um
were fabricated on DLR’s WHIPOX-type CMCs via thermally activated metal-
organic chemical vapor deposition (MO-CVD) and subsequent heat treatment [39].
The main benefits of this technique are high deposition rates (tens of microns/h)
and low (self) shadowing, which is favorable in cases of complex shaped substrates.
However, under simulated combustor environments, a superficial decomposition
of YAG to the Y-enriched phase Y,Al,O,, and perhaps even to Y,0;, was observed
at temperatures above 1350°C. This behavior is obviously due to Al,O; hydroxyl-
ation and subsequent mobilization and may give rise to a continuous outbound
diffusion of Al,0; and hence an instability of the entire EBC/CMC system [40].

Due to its thermodynamic compatibility and low recession rate up to high tem-
peratures (>1400°C), yttria stabilized zirconia (Y-ZrO,, YSZ) is considered one of
the most attractive EBC materials for alumina- and mullite-based CMCs. Due to
their low thermal conductivity, ZrO, coatings may also provide additional thermal
protection. Since oxide/oxide CMCs typically show highly irregular surface struc-
ture, smoothing of the CMC surface prior to coating deposition was found to be
helpful. This is achieved by pre-grinding the CMC surface and subsequent deposi-
tion of a thin ceramic layer. A thin, reaction-bonded alumina (RBAO) coating,
deriving from a dip-coated powder mixture of Al and Al,O; was found to be suit-
able [41]. At DLR, different types of ZrO,-based coatings were developed for
WHIPOX-type oxide/oxide CMCs [42, 43]. Thin (~20 um) and relative dense YSZ-
EBCs were successfully deposited on top of the RBAO-interphase by means of
vacuum plasma spraying (Figure 9.16, left) and magnetron-sputtering (Figure
9.16, right). A less sophisticated but effective ZrO, deposition technique for
WHIPOX-type CMCs was realized by dispersion dip-coating and subsequent reac-
tion-bonding (Figure 9.17). In this case, ZrO, and zirconium nitride ZrN, as non-
oxide starting materials, were employed. Thick EBCs with pronounced thermal
barrier functionality require a different morphology displaying improved strain
tolerance. A favorable columnar microstructure along with high deposition rated
is realized by electron-beam physical vapor deposition (EB-PVD). Figure 9.18
shows a 200 um-thick YSZ-EBC on a WHIPOX-type CMC, which is equipped with
tilted cooling channels.

A combined thermal-environmental protection system for oxide/oxide CMCs
has been introduced by Siemens-Westinghouse Power Corporation Inc. (USA).
So-called FGI (friable graded insulation) coatings consist of ceramic hollow spheres
and ceramic filler bonded by a ceramic, preferably aluminium phosphate binder
[44]. The green FGI material is applied to the CMC surface in a paste-like state,
sintered and finally machined to the desired coating thickness.
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Figure 9.16 WHIPOX-type CMC with ~20um thick YSZ
environmental barrier top coatings fabricated by vacuum
plasma spraying (VPS) left and RF-magnetron sputtering
(right).

Figure 9.17 WHIPOX-type CMC with ~20um thick YSZ
environmental barrier top coatings fabricated slurry
dip-coating and subsequent reaction-bonding.
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Figure 9.18 WHIPOX-type CMC with tilted cooling channel as
an example of the combination of the oxide/oxide CMC
approach with a film-cooling concept. The ~200um thick YSZ
environmental barrier top coating was fabricated by EB-PVD.

Figure 9.19 Nose cap of DLR’s SHEFEX space vehicle. The
segmented heat shield consists of different ceramic panels,
one of them (arrow) being a WHIPOX-type porous oxide/
oxide CMC with RBAO coating (courtesy H. Weihs).

9.4
Applications of Porous Oxide/Oxide CMCs

The technical and commercial importance of oxide fiber-reinforced oxide matrix
composites significantly increased in recent years. Oxide fiber/oxide matrix com-
posites have become candidate materials for many turbine engines, spacecraft,
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and other industrial applications [45]. Key applications are oxide/oxide compo-
nents for combustion chambers, allowing higher wall temperatures and a signifi-
cant contribution to increased system efficiency. Recently, a combustor liner
consisting of structural filament wound Nextel 720 fiber/alumina matrix compos-
ite with an FGI-type oxide insulation layer developed by ATK-COI and Siemens
Power Generation, performed successfully in a Solar Turbines engine for more
than 20000 hours [46, 47]. Due to their low specific weight and low thermal con-
ductivity, porous oxide/oxide CMCs gained attraction as heat shields for reusable
spacecrafts. In the framework of the DLR-mission SHEFEX (sharp edge flight
experiment), a WHIPOX- type CMC panel with a RBAO coating was tested suc-
cessfully as part of the segmented nose cap of the SHEFEX space vehicle (Figure
9.19). For a short time, components of industrial furnaces, such as firing nozzles
were fabricated by Duotherm Isoliersysteme (Germany) under DLR license [48].
A wide variety of customer-specific thin-walled CMC products is fabricated by
Pritzkow Spezialkeramik (Germany), ranging from flame tubes, hot-gas guidings,
troughs for aluminium casting, and so on, to prototype pore burners and solar
receivers [49, 50].
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10
Microstructural Modeling and Thermomechanical Properties

Dietmar Koch

10.1
Introduction

Ceramic matrix composites (CMC) show, in comparison to monolithic ceramics,
high fracture toughness and damage tolerance, which only can be achieved if both
brittle components, the ceramic matrix and the ceramic fibers, interact with each
other in an efficient way. When CMCs are loaded, cracks are generally initiated in
the matrix. For enhanced failure tolerance, the fibers must remain intact even
when the cracks in the matrix propagate toward the fiber-matrix interface. This is
realized if strength and fracture toughness of the fibers are well adapted to crack
resistance of the other components, such as the matrix and fiber-matrix interface.
Two general adjustments of the CMC microstructure allow this behavior:

e The crack resistance of the fiber matrix interface is low enough to ensure
debonding between fiber and matrix. This type of CMC is called Weak Interface
Composite WIC.

e The matrix strength is low enough to induce multiple cracking while the fibers
remain intact and are responsible for sufficient strength and damage tolerance.
This type of CMC is called Weak Matrix Composite WMC.

Compared to natural composites such as nacre, where a very thin weak organic
layer between stiff and brittle aragonite platelets assures that propagating cracks
deviate or stop, the damage tolerance behavior of CMCs are achieved by the WIC
and WMC concepts. In both cases, the CMCs are characterized by the combination
of stiff and strong fibers with at least one weak micro-structural component, which
prevents premature failure of the fibers. These basic approaches will be described
and discussed in this chapter.

CMCs benefit from their low density and excellent specific properties compared
to metallic materials and are therefore mainly developed for high temperature
applications under short-term and long-term conditions in oxidative as well as in
inert atmospheres. The second part of this chapter discusses the mechanical
behavior of CMCs under relevant application conditions. The mechanical potential
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and limits of different types of CMC will be presented and evaluated by consider-
ing the complex micro-structural properties necessary for damage-tolerant behav-
ior with high fracture toughness and non-brittle failure. The various aspects of
mechanical behavior of CMCs and the correlation with microstructure are also
found in some recently publications [1-3].

10.2
General Concepts of CMC Design, Resulting Properties, and Modeling

For enhanced mechanical behavior and high fracture toughness, the interaction
between the CMC components fiber, interface/interphase, and matrix must be
adopted in a sufficient way. The fibers as reinforcing elements offer higher strength
and stiffness values compared to conventional monolithic ceramics. Their strength
and stiffness define the achievable mechanical properties of CMCs. The produc-
tion and the latest developments of ceramic fibers are described in Chapter 1. In
general, the type of the fiber influences the production process to be selected and
the composite design concerning definition of interface/interphase and matrix.
For production of complex geometries, continuous endless as well as short fibers
can be used. The latter are used, for example, for manufacturing fiber reinforced
ceramic brakes [4, 5], but are not discussed any further here.

The matrices typically show inferior properties, due to the occurrence of manu-
facturing process cracks, pores, or other microstructural defects. During mechani-
cal loading, first cracks are initiated in the matrix and propagate through the
composite. The general demand is that the fibers remain intact during crack
propagation. Therefore, the crack resistance of the fiber-matrix interface is lowered
in order to allow debonding between fiber and matrix (WIC). Alternatively, the
matrix must be weak enough to allow crack deviation and branching close to the
fibers, to prevent fiber failure (WMC).

In the following, the micro-structural interaction of the components fiber,
matrix, and interface/interphase will be described. The two different technical
approaches, WIC and WMC, leading to the flaw tolerance of CMCs, are also
described below.

10.2.1
Weak Interface Composites WIC

The primary developments of CMC were focused on composites with dense matri-
ces, characterized by high stiffness and strength. Therefore, weak fiber matrix
interfaces had to be incorporated in order to achieve crack deviation around the
fibers. With well established micro-structural models, the mechanical behavior of
these WICs can be described. Typical WIC are CVI derived SiC matrix, DiMOx
derived Al,O; matrix, and glass matrix composites. Also, some SiC-matrix com-
posites produced via liquid silicon infiltration are associated with this material
class.



10.2 General Concepts of CMC Design, Resulting Properties, and Modeling

The idealized mechanical behavior of WIC may be described by tensile loading
of a uni-directionally reinforced composite (Figure 10.1). In the linear-elastic
range, the stiffness can be calculated by the rule of mixture where the Young’s
modulus of the composite results from stiffness of fibers and matrix and their
individual volume content [6]. Matrix cracks and other voids induced during
manufacturing do not grow and contribute to the initial matrix properties. Beyond
a critical stress level, defined as matrix cracking stress (1), debonding and crack
initiation, crack propagation, and opening occur. The initial cracks propagate first
in the matrix as the fibers are stronger and show higher strain to failure. When
the matrix crack approaches the fiber matrix interface, the stress concentration at
the interface does not induce fiber failure but initial fiber matrix debonding. Then
the fibers bridge the matrix crack. If the interfacial strength is not adopted cor-
rectly, the matrix crack may induce fiber failure and brittle premature failure of
the composite is observed.

With further loading, the debonding proceeds along the fiber-matrix interface,
called progressive debonding. In this debonding area, the stresses are transferred
back from the fibers to the matrix by friction, until the matrix cracking strength
is reached again. This process leads to an increasing matrix crack density. If it is
assumed that matrix strength, fiber matrix debonding, and internal fiber matrix
friction are defined values without statistical scatter, then matrix cracks arise all
over the loaded volume at this stress level in an equidistant manner. The crack
distances are then calculated, depending on the interfacial properties.

Even, if in real composites, this stress level (1) is often not noticeable, the overall
stiffness E will be reduced continuously with further loading. In this range (2),
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Figure 10.1 Idealized tensile stress-strain- strength, additional strain due to fiber pull-

behavior of CMC with stiff and load carrying  out). E, and E represent the initial stiffness
matrix and a sufficiently weak interface (WIC). and the actual stiffness, with €, and €. as
(1) matrix cracking stress; (2) progressive residual strain and corresponding elastic
fiber failure and stress transfer from fibers to  strain, respectively.

matrix; (3) actual stiffness; (4) composite

233



234

10 Microstructural Modeling and Thermomechanical Properties

the load is increasingly transferred from the matrix to the fibers and fiber failure
is initiated sequentially, leading to the increase of the fraction of failed fibers due
to the statistic scattering of the fiber strength (following a Weibull distribution).
The decrease of Young’s modulus of the composite E may be evaluated by unload-
ing/reloading cycles (3) and the damage D is calculated from D = 1 — E/E,. The
maximum applicable stress, that is the strength of the composite (4), is reached
when about 15 to 30% of the fibers have failed. If the fibers do not fail within the
matrix crack level but within the intact matrix, a reduced load can still be carried
by the composite (5), as then the fibers may be pulled out of the matrix. This
additional work of fracture is rarely observed in real tensile tests.

The importance of tailoring the interfacial properties of WIC is shown in Figure
10.2, where the conditions of brittle and non-brittle failure are shown according
to the calculation presented by He and Hutchinson [7]. If the ratio of fracture
energy of the interface I'y and fracture energy (surface energy) of the fiber I's is
below the borderline shown in Figure 10.2, then non-brittle failure occurring as
initial debonding can then be realized. If fiber and matrix have similar Young’s
moduli, Er and Ey, respectively, then the boundary condition I't/Ty < 0.25 must
be fulfilled in order to prevent premature fiber failure. This case is practically
reached in, for example, CMC with CVI-derived SiC matrices. These CMCs are
typical WIC materials where fiber coating for reduction of interfacial fracture
energy is necessary. Today, mainly pyrocarbon, SiC, BN, and BCN layers, or com-
binations of layers are applied on the fibers in order to allow individual filament

Brittle failure
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Figure 10.2 Non-brittle and brittle behavior with respect to
relative fracture energy of interface and fiber dependent on
stiffness ratio of fiber and matrix [7]. Qualitatively, the
influence of interfacial embrittlement, due to oxidation in case
of WIC, and the enhancement of stiffness of matrix, due to
matrix reinfiltration steps in case of WMC, are displayed.
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bridging of matrix cracks [8-15]. For adopted interfacial properties in oxide/oxide
CMCs fiber coatings, for example, carbon/ZrO, and Al,O;, rare-earth phosphates,
and other mixed-oxide compounds such as La-monazite (LaPO,), are used
(16, 17].

Other concepts to adopt fiber matrix interface are the introduction of controlled
porosity into the interphase. This is realized by fugitive coating where CVI-derived
carbon or organic precursors are applied to the fiber surface and then removed by
oxidation at moderate temperatures [18]. The concept of porous interphases can
also be extended and combined with the WMC approach, where weak matrices
are adjusted by controlling the porosity of the CMC matrix and the stiffness of the
matrix is much lower than that of the fibers. In the He-Hutchinson-diagram
(Figure 10.2), the relative Young’s modulus of the composite then deviates from
zero and the boundary curve allows an increase of the critical ratio I';/Ts. This will
be further discussed for WMC in the following section.

If the composites are used at high temperatures in an oxidative atmosphere, the
applied fiber coatings may be attacked by the environmental conditions and the
mechanical properties may change and lead to increased relative fracture energy
of fiber and interface. Figure 10.2 shows this effect qualitatively in the case of WIC.
If the change of the interfacial properties leads to values of relative fracture energy,
which are above the borderline, then brittle failure will occur. Therefore, the
applied fiber coating has to fulfill not only mechanical functions in order to provide
debonding, but must also be stable enough under thermal and environmental
loading. Figure 10.3 shows the effect of oxidation of the fiber-matrix interface in
a SiC/DiMOx composite measured with a single fiber push-in test, an excellent
method for the characterization of the interfacial properties. While at room tem-
perature initial debonding occurs, no debonding can be measured after oxidation

900°C RT

No debonding e,
0.10 + 1

Indenter Load / N

Initial
0.05 4+ debonding

0.00 + t + t t
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Indenter Displacement / mm
Figure 10.3 Single fiber push-in test of SiC/DiMOx shows
initial debonding at room temperature and formation of silica

resulting in embrittlement of the interface after oxidation at
900°C.
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at 900°C. The micrograph in Figure 10.3 shows that the former carbon interphase
has been replaced by a much stiffer and stronger silica layer, which enhances
fiber matrix bonding. This results in brittle failure of the composite in macro-
mechanical tests.

The effect of interface properties on the macroscopic behavior of CMC is shown
in Figure 10.4, where the interfacial properties measured with a single fiber push-
in technique [19] and the corresponding stress-strain curves from tensile tests of
large specimens are shown for CVI derived SiC/SiC. The push-in curves allow the
measurement of interfacial strength, as well as friction between fiber and matrix
after initial debonding. In high bonding strength, a first load drop is only observed
at a high load of about 0.3 N, which can be calculated to interfacial fracture energy
of about 10] m™ The succeeding hysteresis area, during unloading and reloading,
is dependent on the reciprocal value of friction between fiber and matrix. As the
area is very low, the interfacial friction is very high. This result can be well corre-
lated to the related tensile test, where brittle behavior with failure at a low stress
level of 120MPa is observed. According to Figure 10.2, the ratio of the fracture
energies of interface and fiber is too high, resulting in premature brittle failure.
The other two push-in curves show slight deviations from the first curve at about
0.05N. Initial debonding starts here and is calculated to fracture energies of about
0.2]Jm™ (low friction state) and 0.4] m™ (optimized state). The interfacial friction
stresses calculated from the hysteresis loops, are 36 MPa and 93 MPa, respectively.
The corresponding tensile tests are explained by these changes of interfacial
microstructure.

While low interfacial fracture energy is necessary to prevent brittle failure when
matrix cracks occur (Figure 10.2), the internal friction is a measure of load transfer
between fiber and matrix within the debonded fiber matrix section. In case of low
friction, the load transfer from fiber to matrix is not as efficient, as it is in the
optimized case of higher friction. Under low friction the fibers are loaded on
higher stress levels along larger fiber intervals. According to the Weibull strength
distribution, the failure probability of the fibers is increased and leads to reduced
overall strength, and strain to failure is strongly enhanced due to pronounced
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Figure 10.4 Push-in tests (left) and corresponding tensile
tests (right) on CVI-derived SiC/SiC with different fiber matrix
interface (strong bonding, low friction and optimized).
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sliding and fiber pull-out. In the optimized case, the interfacial properties fiber
matrix bonding and friction are well adjusted, resulting in high strength as well
as in high strain to failure. The interpretation of the push-in test and the tensile
test allow improved design of the interfacial properties of CMC [20].

10.2.2
Weak Matrix Composites WMC

During the last few years, mainly liquid infiltration processes such as liquid
polymer infiltration, liquid silicon infiltration, or ceramic slurry infiltration have
been developed to produce CMCs. In general, these manufacturing routes provide
matrices with a relatively high content of porosity and resulting low mechanical
properties. Therefore these composites are called Weak Matrix Composites (WMC)
[21-23]. Compared to composites with stiff matrices, cracks easily propagate
within the weak matrix and deviate close to the fiber within the matrix, which
results in damage tolerant behavior, even in the case of a strong fiber-matrix
interface. The reduced importance of the interfacial fracture energy can be
explained in Figure 10.2. As the Young’s modulus of fiber and matrix differ
strongly in WMC, the ratio of fracture energy of fiber and interface may increase
significantly without inducing brittle failure.

During loading of WMC, the matrix fails at low stresses but the composite can
be loaded well above the matrix cracking stress as long as the overall load is still
carried by the fibers. The stress redistribution from fiber to matrix does not occur
further in a significant amount. The fibers do not break on a local scale but in a
large volume throughout the component when final failure occurs (Figure 10.5).
The mechanical behavior of WMC is strongly dominated by the properties of the
fibers and therefore the mechanical response of WMC depends on fiber orienta-
tion and corresponding loading direction. Especially in off-axis loading mode and
in compression load, the strength of WMC is low.

1000pm

Figure 10.5 Macroscopic failure behavior of WMC (C/C).
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It has to be emphasized that the general concepts described as WIC and WMC
are typical boundary examples, while most of the real composites are to be char-
acterized somewhere in between. A typical example is the manufacturing route of
liquid polymer infiltration. By several re-infiltration cycles, the porosity of the
matrix can be reduced significantly. The resulting enhanced stiffness of the matrix
directly influences the overall mechanical behavior (Figure 10.2). If the matrix
stiffness increases due to re-infiltration, the interfacial properties become more
important again and therefore the fibers have to be coated with an interphase.
Otherwise the borderline to brittle behavior is passed and the composite fails at
reduced stresses [24].

10.2.3
Assessment of Properties of WIC and WMC

The difference between typical WIC and WMC materials can easily be demon-
strated in Figure 10.6. Due to the stiff matrix in WIC (Figure 10.6a [25]), the
mechanical properties of the composites are almost independent of the loading
orientation. The initial Young’s modulus is about 200 GPa and identical in both
loading orientations, while the strength in 0/90 degrees is slightly higher than in
+45/—45-degree orientation. However, WMC show a strong dependence on loading
orientation and reinforcement direction, as mentioned earlier. While in 0/90
degree loading, high stiffness of about 100 GPa and high strength of above 350 MPa
is measured in +45/-45 degrees, orientation of the composite behavior is charac-
terized by strong nonlinearity and low stiffness of below 25 GPa and strength of
just above 50 MPa. It becomes obvious that WIC and WMC not only can be dis-
tinguished by interface and matrix properties, but also by their significantly dif-
ferent mechanical behavior. In Figure 10.7, the ratios of Young’s modulus are
shown for different CMC measured in on-axis (0/90 degrees) and off-axis (+45/-45
degrees) loading, respectively. A high value of E/E,s indicates WMC (e.g. C/C),
while a ratio of 1 is typical for WIC (e.g. CVI derived SiC/SiC). Composites, such
as oxide/oxide CMC or CMC derived from liquid polymer infiltration, are listed
between these boundary values.

10.2.4
Modeling of the Mechanical Behavior of WMC

As mentioned above, the damage and failure mechanisms of WMC cannot be
described sufficiently by the micromechanical approach, which is useful for WIC.
As generally large volume failure occurs, a macro-mechanical approach is more
suitable to adequately describe the mechanical behavior, that is, stress-strain
response and strength. The experimentally derived macroscopic properties of
WMC under tensile, shear, and compressive loading are used to establish a finite
element model, which allows the prediction of mechanical behavior of these com-
posites (Figure 10.8). The model is based on continuum damage mechanics and
allows the separate calculation of inelastic deformation and stiffness degradation,
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Figure 10.6 Representative tensile stress strain curves of: (a)
WIC (CVI SiC/SiC) [25]; (b) WMC (LPI C/C) with on-axis
(0/90°) and off-axis (+45°) loading orientation.

inducing yield surfaces and damage surfaces with the assumptions of isotropic
hardening and associated flaw rules. The hardening functions, which calculate
inelastic deformation and stiffness reduction, are coupled by using the same
equivalent stress. The implementation of the model into a finite element code in
MARC allows the calculation of the stress-strain behavior of composites loaded
with different angles between fiber orientation and loading direction [33-36].
The established FE model is also applicable for prediction of failure behavior of
complex-shaped samples. An example is the stress-strain behavior of DEN (double
end notch) specimens with various ligament widths, which are tested under 0/90-
degree and +45/-45-degree loading conditions, which is experimentally measured
and theoretically calculated. In Figure 10.9, a sketch of a DEN specimen, as well
as representative fracture surfaces, is shown. The 0/90-degree loaded specimen
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(Figure 10.9, centre) shows failure within the ligament zone and extensive damage
above and below the ligament, which corresponds to the FE-modeling (see inlet
in Figure 10.11a), where locally induced stress concentrations at the notch tip and
multi-axial loading conditions lead to damage and succeeding stress redistribu-
tions above and below the ligament. The FE calculations of strength values are in
good agreement with the measured values (Figure 10.10a).

If DEN specimens are loaded in off-axis orientation (+45/-45 degrees), the
strength values decrease strongly with increasing ligament width and decreasing
notch length and this can be verified by calculating the strength values using liga-
ment width as the reference cross-section (Figure 10.10a). The results suggest a
notch-induced improvement of material properties, but if the fracture micrograph
is evaluated (Figure 10.9, right) it becomes obvious that the load carrying cross-
section has to be defined as ligament width plus the length of one notch, and not
as ligament width alone. With this calculation, the DEN results are almost identical
with respect to the tensile tests performed in +45/-45-degree orientation, and
notch insensitivity is proofed (Figure 10.10b).

In Figure 10.11, the measured and calculated stress-strain curves of DEN tests
are shown. The distribution of the maximum equivalent stresses calculated with
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Figure 10.9 DEN specimen geometry (left) and fracture
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Figure 10.10 DEN tests and respective modeling of strength
dependent on ligament width and fiber orientation.

FE is displayed in the inlets of Figure 10.11. Elongation was measured using a
laser extensometer with a gauge length of 25 mm and ligament in the center. This
gives an integral measurement of inhomogeneous strain distribution in the
damaged area above and below the load carrying cross-section. As for the 0/90-
degree orientation (Figure 10.11a), damage is concentrated within the gauge
length, the calculation and the experimental values corresponding accurately with
the FE-model. In the case of testing DEN specimens with +45/-45-degree orienta-
tion (Figure 10.11b), the measured strain values do not fit the calculated curves in
the same perfect manner as the damage zone, and the gauge length does not.

In conclusion, these calculations show that the established model is able to cal-
culate the behavior of complex-shaped parts under multi-axial loading conditions.
The design of CMC components and their failure behavior can be predicted by
this FE tool.
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Figure 10.11 Stress-strain curves of DEN tests and
corresponding calculated curves dependent on ligament width
and fiber orientation (a) 0/90 degrees; (b) +45/—45 degrees.

10.2.5
Concluding Remarks

It can be concluded that WIC with relatively strong and stiff matrices and obliga-
tory fiber coating provide high fracture toughness values. Following the microme-
chanical mechanisms of debonding and the effect of the micro-cracking pattern,
these CMCs are relatively notch insensitive with the highest achievable stress
being fairly independent of the fiber and applied stress orientation. Size effects
are also not significant and low scattering of strength is observed. Micromechani-
cal modeling is a well-established method to evaluate the mechanical properties
of WIC.
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WMCs are composites with compliant and porous matrix and show a
mechanical behavior, which strongly depends on fiber orientation and loading
direction. The design of components must consider this strong anisotropic
behavior. A newly developed finite element based model allows the prediction of
the mechanical behavior even if complex loading is applied. However, this model
is no longer based on microstructure but takes into consideration the mechanical
behavior of WMC under basic loading conditions (tensile, compression, and shear
loading).

WIC and WMC are conceptual approaches in order to classify CMC. The real
composites produced by various processing methods can be arranged in order
between WIC and WMC and represent equivalent mechanical behavior.

10.3
Mechanical Properties of CMC

Fiber reinforced ceramic composites are designed to perform enhanced toughness
and damage tolerant behavior. It has been shown that there are two concepts to
achieve the desired properties, that is, WICs and WMCs. Compared to monolithic
ceramics, CMCs show a quasi-ductile behavior resulting in enhanced strain to
failure, inelastic deformation, and reduction of stiffness with increasing load.
However, the high strength values of monolithic ceramics cannot be reached. On
the other hand, CMCs show a reduced scattering of properties, increasing the
reliability for the design of components.

10.3.1
General Mechanical Behavior

As mentioned earlier, the fundamental mechanisms for damage tolerant behavior
are related to matrix crack deviation and branching, fiber-matrix interface debond-
ing, and fiber failure. This leads to local reduction of stress concentrations and
therefore CMCs do not show significant notch sensitivity [31, 37-39]. The resulting
energy dissipation during crack propagation due to applied load is favorably mea-
sured in single edge notch beam tests (SENB), allowing controlled fracture experi-
ments with pre-notched specimens and stable crack growth. The response curve
in the SENB-tests describes a rising nonlinear slope with a more or less pro-
nounced maximum, followed by a reduction of the applicable load, which reflects
the stable character of final crack growth up to final fracture of the composite.
Depending on microstructure crack branching and deviation, multiple micro-
cracking and shear deformation are observed. Therefore, the exact crack propaga-
tion is hardly to be measured and a simplified procedure is applied to determine
a nominal stress intensity factor K;,.m, being calculated from the applied load F
and the initial ratio of the notch depth and specimen thickness o = a,/ W, accord-
ing to the following [40]:
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The SENB-specimens are usually 50mm long with a height W = 10mm and a
width B, corresponding to the thickness of the CMC plates of 3 to 10mm. The
relative notch depth o corresponds to a third to half of the specimen height. L is
the distance between the two load supports in the 3-point bending device (L =
40mm). For a wide variety of CMC materials, this nominal fracture toughness
procedure has been shown to deliver characteristic K values for a given material,
independent of the initial notch depth, the specimen size, and testing mode (3- or
4-point bending). K; ,om is used as a first and simple measure to describe the char-
acteristic differences in the toughening effect of different CMC materials. This
nominal value provides a conservative evaluation of the actual fracture toughness,
which would be obtained if the actual crack length could be determined and used
instead of a, [40].

A comparison of fracture behavior of C/C and C/SiC composites is shown in
Figure 10.12. The maximum of the K-curves is measured for newly developed
C/C-SiC CVI/LSI. This shows that the combination of different matrix
processing methods (CVI and LSI) is a successful technique to provide high
toughness-CMCs.

In tensile loading mode, different types of stress-strain curves are observed,
depending on the properties of fiber, matrix, and interface (Figure 10.13). WIC
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Figure 10.12 Stress intensity curves of new types of CMC and
C/C materials. K| .om is calculated from the results of SENB-
tests (L = 40mm) with the initial notch depth as crack length
a [40].
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Figure 10.13 Stress-strain diagram of various WIC and WMC materials.

materials (SiC/SiC CVI, SiC/AL,O; DiMOx) show a strong nonlinear behavior
beyond the matrix cracking stress and fail at high stress levels and corresponding
high strain to failure with more than 0.6%. In contrast, CMC with weak matrices
(C/SiC LPI, Nextel/Mullite LPI, C/C, SiC/SiC LPI) represent an almost linear
elastic behavior up to final failure. In C/C, high strength of about 400 MPa is
measured while the matrix fails at very low stress. In contrast, the SiC/SiC LPI
material presented here is characterized by low overall strength. This composite
was developed in the mid-1990s and clearly shows that brittle failure occurs if
neither the interface nor the matrix is weak enough to induce crack deviation at
the fiber-matrix interface. Therefore, the composite fails around the matrix crack-
ing stress. Today’s LPI-derived C/SiC or SiC/SiC composites, with 0/90-degree
fiber reinforcement, reach strength values of well over 300 MPa.

In both WIC and WMC, matrix cracks occur and final failure is dominated by
the fibers. With a stiff matrix, redistribution of the load to be carried is possible
with load transfer from fibers to matrix, resulting in nonlinear behavior. A weak
matrix is unable to carry significant load and therefore the stress-strain behavior
remains linear-elastic. Nevertheless, micro-structural damage evolution occurs in
the matrix and can be observed in WMC by evaluating acoustic emission signals,
which are generated during loading in the tensile mode [41]

Recent progress in the development of oxide/oxide composites is shown in
Figure 10.14. Due to the use of sol-gel-derived oxide matrix with fine porosity in
combination with almost defect free fine-grained microstructure, an enhanced
strength and strain to failure could be achieved in comparison to previously devel-
oped composites [42, 43].

10.3.2
High Temperature Properties

As CMCs are mainly developed for high temperature applications, testing rigs are
necessary to provide mechanical testing of specimens in application relevant con-
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Figure 10.15 Results from tensile tests on C/SiC LPI at
various temperatures under on-axis and off-axis loading
conditions.

ditions with high heating and cooling rates, and the adjustment of atmosphere in
order to determine the evolution of mechanical properties depending on tempera-
ture, time, and atmosphere [44].

Carbon fiber reinforced composites generally show an increase of strength with
increasing temperature, as the fiber properties are improved with temperature
(Figure 10.15). Young’s modulus and strength of C/SiC LPI rise under on-axis
loading conditions from 120 GPa and 330 MPa at room temperature up to 150 GPa
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and over 400 MPa at 1200 and 1600°C in an inert atmosphere, respectively. This
C/SiC LPI is classified as a typical WMC, as the mechanical properties strongly
depend on the loading direction and fiber orientation. Stiffness and strength are
significantly reduced under off-axis loading conditions, while the strain to failure
is almost comparable to on-axis loading. As carbon fibers are creep resistant up
to temperatures above 1600 °C and as the properties of WMC under on-axis loading
are dominated by the fibers, the applicable maximum load in the tensile creep
mode is in the range of 90 % of the measured tensile strength, with time to failure
up to 30 hours. Under off-axis loading, shorter lifetimes are observed as the matrix
has to carry the load.

In bending tests, the matrix dominates the mechanical response. While at
1200°C the matrix is still creep resistant, the composite reacts with a high resis-
tance against bending (Figure 10.16a). In contrast, the creep rupture test at 1500°C
shows strong creep of the composite leading to high deformation (Figure 10.16b).
The fibers are still creep resistant, but the matrix creeps strongly, allowing reori-
entation of the fibers without inducing failure. It can be summarized that the
fibers control the overall creep behavior of C/SiC LPI. In general, the matrix is
less creep resistant than the fibers, inducing a redistribution of stresses from the
matrix to the fibers. While at 1200°C the matrix remains creep resistant as no
creep strain of the composite is measured, enhanced bonding between fiber and
matrix induces failure at reduced stresses. If the load transfer remains unaffected
by temperature and atmosphere, high creep resistance is observed and high loads
corresponding to 90 % of the strength can be carried. This is observed at 1500°C,
where the matrix creeps strongly while the fibers are able to carry the transferred
load without failure. In general, it has to be considered that the loading direction
always plays an important role in the overall behavior of WMC. As the matrix is
weak and not able to carry high loads, strength and creep resistance are reduced
significantly under off-axis conditions.

The creep tests have shown that oxidation processes during creep exposure may
influence the mechanical behavior of CMCs at high temperatures. While all oxide
composites are inherently oxidation resistant if used, interfacial layers are not
susceptible to oxidation, and non-oxide composites have to be protected against
oxidation at elevated temperatures. Especially CMCs with carbon fibers or carbon
fiber coating are endangered, as carbon can be oxidized at intermediate tempera-
tures around 600 °C. Progressive oxidation can be prevented, for example, by pas-
sivating oxidation layers, which emerge as dense silica layers on top of the SiC
matrix or within the microstructure. These layers provide a minor self-healing
effect if cracks occur and are normally acceptable only for short-term applications.
For higher reliability and long-term applications, additional oxidation protection
systems (OPS) are developed, which cover the CMC component completely. These
OPS consist of several sublayers (Figure 10.17). A first bonding layer prevents
failure due to internal stresses induced by thermal mismatch between the layer
system and the CMC substrate. Succeeding sublayers prevent oxygen diffusion
from the surface to the bulk material, even if cracks occur, as they provide a chemi-
cally reactive self-healing mechanism. On top of the OPS, an erosion resistant
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layer has to be applied in order to prevent mechanical damage during servicing of
the composite [45, 46].

Thermo-mechanical cyclic tests, with thermal transients and gradients and
superimposed mechanical loading, are performed in order to evaluate the effec-
tiveness of such complex OPS simulating re-entry conditions of space vehicles
(Figure 10.18). In order to qualify the erosion resistant layer, the surface can be
pretreated by initial impact loading. The damaged OPS surface leads to reduced
strength after five thermo-mechanical cycles, compared to specimens without pre-
damage or with a repaired coating [44].

Thermal degradation data of oxide-fiber/oxide-matrix composites are available
to a much lower extent; the experiments are restricted to intermediate tempera-
tures, for example, 1100 to 1300°C and are generally performed with CMCs con-
taining Nextel fibers from recent generations, that is, Nextel 610 and Nextel 720
[16, 47-50].

Beside re-entry applications, CMCs are also promising candidates for use in gas
turbines and aero engines. Typical loading conditions are thermal cycling up to
1200°C with temperature differences of 500K in different atmospheres [51]. After
thermal cycling, the residual strength in tensile mode is measured and compared
to the properties of virgin material (Figure 10.19). The residual strength of CVI-
derived C/SiC drops to 89% after 50 thermal cycles in a wet oxygen atmosphere,
while it remains almost unaffected in argon atmosphere. Additionally, the Young’s
modulus is reduced after thermal cycling, indicating induced damage of the matrix
microstructure.
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Figure 10.18 Tensile stress-strain curves of C/SiC with
oxidation protection system as coating after pretreatment by
impact and five thermal cycles simulating reentry conditions.
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10.3.3
Fatigue

Most applications of CMCs require long-term stability at high temperatures and
under air. Beside the development of OPS, self-healing matrices are developed
based on Si-B-C systems, which are reinforced by SiC fibers [52]. The composites
are investigated using static fatigue tests. Beside measurement of deformation,
acoustic emission was applied as a versatile tool, in order to characterize and cor-
relate damage of the composite with internal fracture processes such as matrix
cracking and internal friction between matrix debris, and between fiber and matrix.
These effects are also dominant under cyclic mechanical loading. Wear of the fiber
coating leads to a reduction of the interface sliding stress.
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The effects of internal friction can be demonstrated when CVI-derived SiC/SiC
is cyclically loaded at 100 Hz with stepwise increased maximum loads (Figure
10.20). If the applied stress is lower than the matrix cracking stress of 80 MPa, no
hysteresis appears in the cyclic test. However, at higher stresses the stiffness is
strongly reduced and the internal friction induces heat release, which can be
measured as overall warming up of the specimen of about 30K (Figure 10.21).
With further increasing stresses, the temperature continues to rise and hysteresis
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Figure 10.20 Fatigue testing at 100 Hz of CVI-derived SiC/SiC
without (a) and with (b) preloading before the first cycle.
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loops open until finally the specimens fail at high stresses just around the initial
strength. If SiC/SiC is preloaded by a tensile test up to 225MPa (Figure 10.20b),
then matrix cracks are already induced at the very beginning of the fatigue test.
Even at low stresses below 80MPa, internal friction then leads to heating of the
specimen and reduction of stiffness compared to the undamaged specimen. When
the initial preload is reached in the stepwise enlarged maximum cyclic stress, no
significant difference of the mechanical behavior of the specimens with and
without preloading can be observed [53, 54].

On evaluating the stress-strain loops during cycling, it becomes evident that the
hysteresis curves show a significant S-shape. This means that close to the minimum
and maximum applied stresses, an increase of tangent modulus (i.e. actual
stiffness) is observed (Figure 10.22). This S-curve can be explained by use of a

253



254

10 Microstructural Modeling and Thermomechanical Properties

micromechanical approach, taking into consideration internal friction along the
fiber-matrix interface, according to [55]. If cyclic loading is performed in a region
where a fiber bridges a matrix crack, then sliding of fiber within the matrix will
occur. With the assumption of constant friction, the debonding length and the
sliding length during loading and unloading is calculated. The internal friction,
which also induces an increase in specimen temperature, is a measure of energy
dissipation and additionally a hint that internal surfaces are smoothed due to
internal sliding. In Figure 10.23, a model is proposed where the frictional stress
T between fiber and matrix is reduced in the area where fiber-matrix sliding occurs.
With this assumption, a macroscopic hysteresis loop is calculated, which shows
an S-curve as experimentally observed.

It has been shown that the surface temperature of the specimen increases due
to internal heat generation from sliding friction processes between constituents
of the composite under cyclic loading. This increase can be directly related to the
frequency and applied cyclic stress level. If LPI-derived C/SiC is cycled at 375 Hz,
localized oxidation at the fiber surface is observed, resulting in reduced fatigue life
at this frequency [56, 57]. The oxidation of carbon fibers becomes even more rele-
vant in cases of high temperature testing, causing a reduction of cycles to failure
with lower frequencies at elevated temperature in comparison to tests at room
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after first
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Figure 10.23 Model of change of internal friction due to cyclic
loading as base for calculation macroscopic S-curved
hysteresis loops.
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temperature [58]. The fatigue life of CMC with weak fiber-matrix interfaces typi-
cally decreases as the loading frequency increases [59—62]. This decrease is again
attributed to frictional heating and frequency dependent damage of matrix, inter-
face, and fiber [63].

A typical display of fatigue, mainly relating to metallic materials, are the so-called
Woehler curves, where the maximum applied stress is plotted against the number
of cycles to failure. It gives distinct information on acceptable maximum stress for
fatigue tested specimens without rupture. It is shown that in cases of three-dimen-
sional-reinforced SiC/SiC composites at stress level of 70% of ultimate tensile
strength, a lifetime of 1 million cycles can be achieved [64]. At higher stresses the
matrix will be destroyed significantly, leading to reduced interlaminar shear
strength (Figure 10.24).

10.3.4
Concluding Remarks

The mechanical response of CMCs strongly depends on the composition, the
manufacturing process, and the resulting microstructure. It has been shown that
WMC and WIC are suitable boundary concepts, used to classify CMCs and to
explain their overall mechanical behavior. For design of CMCs, not only must the
loading regime, temperature, and environmental conditions be considered, but
also the specific anisotropic behavior of CMCs and oxidative susceptibility have to
be kept in mind. In combination with enhanced testing techniques, such as use
of acoustic emission to detect and to assign the occurring damage to internal
micro-structural processes, new non-destructive evaluation techniques, finite
element modeling, and highly qualified experiments, a closed understanding of
mechanical behavior of CMC can be achieved.
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11
Non-destructive Testing Techniques for CMC Materials
Jan Marcel Hausherr and Walter Krenkel

11.1
Introduction

Non-destructive testing (NDT), also called non-destructive evaluation (NDE) or
non-destructive inspection (NDI), are testing methods that analyze an object
without damaging or destroying the structure. They are the method of choice for
applications that require the test object to remain intact, such as tests regarding
lifetime analysis, safety relevant structures, or expensive manufacturing processes
that justify NDT in regard to costs.

Other uses of NDT methods are the optimization of processing routes and
improvement of the manufacturing process itself by analyzing the materials and
the quality of the components manufactured. Commonly used destructive testing
methods usually provide more reliable data, but the destruction of the tested speci-
men usually makes this type of test more costly than NDT and furthermore
renders the object useless.

These aspects are true especially in the field of ceramic matrix composites
(CMC). The manufacturing of CMC structures involves high manufacturing costs,
justifying the use of NDT. Most CMC components are employed in highly critical
environments, requiring a 100% assurance of their structural integrity. This
makes the NDT of the structures a necessary requirement.

In addition, many damage mechanisms that occur in CMCs are not yet suffi-
ciently described. Extensive research is needed to gain an understanding of how
damage develops and how to avoid critical damage from occurring [1].

This chapter will introduce five current NDT methods that are suited to evaluate
oxide and non-oxide CMCs. The components analyzed are either made of carbon
fiber reinforced silicon carbide (C/SiC) manufactured via the liquid silicon
infiltration(LSI) process or intermediate states that occur during LSI processing.
The methods are capable of detecting typical defects occurring, such as cracks,
delaminations, inhomogenities, pores, or inclusions. The methods described are:

e Optical/haptic
e Ultrasonic analysis
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e Thermographic/infrared analysis
e Radiography
e X-ray computed tomography.

11.2
Optical and Haptic Inspection Analysis

The most basic but often underestimated NDT methods are those based on the
fundamental human senses. These include the visual, haptic, and abstract geo-
metric analyses. Modern NDT methods enhance the human senses by using
mechanical and computer aids, permitting a faster and reliable method of testing.
For example, specifically designed computer algorithms can rapidly identify defects
by comparison of undamaged samples and predefined damage criterions, faster
and more reliably than a human being could.

The visual inspection remains a key NDT method and is automatically present
in all manufacturing processes that include human interaction. Certain quality
control systems can be performed by fully automated computer aided visual
inspection methods. With precisely formulated rules, computers can perform a
quality control. Automated systems are used in a large variety of manufacturing
processes [2].

The basic use of computer aided visual NDT consists of a digital camera that
analyzes specimens and compares the acquired figures with a reference figure. An
example of this technique is the testing of ceramic tiles for geometric imperfec-
tions such as warped surfaces, cracks, or missing pieces. Detection of a damaged
part results in rejection.

Similar to the visual inspection, the detection of surface deformations by touch
can be used to detect variations in surface structure. Automated systems are based
on direct touch systems such as geometric analyzers or laser-based interference
systems that scan the surface topology of a specimen. The computer aided methods
again compare the acquired data to existing sample a data and decide on a good-
bad decision if the data are within defined specifications.

Examples of computer aided haptic NDT are laser topographic systems that
determine the external geometric dimensions.

11.3
Ultrasonic Analysis

Ultrasonic NDT was developed in the early 1950s. After successful application in
medical research and diagnostics, the procedure was adapted for materials research
in the 1960s. Similar to the reflection of electromagnetic radiation from aircrafts
and ships, the ultrasonic NDT analyzes the acoustic energy reflected within a body.
It has been developed into one of the most reliable non-destructive testing methods
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available and is in widespread use. The method can reliably detect pores, inserts,
cracks and delaminations.

11.3.1
Physical Principle and Technical Implementation

Ultrasonic analysis is based on the partial reflection of high frequency ultrasonic
signals when encountering changes in densities. Typical frequencies are between
50kHz and 200 MHz [3-5].

The acoustic energy that is reflected at a density gradient (R) and the amount
of energy that crosses a density gradient (D) is based on two material constants:
the speed of sound within the two materials (c;, ¢,) and the density of the materials
(P1, p2)- The dependency is described in Equations 11.1 and 11.2:

R:((chz—Plﬁ)zj (11.1)
(p2c2 +pic1)
and
D:[l—R]:D:[l—(Wﬂ (11.2)
(p2c2+pic1)

The ultrasonic analysis therefore detects changes in densities within a specimen.
This permits detection of all types of defects and damages resulting in a change
in densities, such as delaminations, cracks, pores, or inserts [6].

The amount of ultrasonic energy reflected during the transfer from several
common materials is shown in Table 11.1. The reflectivity of ultrasonic energy
from air into other materials is very high compared to the reflectivity from water
into other materials. Ultrasonic analysis is therefore mostly performed under
water.

Table 11.1 Examples of total reflected and total pass-through
acoustic energy in sample material gradients.

Reflection Pass-through
Air — Steel 0.9999 2.6e-5
Air — CFRP 0.999 2.1e-4
Air — SiC 0.999 2.1e-4
Water — Steel 0.81 0.19
Water — CFRP 0.15 0.85

Water — SiC 0.76 0.24
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Defects, such as delaminations or pores, are usually air filled. Due to the very
high reflectivity between air and other materials, these defects can be easily
detected.

The ultrasonic principle can be used to analyze specimens in two distinct
methods: the transmission analysis and the pulse-echo analysis.

11.3.2
Transmission Analysis

Transmission style ultrasonic analysis is based on an analysis of the acoustic
energy that passes through a specimen. Acoustic energy is directed toward the
specimen from one side. A detector placed on the other side of the specimen
detects the ultrasonic energy that passes through the material [6, 7].

Figure 11.1 shows the principle function of the transmission style ultrasonic
analysis. Without any specimen, 100 % of the ultrasonic energy that is emitted can
be detected (Figure 11.1, left).

Analysis of an intact specimen (Figure 11.1, middle) shows the acoustic signal
weakened due to reflection occurring at the top of the specimen and a second
reflection when emerging from inside the specimen. Assuming a 50 % reflection
of the acoustic energy at each density gradient, the acoustic energy that passes
through an intact specimen is 25% of the total energy initially emitted.

In the case of a damaged area within the specimen (Figure 11.1, right), the signal
strength is further weakened. The ultrasonic signal has to pass through an addi-
tional set of two density gradients, reducing signal strength by an additional factor.
Assuming again a partial reflection of 50 % at each density gradient, the final signal
strength received is reduced to 6% of the initial signal.

Due to the simple set-up, the transmission method reliably detects defects. A
disadvantage is the necessity of having detector and receiver on opposing sides of
the specimen, requiring access to both sides of the specimen.

Figure 11.2 shows a transmission style ultrasonic figure. The specimen analyzed
is a 6mm-thick CFRP plate with simulated delaminations in different depths [7].

No Specimen Undamaged Specimen Damaged Specimen

E E
Emitter Emitter 0.50 Emitter

1.00 0.25

Detector Detector Detector

Figure 11.1 Principle of transmission ultrasonic analysis
showing the absolute signal strength that reaches the
detector.
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Figure 11.2 Transmission image of a CFRP plate with
simulated triangular and square defects in different depths.

All delamination defects can be clearly detected. Resolution of the method is
approximately 0.2 mm. Overlaying defects are visible as one single defect.

11.33
Echo-Pulse Analysis

The echo-pulse method, similar to the transmission method, is based on reflec-
tions at density gradients. Instead of measuring the signal that passes through the
specimen, the echo-pulse analysis analyzes the acoustic energy that is reflected
within the specimen and returns to the surface of the sample.

The advantage is that both emitter and receiver are located on one side of the
sample, enabling the scan of complex and closed structures such as pipes or
structures with an irregular topology. Another advantage is the possibility to detect
the depth of the damaged areas. Knowing the speed of sound, it is possible to cal-
culate the location of the damage within the specimen by measuring the time that
passes between emitting and the return of the signal. Figure 11.3 shows the prin-
ciple function of the echo-pulse method.

No Specimen Undamaged Specimen Damaged Specimen
£ Detector E Detector £ Detector
Emitter Emitter Emitter
0.50 0.50
0.12

0.12 0.001

Figure 11.3 Principle of the echo-pulse analysis.

265



266 | 11 Non-destructive Testing Techniques for CMC Materials

58

100
100 150 208 250 3&9
mm
(LT
1 2 3 5

Figure 11.4 Echo pulse figure of the CFRP plate with defects.
Similar distances from the surface are color coded.

The advantage of this method is seen in Figure 11.4, where the damage depth
of the specimen measured with transmission style is shown as variations in return
time. The individual depth is shown as changes in grayscale. Three inserts are
positioned at an identical depth, while the remaining two inserts are positioned
lower and above [7].

11.3.4
Methods and Technical Implementation

A typical area scanning ultrasonic analyzer is depicted in Figure 11.5. The analyzer
consists of a two-axis x-y-manipulator, a basin, an extension that holds the ultra-

Figure 11.5 Water-coupled ultrasonic analyzer with water coupling basin.
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sonic transducers in the water, a sample holder, and a computer workstation. For
an ultrasonic analysis, the manipulator moves the transducers over the specimen
surface, measuring the ultrasonic signal at each point. A typical measurement of
a 300 by 300mm plate requires approximately 10 minutes.

Most ultrasonic analyzers require the specimen to be immersed in water. This
is due to the fact that ultrasonic energy cannot easily overcome the density gradi-
ents imposed by any occurring air gaps. A transmission style ultrasonic analysis
with air gaps would require the ultrasonic energy to pass:

Emitter/Air Gap — Air Gap/Specimen — Specimen/Air Gap — Air Gap/Detector

Due to the high reflection at the air/material density gradient, the received signal
strength is extremely low, making air-coupled ultrasonic analysis difficult [6, 8].
The solution was to substitute the air gaps with water by immersing the object to
be tested in water and thereby increasing the signal strength. However, this poses
a problem for materials that are sensitive to water, such as highly porous structures
or objects composed of water soluble materials.

This problem was solved in the late 1990s by the development of new air-coupled
ultrasonic analyzers [5, 9]. The technical challenges only permit air-coupled analy-
sis using transmission style analysis and require a long measurement time,
increasing the duration of a measurement by a factor of approximately five.

11.3.5
Ultrasonic Analysis of CMC

Ultrasonic analysis can be used to detect defects that result in a change of
density, specifically delaminations and variations in porosity. Figure 11.6 shows
delaminations within a sample carbon-carbon plate with a porosity greater than
20% [9].

40
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Figure 11.6 Air coupled analysis of a C/C plate with
delaminations (a) and enhanced visualization of
delaminations (b).
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Figure 11.7 Process control of a C/SiC plate using air-coupled
ultrasonic analysis. From left to right: CFRP state, after
pyrolysis, after post-pyrolysis, and the final C/SiC state (DLR,
Germany).

Figure 11.7 shows the ultrasonic analysis used during process control of fiber
reinforced C/SiC plates. The four figures are subsequent scans of an identical plate
taken after each processing step. The signal strength that was detected after
passing the plate varies from a strong signal strength (light gray) to weak signal
strength (dark gray). The CFRP state shows a constant strong signal strength with
a minor inhomogenity due to variations in porosity in the middle left-hand side.

The following pyrolysis and post-pyrolysis step result in a highly porous C/C-
state. The C/C material contains air-filled micro-cracks that weaken the signal
significantly. The following post-pyrolysis introduces an almost constant micro-
crack system in the whole plate, yet again reducing signal strength.

The final infiltration of silicon results in an almost homogeneous C/SiC mate-
rial with only minimal absorption. The dark gray areas in the lower right corner
are the result of residual silicon remaining on the surface.

The ultrasonic analysis indicates that the theory of micro-cracking is essentially
correct. The initial CFRP plate initiates micro-cracks in the first pyrolysis that are
fully pronounced after the high-temperature post-pyrolysis. After infiltration, all
cracks are filled with silicon and converted to SiC [7].

11.4
Thermography

Compared to ultrasonic analysis, thermogaphic analysis is a passive system that
detects damages by analyzing changes in temperature. Thermographic analysis
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was initially developed in the 1950s for military purposes, resulting in the first
infrared detectors and film systems [10]. The application of new infrared sensitive
semi-conducting materials, such as InSb or InGaAs in the late 1980s, led to the
development of highly sensitive digital detection arrays, allowing for a new
class of detectors capable of detecting temperature differences within a range
of mK.

Thermographic analysis is based on the detection of infrared energy that radiates
from an object, mostly in the range of 3 to 5 um by using specially adapted infrared
detectors. Usually, the heat radiating from the surface of a structure is constant
and does not change over time. Damages within a structure modify the heat flux
and either increase or decrease the local surface temperature. Thermographic
NDT methods utilize this effect. This chapter will introduce three methods capable
of determining defects and their corresponding locations:

e Thermal Imagery (Infrared Photography)
e Lockin Thermography
e Ultrasonic Thermography

11.4.1
Thermal Imaging (Infrared Photography)

Infrared photography is the oldest and most widespread thermal based NDT
method. Developed for military reconnaissance in the 1950s, the concept of
thermal imaging is based on cameras adapted for capturing infrared images. The
widespread use of thermographic imagery was achieved with the development of
infrared sensitive photodiode arrays in the 1980s, permitting direct digital imagery
and computer aided analysis [10].

Thermal imaging is a passive NDT method that measures the infrared radiation
emitted by an object. This requires the object to have a temperature difference to
the outside temperature and the necessity of an internal heat flux to the surface
of the object [11].

The amount of infrared energy radiating away from the surface of the object
varies on the geometric and material properties, resulting in a unique radiation
signature that is detectable by an infrared camera.

A typical thermal image signature of a rotary furnace can be seen in the middle
of Figure 11.8. The variations in gray symbolize varying surface temperature due
to different thicknesses of insulation and other local geometric variations. Small
circumferential lines show areas where the ceramic insulators are bolted together.
In Figure 11.8 (a) a local increase in temperature can be seen as a white area. The
higher local temperature (b) clearly indicates a breach of the insulation, resulting
in the increase of surface temperature.

The advantage of thermal imagery analysis is its capability of in-situ monitoring,
even during operation. Passive objects without an internal heat flux cannot
be analyzed with this procedure, requiring an object to possess its own heat
source.
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(b)

Figure 11.8 Thermographic imagery of a rotary oven (a) with
intact (b) and defective (c) insulation (Industriethermografie
Harald Schweiger).
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11.4.2
Lockin Thermography

The non-destructive Lockin thermographic analysis was developed at the Univer-
sity of Stuttgart in the late 1990s [12-14]. The Lockin analysis does not depend on
an object having its own internal heat source. Instead, an external heat flux is
applied and a time-dependent response is analyzed [15]. The heat flux within the
structure is induced by an external heat source, such as high power halogen lamps
onto the surface of the object.

The infrared detector observes the change in surface temperature as the heat is
absorbed by the structure. Any defect, such as a crack, delamination, or material
inhomogenity, creates a thermal barrier that hinders the heat flux into the object.
The thermal wave is reflected back toward the surface, creating a local rise in
temperature (Figure 11.9). The size of the local temperature change enables the
determination of the defect size [13].

By using Lockin thermography, it is possible to determine the depth of the
defect. Similar to the echo-pulse ultrasonic analysis, analysing the time elapsed
until the heat wave returns to the surface can give details about the location of the
defect [14]. To enhance the time-dependent data, the Lockin analysis modulates
the external heat applied to the object, permitting a phase-shift analysis. Low
modulation frequencies permit deep penetration, detecting any damages within
the whole volume scanned. An increase in modulation frequency reduces the
scanned volume, only detecting damages between the surface and a certain dis-
tance from the surface of the object.

A variation of the Lockin thermography analysis is flash thermography. Instead
of applying a modulated heat source, the surface is subjected to a brief, intense
flash of heat, having a duration of several microseconds. Typical sources are high
powered lasers or xenon-type flash lamps. The brief increase in temperature at the
surface generates a thermal wave that moves into the object.

Lockin and flash thermography have physical limits that need to be considered.
As the surface-induced thermal wave travels into the object, it propagates in all
directions. It is difficult to detect small defects, such as individual pores or cracks,
as small defects deep within the structure do not provide an efficient thermal

External
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Figure 11.9 Principle of Lockin thermography.
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barrier—the heat wave propagates around the defect without being reflected. The
correlation between detectable defect size vs. distance from the surface is approxi-
mately 1 to 1. This means that a defect of 2mm diameter can only be detected
within 2mm from the surface. The detectable defect size therefore varies, depend-
ing on how far the defect is located from the surface.

11.43
Ultrasonic Induced Thermography

A different approach is done by ultrasonic induced thermography (US-thermog-
raphy). Similar to other thermal methods, US-thermography analyzes the increased
temperature on the surface of a structure. However, the change in surface tem-
perature is induced by friction heat that emanates from defects inside the object
[16, 17]. To initiate friction within defects, the object is excited by a strong ultra-
sonic vibration applied from the outside. The contact surfaces of a defect are each
subjected to a slightly asynchronous vibration, resulting in frictional heat [18,
19).

The main advantage of the US-thermography is the possibility to detect small
cracks not detectable using Lockin thermography. Instead of blocking the exter-
nally-induced thermal waves, the ultrasonic excitation lets the defect itself become
the heat source [20].

11.4.4
Damage Detection Using Thermography

Figure 11.10 shows a CFRP plate with artificial delaminations analyzed using
Lockin thermography. The modulation frequency was selected to investigate a
volume up to 3mm from the surface. The figure shows the delaminated areas.
The triangular delamination and topmost square delamination 1mm from the

Distance from
the Surface

@ d=1mm
@ d=3mm

d=5mm

Figure 11.10 Lockin analysis of a sample CFRP plate with 3 mm penetration depth.
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Figure 11.11 Lockin analysis of a defective reentry shield
(DLR-Germany). (a), (b) Surface-near debonded areas,
(), (d) in-depth analysis with visible rear attachments.

surface, as well as the square areas 3 mm from the surface are clearly visible. The
triangular area 3mm from the surface is also discernible.

A major strength of the Lockin thermography is its capability to detect the
debonding of surface coatings. Figure 11.11 shows a defective re-entry heat tile
prepared for the FOTON mission. The thermal barrier coating had debonded in
several places, visible as blue areas in the surface near analysis (Figure 11.11, left).
An in-depth analysis additionally detected the rear-mounted stabilizing ribs and
inserts (Figure 11.11, right) [1, 22].

11.5
Radiography (X-Ray Analysis)

Radiography is one of the most common methods used for NDT. Based on the
absorption of X-rays within materials, radiographic methods have been used for
industrial quality control since the late 1920s.

X-Rays consist of high energy photons with a wavelength between 0.01nm and
10nm, permitting the penetration of materials that are opaque to visible light.
They are generated by accelerating electrons in an electric field and bombarding
a target consisting of a heavy metal, usually tungsten. The kinetic energy of the
accelerated electrons is transferred to the tungsten atoms, discharging X-ray
photons. Modifying the strength of the electric field can vary the intensity of the
X-rays emitted.
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The principle of X-ray analysis is based on the attenuation of X-rays within the
specimen and depends on both the density of the material as well as the thickness
of the material that is penetrated. The radiographic image depicts a silhouette
figure representing the X-ray radiation that was not absorbed within the specimen
observed. Local variations inside the specimen, such as differences in thickness
or density, pores, cracks, or inserts with different density cause a change in absorp-
tion of the X-rays [10, 22]. The intensity of radiation I that is recorded after passing
through a sample is defined as an exponential function:

I=Iy-e*t (11.3)

I, being the total radiation emitted from the X-ray source, being a material depen-
dant absorption coefficient and L corresponding to the thickness of the material
penetrated [23].

11.5.1
Detection of X-Rays

As X-rays cannot be detected by the human eye, it is necessary to use an interme-
diate medium or measurement to make the radiation visible. This can be
achieved by different methods, utilizing chemical or physical effects. Due to
the difference of the underlying principle, each method has certain advantages
and disadvantages.

11.5.1.1 X-Ray Film (Photographic Plates)

Photographic film is the classic method for detecting X-rays. Consisting of an X-
ray sensitive material, usually silver bromide or silver iodide with an ordered
crystalline silver structure, the film is placed behind the object and exposed to
radiation. The silver bromide absorbs the X-rays, releasing the silver atoms in the
process. A chemical development fixates the remaining silver bromide and pro-
duces an image that shows the radiation intensity as variations in grayscale.

The advantages of X-ray film are a high flexibility of the film (enabling the
bending onto curved surfaces) as well as the high resolutions (up to 10um) that
are attainable. Once developed and fixated, the image is stable and can be stored
for archiving purposes.

A major disadvantage is the fact that the image cannot be seen “live.” To view
the results, the film needs to be developed via a chemical process that requires
several minutes. Incorrect X-ray parameters, such as too high/low acceleration
voltage and filament intensities can render the figure unusable, requiring experi-
enced personnel.

11.5.1.2 X-Ray Image Intensifier

Consisting of a phosphorous screen with an attached photomultiplier, the image
intensifier was the first all-electronic method for detecting X-rays. The X-rays
detected are absorbed in the phosphorous screen and converted into visible light.
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The photomultiplier detects the light emitted from the screen, producing a scan-
ning signal that can be viewed on a monitor.

The main advantage is the possibility of seeing a live image during measure-
ment and subsequently being able to adapt the X-ray intensity to view the speci-
men at optimal contrast. Disadvantages are the low resolution, limited to mostly
500 by 500 pixels with a typical resolution of about 0.5mm and a relatively bulky
system due to the size of the image intensifier.

11.5.1.3 Solid State Arrays

Derived from the image intensifier, solid state arrays are based on large arrays of
photodiodes. Similar to a CCD sensor in a digital camera, the detector consists of
an array of highly sensitive photodiodes that detect the light emitted from a phos-
phorous screen. Typical arrays consist of typically 512 by 512, 1000 by 1000, or
2000 by 2000 photodiodes. The sensitive area is typically 20 or 40cm square.

The major disadvantage of the solid state arrays is the gradual degradation of
the photodiodes due to the X-ray radiation. Depending on the X-ray intensity, the
semi-conducting structure can be damaged, degrading the photodiodes and requir-
ing replacement after several years of operation.

11.5.1.4 Gas lonization Detectors (Geiger Counter)
Gas ionization detectors utilize the ionization capabilities of X-rays. The detector
consists of a metallic tube filled with a noble gas and a thin wire running through
the center of the tube. The X-rays enter the cylinder at one end through a small
polymer window and ionizes the gas inside, creating an electric charge that corre-
sponds to the intensity of the X-ray radiation.

The system is maintenance free and has no degradable components. The major
drawback is the very low detector resolution of 1 mm to 2mm due to the minimal
dimensions of the cylinder.

11.5.2
Application of Radiography for C/SiC Composites

Radiographic images are usually grayscale images with high attenuation depicted
as white areas and low attenuation as dark areas. Changes in material composition,
varying thicknesses, or defects change the attenuation and result in a change of
color.

C/SiC ceramics consist solely on the elements carbon and silicon, and consist
of three different material states: carbon, silicon carbide, and pure silicon. The
attenuation of each material state varies (Table 11.2). As the attenuation in carbon
is about 40 % of the attenuation in SiC, it is possible to discern between areas with
a high amount of carbon, and areas with large amounts of silicon and silicon
carbide. Air-filled defects such as large pores or cracks are visible as areas with
even less attenuation.

A typical radiographic image of a short-fiber reinforced C/SiC ceramic brake
disk is shown in Figure 11.12 (a). The brake disk consists of short carbon-fibers
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Table 11.2 Density and X-ray attenuation of different materials

at 100kV [25].

Material Density (g cm™) Attenuation at
100kV (cm™)

Carbon 1.5 0.2271

Silicon Carbide 3.2 0.5360

Silicon 2.3 0.4220

Air 0.001 0.0001

.

Figure 11.12 X-ray images of C/SiC composites with varying
attenuation. (a) a short fibre reinforced brake disk; (b)
incompletely infiltrated fabric C/SiC specimens (DLR,
Germany).

embedded in a SiC matrix with a constant thickness. Any visible differences in
attenuation should therefore be the result of density changes within the material
or defects, such as cavities/pores within the sample [25].

The top left side of the brake disk shows an area with reduced attenuation,
indicating an area with a higher content of carbon. The right part of the disk is
dominated by irregular areas of high attenuation, visible as wavy light gray lines
and light gray areas. These are cracks filled with Si/SiC oriented to carbon fiber
bundles and areas completely filled with SiC or Si. The lack of reference specimens
makes it impossible to discern between the absolute amount of Si and SiC
present.

Figure 11.12 (b) shows a radiograph of an irregular batch of rectangular C/SiC
specimens made up of 12 layers of carbon fiber fabric, including an intact refer-
ence plate. Due to an error during the infiltration process, the plates were sub-
jected to more silicon than intended, resulting in a local increase of SiC. The
carbon fiber orientation of the woven fabric is visible as a square criss-cross pattern
of dark gray. Compared to the reference specimen in the figure, the areas of excess
SiC are visible as light gray areas.
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11.5.3
Limitations and Disadvantages of Radiography

Radiography is a useful tool for determining material inhomogenities such as
pores, imbedded defects, and variations in densities. However, there are several
types of defects that cannot be recognized.

Being an integrating procedure, radiographic analysis can only measure the total
attenuation of the X-rays passing from the source to the detector. It is not possible
to distinguish the attenuation occurring in several thin layers of a material or in
a single layer of material as long as the total thickness is identical (Figure 11.13,
middle). This makes the detection of delaminations impossible. Similarly, it is not
possible to detect cracks in a material unless the crack is exactly in line with the
X-ray source and the detector, allowing radiation to pass through the low attenu-
ated region filled with air (Figure 11.13, right).

11.6
X-Ray Computed Tomography

The deficiencies occurring when trying to analyze complex three-dimensional
structures using radiography was a major drawback, creating a desire for a true
three-dimensional visualization procedure. Mathematical theories that permitted
the description of a three-dimensional volume through a series of two-dimensional
radiographic figures existed, but the algorithms were complex and required com-
puting power that only became available in the 1980s.

The complete three-dimensional visualization of a specimen is the major advan-
tage of X-ray computed tomography. All the structures scanned can be visualized
and viewed from any angle or position, resulting in a new quality of NDT. Sample
preparation is unnecessary and depending on the sample it is possible to discern
defects smaller than 1 micron in size.

11.6.1
Functional Principle of CT

There are two basic technical designs of computed tomography systems: the
helical scan and rotational CT [26].
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Figure 11.13 Variations in attenuation due to variations in thickness and defects.
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Figure 11.14 Different types of CT systems. (a) a medical CT
system (Siemens AG); (b) A NDE-CT system (Phoenix X-Ray).

The helical scanning systems are used primarily in medical diagnostics. The
set-up consists of a X-ray source and a detector matrix that are mounted in a fixed
frame. During analysis, both source and detector are rotated around the specimen
in a helical motion, moving constantly down the length of the specimen (Figure
11.14, (a)). Helical computer tomography systems are capable of measuring very
long objects such as helicopter blades or tubing [27].

In a rotational computer tomography system, the X-ray source and detector are
stationary. Instead, the specimen is placed on a turntable and rotated in small
increments, permitting a more stable and vibration-free set-up (Figure 11.14,
(b).

The mathematical reconstruction algorithms that are the basis of computed
tomography dictate that a sufficiently large number of two-dimensional radio-
graphic figures can describe the three-dimensional structure of any body. In a
three-step process, the individual radioscopic images are first converted into two-
dimensional parallel slices and then converted into a three-dimensional model of
the object (Figure 11.15). Using special visualization software, the object can then
be virtually dissected and viewed at any position.

1. Radiography 2. Planar reconstruction 3. Volumetric reconstruction

Figure 11.15 The three steps required during reconstruction.
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As the procedure is based on the attenuation of X-rays, it can discern any density
dependent variations within the specimen. Apart from detecting structural defects,
CT is capable of analyzing density dependent morphological attributes.

11.6.2
Computed Tomography for Defect Detection

Defects and damaged areas within a structure, such as open cracks or delamina-
tions, typically consist of an air-filled space that reduces X-ray attenuation. The
defect determination is based on detecting these local changes in attenuation and
determining their dimensions. Damages such as cracks or pores are visible as
areas of a darker gray/black (Figure 11.16). The images show a cylindrical domed
rod with a diameter of 35 mm made of monolithic silicon nitride. The interior is
severely damaged due to shrinkage cracking that is clearly visible in the computed
tomography figures.

Although CMCs typically are more heterogeneous, consisting of a more complex
morphology with fibers and matrix material, the reduced attenuation of air-filled
cracks and pores can clearly be discerned from the CMC. Changes in the CMC
itself, such as inhomogeneous carbon-rich areas in C/SiC, are also discernible.

Figure 11.17 demonstrates the capabilities to detect delaminations in CFRP and
C/C materials. The CFRP sample on the left contains a 100um thick triangular
inserted plastic foil of low density that was inserted between two fabric layers as
an artificial delamination. The insert can be clearly discerned. Similarly, an artifi-
cial air-filled delamination in a highly porous C/C is clearly visible in the right-
hand figure. The reduced attenuation within the air-filled gap is clearly visible. The
chosen resolution of 150um also shows individual fiber bundles, visible as a
regular criss-cross pattern.

Figure 11.16 CT analysis of a seemingly intact 35 mm Si;N,
component (right). Perpendicular and parallel layer view of
shrinkage damage inside the specimen.
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Figure 11.17 CT figure of CFRP (left) with triangular plastic
foil insert and a pyrolysed high-porous C/C plate with
delamination (right).
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Figure 11.18 CT views of a graded C/SiC sample with visible
cracks, fiber bundles and pores. Middle: thermal cracks in a
depth of 1.5mm.

Figure 11.18 shows the analysis of a graded C/SiC plate. The surface-near layers
have an increased density (visible in the lighter gray) due to a higher silicon carbide
content. The increase in carbon toward the middle of the specimen is clearly visible
as a darker gray (Figure 11.18, left). The middle image shows air-filled relaxation
cracks, visible in a layer approximately 1mm from the surface. Also visible are
individual translaminar cracks filled with silicon carbide and several pores with a
diameter of approximately 400 um (Figure 11.18, right).

11.6.3
Micro-structural CT-Analysis

The high resolution capabilities of computed tomography are not only suited for
defect detection, but can also be implemented for micro-structural investigations.



11.6 X-Ray Computed Tomography

The three-dimensional acquisition of the complete volume permits morphological
investigations, such as crack propagation, material distribution, and the determi-
nation of phase distribution and occurring porosity.

To investigate the morphological changes occurring within the specimen during
the LSI process, several micro-computed tomography scans were performed.
Having a resolution of 3 um [28], the micro-CT was capable of discerning individ-
ual fiber bundles and fibers. Beginning in the CFRP state, the micro-structural
analysis showed the orientation of individual carbon fibers within a fiber bundle,
the distribution of the phenolic resin and initial pores and micro-cracks that
occurred within a single fiber bundle (Figure 11.19). The slightly increased attenu-
ation of the denser carbon fibers (light gray) permitted the differentiation between
fibers and less dense phenolic matrix (darker gray).

In a following CT analysis of the intermediate carbon-carbon state, the three-
dimensional orientation of the trans-laminar cracking is revealed (Figure 11.20).
The three-dimensional volume permits the detailed description of the spatial crack
orientation and the precise determination of the crack width, height, and length.

Figure 11.20 Three-dimensional view of a C/C specimen with
visible crack structure (resolution 3 um), vertical center layer
of the specimen.
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24% Si/SiC
76% carbon

Figure 11.21 Left: High resolution CT-micrograph slice of
C/SiC specimen. Dark gray represents carbon, light gray
represents Si/SiC. Right: Distribution of Si/SiC (total
volumetric content).

The detection of all air-filled regions, including pores, delaminations, and trans-
laminar cracks, permits the non-destructive determination of the volumetric
porosity, including closed pores that would be undetectable using conventional
methods, such as mercury porosimetry.

Analysis of the final C/SiC state shows the heterogeneous volumetric distribu-
tion of the SiC and carbon fibers within the material. The trans-laminar crack
system present in the carbon-carbon state is filled with Si/SiC. By correlating the
attenuation data with the density of the materials present, it is possible to extract
the volumetric dispersion of the occurring silicon carbide (Figure 11.21, right)
determining the volumetric content of SiC and carbon.

11.6.4
Process Accompanying CT-Analysis

To evaluate the morphological changes occurring during the LSI process, a speci-
men was accompanied through the complete LSI process. Beginning in the CFRP
state, the specimen was scanned with a maximum magnification before the next
process step. During every CT, the identical volume was investigated.

The area chosen for comparison contained a resin pocket, visible as a light gray
area in the left side of Figure 11.22. The initial CFRP material clearly shows the
individual fibers within the fiber bundle. It is possible to clearly discern between
fibers and resin.

After pyrolysis, the CFRP material was converted into the intermediate carbon-
carbon state (Figure 11.22, middle). The segmentation cracks within the carbon
fiber bundles are clearly visible. Additional pronounced and random cracking is
visible in the area of the former resin pocket. The foreign inclusion is still visible
and has not changed.

The final C/SiC of the specimen shows the segmentation cracks completely
filled with SiC. Due to a slight warping of the specimen, the resin pocket is moved
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1.mm ; |1 mm =
Figure 11.22 Sagittal CT-micrograph slices of the identical
area accompanied through the LSl-process. From left to right:

CFRP state with visible resin pocket, visible microcracked C/C
state, cracks filled with SiC in the final C/SiC state.

out of the plane and is only partly visible in the figure. A large crack in the area
of the former resin pocket has not been completely filled, resulting in an air-filled,
closed pore.

11.7
Conclusions

NDT is an important aspect in the manufacture of CMC structures. The damage
mechanisms that occur in materials during failure are not yet fully understood,
requiring extensive analysis to ensure the manufacturing of intact structures.
Furthermore, the high costs of CMC structures and their use in safety relevant
applications require the integration of NDT methods, not only to ensure the integ-
rity of the manufactured CMC structures, but also as a useful tool to analyze the
manufacturing process for optimization and improvements.

Each of the introduced methods has its advantages and disadvantage. The choice
of the appropriate method or methods necessitates a careful evaluation of the
needed requirements.

The most robust and common method used for damage assessment is ultra-
sonic analysis. Current available systems are compact and capable of detecting
delaminations, large pores, and debonded areas occurring in CMC materials. New
generations of air-coupled ultrasonic analyzers provide detection capabilities in
air, eliminating the need of water or a coupling medium, thereby providing true
non-contact NDE.

The use of thermography, specifically the Lockin thermography system, is suited
for mobile use. The available thermographic systems function under almost any
operating circumstances and are very tolerant. However, the limited damage detec-
tion capabilities need to be considered.

Of all methods, computed tomography is the most sophisticated and detailed
non-destructive method available. The capability to analyze complex structures
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without any sample preparation makes this the most effective testing method
available, providing unparalleled information. However, the method is technically
limited to small structures with dimensions less than 50cm. High costs, lack of
mobility, and the use of X-ray radiation make computed tomography a NDT
method that can only be used for specific analysis.

Instead of computed tomography, radiography is a cheap and fast method that
can detect most occurring defects and damages. Due to the fast analysis, X-ray
radiography can be implemented in mass production.
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Machining Aspects for the Drilling of C/C-SiC Materials

Klaus Weinert and Tim Jansen

12.1
Introduction

When we look at economic and technological developments of the past few years,
we see that the efficient reduction of main and non-productive time in production
processes is becoming increasingly important. In addition, a continuous further
development of materials and the development of new materials mean that new
demands are placed on machining processes. This also relates to the group of
Ceramic Matrix Composites (CMC). This class of materials is typically character-
ized by heterogeneous and porous microstructures and high fiber volume content.
CMC s form a group of materials with superior high temperature resistance and
especially good strength/weight relationships. These are excellent properties for
manifold applications.

Generally, the cost for producing mass market items should be kept
low. However, the high hardness, as well as the inhomogeneous structure of the
CMCs, causes unstable processes and high tool wear when machining. Therefore,
it is important to use an appropriate process configuration. This chapter
focuses on one essential machining aspect: a method for producing drill holes
in carbon fiber-reinforced silicon carbide composites (C/C-SiC). This method
is being investigated within the current research project at the Institute of
Machining Technology (Institut fiir Spanende Fertigung, ISF) at the Dortmund
University, Germany, supported by the German Research Foundation (DFG). The
material selected is already being used for various applications including
mass produced components [1], for example, ceramic brake discs in the automo-
tive industry [1, 2]. However, these brake discs are used only in premium
class vehicles because of high costs. The current situation shows that the
machining procedure should be optimized so that costs can be lowered consider-
ably. Weck and Kasperowski [3] describe how hard processing represents an
essential cost factor that can account for up to 80% of the total cost for all of the
components.

To optimize the drilling process in C/C-SiC, the procedure was analyzed
systematically (Figure 12.1). This procedure can be subdivided into three steps:
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Figure 12.1 Procedure for optimized machining.

analysis of the machining task, the determination of the optimization potential,
and the development of efficient machining strategies. The first thing that has to
be done when analysing the machining task is to differentiate between “drilling,”
such as center drilling, and “drill hole post-processing,” such as drill out. Center
drilling means that a hole is originated in the solid workpiece, whereas center
drilling drill out means that a previously produced hole is enlarged. Depending
on the drilling type, the tool is stressed differently and also wears out differently.
Compared to center drilling, where the tool wear is basically axial, drill out causes
radial tool wear. Furthermore, knowledge of the “material characteristics” is fun-
damental to an analysis of the machining task.

In the second step, depending on the machining task, the possibilities for opti-
mization should be clarified. This can be achieved by modifying the tools and by
adapting the process parameters as well as the basic conditions. In the third step,
efficient machining strategies should be developed to achieve higher hole quality,
lower tool wear, and reduced manufacturing times.

12.2
Analysis of Machining Task

Ceramic materials have a special place in machining technology and their proper-
ties can clearly be distinguished from other materials. Their brittleness contrasts
with their high hardness and their temperature resistance.

The fiber-reinforced ceramic C/C-SiC material Sigrasic 6010 GNJ [4], discussed
in this section, is specified in Figure 12.2. As already mentioned, the characteris-
tics are typical of CMC composites: A quasi-ductile behavior is the result of embed-
ding carbon fiber bundles in a brittle SiC matrix (Figure 12.2, right).

In processing high-performance ceramics, the material is removed by machin-
ing with a geometrically undefined cutting edge [5]. Figure 12.3 illustrates the
removal of material by chip formation during the grinding of ductile and brittle



12.2 Analysis of Machining Task | 289
Carbon fibre-reinforced ceramic (C/C-SiC) ; 1
» Short fibre-reinforced e M Carbon
» Density: 2.4 g/lcm?® “Wlslibre bundle
» SiC: 60 % wiw - ]
C: 30 %ww
Si: 10 % wiw
» Porosity < 1%
Figure 12.2 Characteristics of the work piece material.
Ductile cutting Brittle cutting
Py g f
wedge i E wedge
. nda i
chip Ve mﬁagzents y - EE.:E v
18 fragments

pllic deformation
LI §

pressure-

elastic elastic and elastic and plastc

deformation, | plastic deformation + S - S

friction | defi i chip seg i ';E-|: normal force

grain/material friction friction grain/material + Fy: tangential fO[oe
|grain/, ial + internal ial friction Ve:  effective cutting speed
|internal material |hew:  undeformed chip thickness
friction n: effective cutting speed angle

Figure 12.3 Material removal mechanism for ductile (left) and brittle materials (right) [6, 7].

materials. The grinding grains move on cycloidal paths relative to the work piece.
The effective cutting grains are arranged within the grinding wheel. Their position
varies within certain ranges. The chip formation model of ductile materials is
based on Konig’s analysis [6] (Figure 12.3, left). The cutting grain passes through
three different stages. In the first stage, elastic deformation occurs, changing into
material flow within the work piece.

On the other hand, Saljé and Méhlen describe in their model the chip formation
of brittle materials [7] (Figure 12.3, right). The behavior of the brittle material leads
to the formation of micro-cracks, which finally cause the breaking off of micro-
scopic fragments.

The C/C-SiC material examined explicitly shows quasi-ductile behavior. This
means that this ceramic behaves under specific loads more ductile than other
ceramics, but when machining, certainly when grinding, the same material is
brittle. Furthermore, as a complicating factor, this ceramic shows an overall inho-
mogeneous structure because of the embedded short fibers, so that the controlled
breaking off of microscopic fragments from the fiber-reinforced ceramic cannot
be ensured.

C/C-SiC consists of silicon and carbon, as well as the resulting reaction product
silicon carbide. With 60 % weight by weight, silicon carbide makes up the largest
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Figure 12.4 Production of C/C-SiC by the LSI method [8].

part of the composite material and is also the hardest component. The inhomo-
geneity of this material, as mentioned above, influences the drilling process.

Depending on the machining task, a choice must be made between drilling
or drill hole post-processing. The composite material is usually produced by the
Liquid Silicon Infiltration (LSI) method (Figure 12.4) [8]. Before the C/C preform
is infiltrated with liquid silicon and has attained its nearly final contour, final
hardness, and form, the work piece can be machined relatively easily. After silicon-
izing, the work piece requires post-processing. This is because of material expan-
sion, leading to flaws so that the work pieces are characterized by insufficient
surface quality. Drill holes produced during intermediate machining must be
post-processed. One of the aims in drilling is to reduce the main and the non-
productive times. Therefore, the silicon infiltrated work piece should be directly
drilled into so that post-processing of the drilling holes is not necessary.

The ISF used as a test machine, the conventional machining center of type
Chiron FZ 12 S. With this machine it is possible to reach a rotation speed of n =
15000 min~". This machine also makes possible an internal or external supply of
coolants. The hollow taper shank used attains a high axial precision as well as
stiffness.

When drilling, it is necessary to differentiate between blind holes and through
holes. To create drilling diameters, which approximately correspond to the tool
diameters, axially force-loaded tools are primarily used. To create drilling diame-
ters larger than the tool diameters, drilling is done by circular tool movement with
a superimposed axial infeed [9]. This circular processing causes an additional
radial stress on the tools used. That is why these tools must be explicitly designed
to handle this additional stress. The investigations presented in this section refer
exclusively to the axially stressed tools.

123
Determination of Optimization Potentials

12.3.1
Tool

Conventional tools with geometrically defined cutting edges, such as cemented
carbide drilling tools, cannot be used to drill C/C-SiC, because of their low hard-
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ness. Also, tools with geometrically defined, very hard polycrystalline diamond
(PCD) cutting edges are unsuitable for this process [9]. This is because of rapid
tool wear, which prevents a consistent hole quality.

In line with research at the ISF, drilling by cross-side grinding with mounted
points in the form of so-called hollow drilling tools has been and is being carried
out. The cutting speed of a drilling tool is not constant over the diameter of the
tool. Based on the formula for cutting speed v, = d-n-n, the maximum cutting speed
exists on the outer side of the tool, whereas in the center (diameter d = O0mm)
the cutting speed is v, = O0m/s, so that only bruise and friction processes are
present. These processes cause significant tool wear. By using hollow drilling tools,
corresponding bruise and friction processes can be eliminated and, moreover, a
high-capacity supply of coolant can be realized. The mounted points consist of a
hollow shaft with a soldered grinding head (Figure 12.5). The coolant supply serves
as a process coolant and also as a means of transporting chips from the drill hole.
The grinding head, consisting of metallic bonding and diamonds as cutting grains,
has flutes on the end face and convex surface. The purpose of the flutes is to
remove the abrasive coolant/chip composite out of the drill hole, preferably with
minor effects on the convex surface and the drilling wall [10, 11]. The advantage
of a tool with metallic bonding is its higher heat conductance compared to resin
or ceramic grinding wheels. Furthermore, a tool with a metallic bonding has a
higher friction resistance compared to one with resinoid bonding [6].

Because of high tool stress—particularly in the region of the flutes—which can
lead to total tool failure, a sufficient stability of the grinding head has to be assured,
even for thinner wall thickness. A tool failure expresses itself, for example, by
formation of cracks in the flutes, which spread erratically from grain to grain and
lead finally to tearing of the tool (Figure 12.6).

A characteristic of trepanning with mounted points is the primary axial wear on
the tool’s end face [9]. This depends on the quantity and allocation of the diamond
grains. The wear is characterized by flattening, slivering, or breaking out of the
cutting grains. The end face topography varies, depending on the wear of the
grains involved in the process. Due to this, a bevel is formed on the inner or outer
region of the end face [10]. The axial wear of the tools can, nevertheless, be seen
as linear over the whole drill length (Figure 12.7a).

When the tools are first used, or are used with different process parameters,
they show a grind-in behavior. This expresses itself as an increase in the axial

Flute

Shank

End face

with a gap Grinding head with

diamond grains
Figure 12.5 Mounted point for drilling in C/C-SiC.
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Figure 12.7 Quantitative representation of the mounted points used.

process forces (Figure 12.7b), combined with a reset of the bond and flattening
of the diamond grains due to wear. When the grains are evenly distributed and the
process parameters are constant, a resulting constant axial force level appears.

Grind-in behavior can also be ascertained in part by the drill hole quality. The
reasons for this are radial deviations of the tools, leading to an increase in local
tool wear. This expresses itself in a flattening of the diamond grains jutting out of
the bond and the accompanying bond wear. The integrated profiling of the
mounted points has proved itself to be effective in reducing grind-in behavior
[12].
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Figure 12.8 Wear on a galvanic mounted point.

In the investigations already carried out, tools with different bond concepts were
employed. A galvanic mounted point, a mounted point electroplated with only one
layer of diamond grains, reached its tool life after a significantly shorter drill
length. Figure 12.8 shows, in sequence, the end face of the tool employed and the
corresponding drill length. As can be seen, diamond grains in the medial radius
of the end face are flattened after a total drill length of L; = 4340 mm. Because of
wear, gouging follows at Ly = 4380 mm, which increases with continuing tool
application, because the ceramic that has to be machined is harder than the tool
base plate, which was to be machined originally. The tool’s life was reached after
approximately Ly = 4500 mm, using the parameters shown.

Sintered mounted points with bronze bonds have the advantage, compared
to galvanic mounted points, that the wear of diamond grains is associated with a
setting back of the soft bond in which more grains are bonded. Consequently, new
cutting grains, which were hidden in the bond up to that point, appear at the end
face. Because of this, a constant grinding behavior is made possible until the end
of the tool’s life. Finally, the tool’s lifetime is determined by the length of the
grinding head. Comparative tests with the galvanic tool were broken off after a
total drill length of Ly= 4000 mm, because changes were not expected in the further
course of the process [12].
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12.3.2
Parameters

The specification of the tool with respect to grain size and grain concentration
is a significant variable in the drilling process. As already shown, process forces,
as well as wear behavior, depend on this specification. A high grain concentration
can lead to insufficient bonding of the grains, if the grains lay directly next to each
other and are not completely locked in the bond material. Grains which are too
large can cause instabilities in the tool. Because of the normally thin wall thickness
of hollow drilling tools, large grains can lead to an insufficient cohesion of the
bond, particularly in the area of the flutes (compare Figure 12.6). But in general,
larger grains wear out more slowly. In experiments, tools with an outer radius of
d = 8.1mm and grain sizes of 300um (D301), as well as a grain concentration of
6.6ct/cm’ (C150), have proved themselves suitable.

Further variables in the drilling process are the parameters: feed f and cutting
speed v.. So the choice of suitable process parameters has an influence on drill
hole quality. In a statistic design for the experiments, a comprehensive parameter
field was used. Depending on the choice of feed f and tool rotation speed n, the
diameter deviations, evaluated by the fundamental tolerance IT, could be reduced
(Figure 12.9). When economic considerations are taken into account, a feed of
f = 0.007mm and a rotation speed of n = 13400min" are the optimal process
parameters. With tools that have not been further optimized, diameter deviations
of at least IT 8 occur with a feed velocity of v¢ = 93.6mm/min [10].

12.3.3
Basic Conditions

The application of a coolant is fundamental to the process. Cooling of the tool is
thus made possible and also the chips can be transported away quickly without
interrupting the drilling process. For the process, a coolant supply was achieved
that allowed a pump pressure of pgss = 22bar at a volume flow of 151/min. The

Drill hole Workpiece Fundamental tolerance IT
for holes with nominal size
~ 4 @>6-10 mm:
. IT1: AD= 1 mm
Diameter
et e IT2: AD= 1,5 mm
d tion AD '
e IT3: AD< 2,5 mm
AN | IT4: ADS 4 mm
\ ITS: AD= 6 mm
: ) _ IT6: ADs 9 mm
Min. drill hole diameter IT7: AD<15 mm

Max. drill hole diameter IT8: AD=22 mm

Figure 12.9 I1SO system of limits and fits: fundamental tolerance IT [13].
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high pressure supports a flushing out of the drilling bottom and decreases the risk
of the bore core seizing up in the hollow drilling tool.

12.4
Process Strategies

On the basis of the knowledge acquired regarding drilling with mounted points,
advanced optimization measures can be derived. The following investigations
concentrate on the application of adapted mounted point concepts.

Flutes on the convex surface of the tools support the transportation of coolant
chip composite. For tools with geometrically defined cutting edges, it is known
that the chip transportation of twist drills is superior to that of straight fluted drills
and so tools with twist drills have a longer lifetime. Corresponding to these find-
ings, mounted points have been used, whose flutes are twisted in a defined helix
angle of & = 20 degrees and § = 45 degrees around the grinding head. The process
results were compared to so-far straight fluted (8 = 0 degrees) mounted points.
Axial process forces, measured when using these tools, are shown in Figure 12.10.
Before the experiments started, the tools were grounded in. Tools with twisted
flutes (Type B and C) show greater axial process forces compared to tools with
straight flutes (Type A). This leads to the conclusion that there is an accumulation
of coolant chip composite at the bottom of the drill hole. The coolant, applied with
a pressure of pyss = 22bar, cannot be conducted away quickly enough due to the
twisted flutes. After drilling, the drill holes produced were measured and evaluated
with respect to core roughness depth on the drilling wall.

Tool Type B
350 =
‘/ Tool Type C Process
‘ _ y Tool: Mounted point
. N v ;/ ® BZN D... C150
‘{é ® ® d=8.1/6.1 mm
=4 & & : . -
g 250 * + Cutting speed: v.=4.3mis
= / Feed: f=0.010 mm
= 200 TRt THpeA Depth of hole: | =20 mm
. Coolant: Emulsion (4%)
f Prss = 22 bar
0
0 20 40 60 80 mm 120
Total Drill length L,
Tool
Type A: D301, helixangled= 0°
Type B: D213, helix angle § = 20°
Type C: D213, helix angle 8= 45°

Figure 12.10 Process forces for mounted points with different helix angles.
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Figure 12.11 shows that the core roughness depth Rk increases with an incre-
mental helix angle. So the hypothesis that a coolant/chip composite is conducted
over the convex surface of the grinding head is confirmed. Also, as can be seen in
the photographs taken with the scanning electron microscope (SEM) (Figure
12.12), axial scratches are a sign that coolant/chip removal over the convex surface
has taken place. Because of this, an inferior quality on the drill hole wall results,
which is reflected in higher values for the core roughness depth.

Another criterion for evaluating the quality of a drilling process is the diameter
deviation as a function of the depth of the hole. The fundamental tolerance IT
corresponds to the above-mentioned deviation. Results for the mounted points
with different helix angles are shown in Figure 12.13. The median deviation of the

6 (Material ratio curve

Tool Type C of a measured profile)
4 ; / Abbott-Firestone curve
£ m . Y R pk
@ " Tool T B t ] Straight line
o ype ‘\\.'
2 Ry
2 4 -y,
£ * 'S
=4 *
3 *
S s * X Ruky|  [Mr M, \
g Tool Type A
= 5p I e
0 0 20 40 ‘60 80 100 %
0 20 40 60 80 mm 120 Material

Total drill length L;

Figure 12.11 Core roughness depth of drillings made by
mounted points with different helix angles.

Axial Scratches

Process
Tool: BZN D213 C150
d=8.1/6.1 mm
0 =45°
Cutting speed: v, = 4.3 m/s L ' ,g
. o A
Foed; =0 gn Det WD | mm— T pm
Depth of hole: 1=20 mm t S S )
Coolant: Emulsion (4%)
Pkss = 22 bar

Figure 12.12 Convex surface of a mounted point with flutes
with helix angle & = 45 degrees after application.
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Figure 12.13 Diameter deviations of drillings, depending on the helix angle of the flutes.

Tool T_vpe’ A
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. N BZN D301 C150
E Tool Ty?/e D g : ES;”’"‘ L
<400 v [ y v Cutting speed: v, = 3.4 mis
5 v Feed: f=0.013 mm
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“0 20 40 60 80 mm 120 Prss = 22 bar

Total drill length L,

Tool Type A Tool Type D

2 external flutes g 2 external- and
(standard 2 internal w
configuration) flutes .

Figure 12.14 Axial process forces for drilling with a tool with internal flutes.

hole diameter, compared to multiple drillings with grounded tools, amounts to
IT 6 with a helix angle of & = 20 degrees and IT 4 with & = 45 degrees. However,
the straight fluted tool produced definitely inferior results; drillings using such a
tool have a tolerance of IT 8.

The core produced from trepanning can seize up inside the tool when there is
heavy friction contact. Therefore, as a further modification of the grinding head,
in addition to external flutes, internal flutes are mounted on the tool to solve these
problems. Furthermore, more coolant should reach the active region because of
the internal flutes. The application of a corresponding tool, in comparison to tools
used before, shows that two additional internal flutes can decrease the process
forces (Figure 12.14), but then the tool operates erratically. The diameter
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deviations of the drill holes worsen from IT 7 to IT 8. In addition, the core roughness
depth Rk on the drilling wall increases from Rk = 6.11um up to Rk = 10.07 um.

When blind hole drillings are produced by trepanning, care should be taken to
make sure that a drilling core remains. This core has to be removed manually.
Normally, this leads to a rough drill hole bottom at the line of breakage. Further-
more, the grinding head does not move completely through the drill hole. Thus,
an uneven tool wear can be ascertained. On further application of this tool, the
grinding head takes on a conical form [9]. During through borings, this effect can
be avoided by running the whole grinding head completely through the drill hole.
Between the tool and drilling wall, there exists a corresponding contact, which has
an influence on the quality of the drill hole.

To decrease the inferior quality of the drilling and to minimize tool wear, alter-
native tool concepts with regard to the geometry of the convex surface were exam-
ined. A tool with a blasted surface and an electroplated one were used and compared
to the tools used before (Figure 12.15). All tools had the same specifications, with
bronze as the compound material and diamond cutting grains of approximately
300um (D301) with a concentration of 6.6 ct/cm® (C150). According to the manu-
facturer, the standard tool Type A was reworked by turning. On the convex surface,
single diamond grains are jutting out from the bonding. Tool Type E was blasted
on the convex surface, so that the bonding material and the badly bonded grains
that were jutting out were removed. As the third tool concept (Type F), a sintered
tool was applied, which had been electroplated with diamond grains of approxi-
mately 50um (D54). Because the nickel layer is harder than bronze, the diamond
grains distributed on the convex surface have a superior bonding to the compound
and can jut out farther from it. Furthermore, small diamond grains on the tool
perimeter allow lower roughness depths on the drill hole wall. In addition, the
diamond grains and the nickel layer form a wear protection layer; the axial material
removal takes place on the end face, because of the larger and more resistant
diamond grains.

The core roughness depth on the drill hole wall can be reduced by application
of Type F tools, due to high concentration of small grains (Figure 12.16). However,
the tool with the blasted surface points has no influence on the core roughness
depth. Previous research has shown that because of profiling of the convex surface
and the related flattening of the diamond grains, core roughness depths can be
decreased slightly [12]. In this case, the flattened diamonds are conducive to an
improved roughness.

Figure 12.15 Photos of different convex surfaces made by a SEM.
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Figure 12.17 SEM photos of electroplated coated sinter tools before and after use.

As expected, the radial wear of the coated tool was marginal. The electroplated
coat shows signs of wear in the form of flattening for the parameters used—not
so much in the form of diamond grains breaking out—after a total drill length of
approximately L= 1000mm (Figure 12.17). A debonding of the electroplated coat
cannot be detected.

The quality of the drill hole, as determined by the diameter deviations measured,
could be improved by using both tool Type E and tool Type F (Figure 12.18). Drill
holes produced with the blasted tool show diameter deviations within the tolerance
IT 6; the electroplated tool allows drill holes within the tolerance IT 4. With the
standard tool Type A, only tolerance IT 8 is achievable. Deviations in the funda-
mental tolerance IT show that the geometry of the convex surface has a significant
influence on drill hole quality. The bonding on the surface of the blasted tool is
rough, compared to that on the surface of the standard tool. On the convex surface
of the tool with electroplated coating, troughs are formed by the diamond grains,
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Diameter deviation AD

Figure 12.18 Diameter deviation of the drilling resulting from different tools.
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Figure 12.19 Influence of different mounted point concepts
on the result when drilling C/C-SiC.

so that the surface roughness of this tool is greater. Furthermore, this surface
property remains longer because of the hardness of the diamond grain.

12.5
Conclusions

Brittle-rigid materials are often machined by grinding. This process is also shown
to be practicable when drilling fiber-reinforced ceramics C/C-SiC. The application
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of trepanning by grinding makes high feed velocities possible, so that the primary
machining time can be favorably reduced. Furthermore, hard machining reduces
non-productive times and avoids clamping failures. The present chapter has given
an overview of the performance characteristics of mounted points, which are in
the form of hollow drilling tools. Experiments with different concepts of mounted
points show the different ways of optimizing the drilling process. Figure 12.19
summarizes the effects of the tool concepts used in drilling the fiber-reinforced

ceramic C/C-SiC.

The experiments have provided evidence of the positive effects of using a tool
with electroplated coatings. This type of tool enables a better drill hole quality in
comparison to tools used up to now, as to tolerance and roughness depth. At the
same time, radial tool wear is also decreased.
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Advanced Joining and Integration Technologies for Ceramic
Matrix Composite Systems

Mrityunjay Singh and Rajiv Asthana

13.1
Introduction

In recent years, there has been a great deal of interest in research, development,
testing, and application of a wide variety of advanced ceramic-matrix composite
(CMC) materials and systems. Most advanced CMCs have been developed for
applications in thermal structures, exhaust nozzles, turbo pump blisks, combustor
liners, radiant burners, heat exchangers, and a number of other applications that
involve severe service conditions. For example, C-C composites containing SiC
show promise for lightweight automotive and aerospace applications. In the auto-
motive industry, C/C-SiC brake disks, made by the LSI process, are already being
used in some models in Europe. The C/SiC composites and its variants are being
developed for hypersonic aircraft thermal structures and advanced propulsion
components all over the world. Similarly, SiC/SiC composites are being developed
and tested for applications in combustor liners, exhaust nozzles, re-entry thermal
protection systems, hot gas filters, and high-pressure heat exchangers, as well as
components for nuclear reactors.

Among the various technologies available for the manufacture of CMCs,
chemical vapor infiltration (CVI) is the most mature and widely used. However,
the main drawbacks of this process are the difficulties in achieving uniform and
complete densification of large and/or geometrically complex components and
lengthy processing time. High initial capital equipment cost coupled with
long processing times leads to the high cost of CMCs produced by this process.
On the other hand, the polymer infiltration and pyrolysis (PIP) approach
requires multiple infiltration and pyrolysis cycles, adding to the significant cost of
components. In recent years, a number of reactive melt infiltration-based
approaches have been successfully developed in various parts of the world, in an
effort to reduce the processing costs. All these fabrication approaches have certain
limitations in terms of the size and shape of CMC components, which can be
manufactured with appropriate property attributes and at a reasonable cost. This
limits the wide-scale global application of these materials in different industrial
sectors.
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13.2
Need for Joining and Integration Technologies

In order to overcome some of the traditional manufacturing and fabrication chal-
lenges, current design strategies for manufacturing large CMC components and
complex structures are increasingly looking into utilizing technologies for joining/
attaching smaller components with simpler geometries and dissimilar material
systems. Thus, ceramic joining and integration are enabling technologies for the
successful implementation of CMCs in a wide variety of high temperature applica-
tions [1-3].

Advanced ceramics have been typically joined using techniques such as diffu-
sion bonding, adhesive bonding, active metal brazing, brazing (with oxides,
glasses, and oxynitrides), and reaction forming. In the case of CMCs, the greatest
success in joining carbon and silicon carbide fiber-reinforced-silicon carbide
matrix composites (C/SiC and SiC/SiC) has been achieved by using the reaction-
bonding approach [4-10]. This joining technology is unique in producing joints
with tailorable microstructures and controllable properties. The formation of joints
by this approach is attractive because the thermo-mechanical properties of the joint
interlayer can be tailored to resemble those of the base materials. In addition, high
temperature fixturing is not needed to hold the parts at the bonding temperature.
The temperature capability of the ceramic joints in joined CMCs is similar to that
of the CMC substrate materials.

For joining and integration of ceramic-metal systems, active metal brazing
techniques have been developed [11-15]. The advantages of such techniques are
their simplicity, cost-effectiveness, and ability to form strong and hermetically
sealed joints capable of withstanding moderately high temperatures. However, the
filler material must show good adherence to the substrates, prevent grain growth
and long-term thermo-mechanical degradation due to creep and oxidation, have a
closely-matched coefficient of thermal expansion (CTE) with the joined materials,
and possess liquidus temperatures greater than the operating temperature of the
joint, but lower than the substrate’s melting temperature. One critical factor in
brazing is the wettability of the ceramic by molten braze alloys, which influences
braze flow and spreading, and strength of the joint.

We have developed bonding and integration technologies for C/C, C/SiC, and
SiC/SiC composites to metallic systems (nickel and titanium based systems and
Cu-clad Mo alloys) for potential aerospace and thermal management applications
[13-18]. A number of tubular and flat shapes were joined in these systems, test
methods were developed, and failure modes were analyzed [19-21].

13.3
Joint Design, Analysis, and Testing Issues
Joint formation involves two fundamental factors:

e chemical nature (wettability) of joined materials and the interlayer
e thermo-mechanical compatibility between joined materials.



13.3 Joint Design, Analysis, and Testing Issues

Wetting is a necessary but not sufficient condition for joint formation, and
thermo-mechanical compatibility (e.g. CTE mismatch) is a factor that may limit
the strength and integrity of the fabricated joint. Other important considerations
in joining include surface roughness, stress state, joint configuration, and joint
stability under service conditions.

13.3.1
Wettability

Wettability is important in CMC joining using a liquid phase, because it controls
the spreading and capillary flow processes. Wettability data serve as a valuable
preliminary screening tool for the brazeability of materials. Extensive measure-
ments of contact angles of a wide variety of interlayer materials (metals, alloys,
glasses) on monolithic ceramics have been made. For example, braze alloys con-
taining the active metal Ti wet oxide, carbide, nitride, and carbon substrates, and
in most cases, the equilibrium contact angles approach acute (e.g. near-zero)
values from the initially large obtuse values. Titanium is the most commonly used
active metal in brazes because it promotes reaction-enhanced wettability and joint
strength in ceramic-metal couples. Figure 13.1 shows the effect of Ti content in
some alloys on their contact angle with carbon substrates.

In contrast to monolithic ceramics, the multiphase character and chemically and
structurally inhomogeneous surfaces of CMCs render prediction of their braze-
ability from knowledge of the wettability of individual constituents, a difficult task.
Surface roughness, fiber architecture, and surface chemical inhomogeneity sig-
nificantly influence the contact angle and braze flow characteristics. Only limited
measurements of contact angle on CMCs currently exist and the data pertain to
the specific experimental conditions employed in the studies [22, 23]. The scarcity
of dynamic wettability data on CMCs represents a research opportunity in the
joining area.
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Figure 13.1 Effect of Ti content in different alloys on their
wettability with various types of carbon substrates (data are
from studies cited in [17]).
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13.3.2
Surface Roughness

Surface roughness influences both wettability and stress concentration in
joints. Whereas roughness may increase the contact (bonded) area and chemical
interactions in a wettable system, besides promoting frictional bonding, it may
also enhance stress concentration due to notch effects in brittle substrates.
It is difficult to generalise on the effects of roughness because grinding, polishing,
and machining not only reduce roughness but also might introduce surface-
and sub-surface damage (grain or fiber pull-out and void formation). In addition,
residual stresses may be introduced by machining. In monolithic ceramics,
damage induced by grinding may be healed by re-firing the ground ceramic
part prior to brazing. However, roughening may occur in soft substrates (e.g.
graphite, BN) during vacuum heating after polishing. Some porosity is closed
by substrate grains detached during substrate polishing. During heating
under vacuum these grains are removed along with evacuating gas, resulting
in increased surface roughness. Because of diverse and system-specific
effect of roughness, it is best to examine its effect in individual systems (Section
13.5).

As-fabricated CMCs are inherently “rough” because of different types of fiber
architecture, and this may adversely affect the joining response. There is very little
information available on the roughness effects in joining of C/C, C/SiC, and
SiC/SiC composites (Section 13.5). For some other CMC systems, the effect of
roughness on joint strength has been evaluated. For example, joint strength data
on SiC whisker-reinforced Al,O; composite joints made using CuAgTi braze
alloys, show [24] that grinding and polishing can lead to substantially different
joint strength values; polished composites yielded significantly higher joint
strength than ground and as-received SiC/Al,O; composites.

1333
Joint Design and Stress State

Although the use of joining and integration for the manufacture of structural
components will simplify the manufacturing process, it will also introduce com-
plexities into the design and analysis of these structures. In the past, joint design
and testing activities were principally focused on metal-metal and ceramic-metal
systems. Optimum joint designs for these systems accommodate a number of
factors, including stress distribution in the joint regions, which are dependent
upon joint configuration and chemical and thermal properties mismatch between
the joint and substrate materials. In most real-life applications, CMC joints will
experience a combination of different types of stresses under operating condition
(Figure 13.2) that may be difficult to simulate in lab-scale tests. Therefore, field
trials of joined prototype CMC components under actual service conditions are
needed. However, lab-scale data on strength and other properties are important
for preliminary screening.
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Figure 13.2 Common stress states in CMC joints: (a)
compression; (b) tension; (c) shear; (d) peel; (e) cleavage
(from Adhesives Technology Handbook, A.H. Landrock, 1985,
p. 32, Noyes Publications, Park Ridge, NJ; figure reproduced
from the book, Joining of Materials and Structures, R.W.
Messler, Jr., Elsevier, 2004, p. 206).

For the polymer-matrix composite systems, various joint designs and design cri-
teria have been established. A wide variety of testing methods have been used to
determine the tensile, peel, flexural, shear, and compressive strengths. However,
unlike the joining technology for fiber-reinforced polymer-matrix composites, joint
design and testing are not well developed and understood for ceramic-ceramic
systems, as most of these systems are relatively new. There has been some progress
in this area in recent years [25, 26]. Factors such as fiber architecture, interfacial
coatings, surface coatings and matrix properties play an important role in joining
and integration of CMCs. In addition to the approaches that are under consideration
for the design, analysis, and manufacture of single CMC parts, it is essential to
develop standardized tests, design methodologies, and life-prediction analysis
methods for structures incorporating joints of these materials.

1334
Residual Stress, Joint Strength, and Joint Stability

Joint strength is essentially a convolution of many factors, including wetting,
residual stress, joint configuration, phase transformation, and chemical segrega-
tion. Residual stresses develop due to a mismatch of thermal expansion coeffi-
cients, and may be augmented by external stresses such as those due to machining.
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High joining and service temperatures of CMCs can lead to large residual stresses.
In addition, thermal stresses that develop between the fiber and the CMC matrix
during composite fabrication, processing, and service, may lower the inter-laminar
shear stress (ILSS) and result in delamination failure. Frequently, delamination
failure within the composite is caused by a weak fiber-matrix bond, which can lead
to design efforts for toughening potential in the CMC.

Joint design optimization for real CMC components must consider multi-axial
stress distribution as well as stress-rupture behavior because of the time-depen-
dence of the joint strength under isothermal conditions. Prior work [25] has shown
that strength loss with time in CMC joints could be rapid and substantial, depend-
ing on the testing conditions. The rapid strength loss is often accompanied by
undesirable microstructural changes such as formation, growth, and coalescence
of cavities, which result in high localized stresses and cracking. Additionally, long-
term thermal stability of CMC joints under aggressive environments needs to be
evaluated. Limited testing on liquid Si-infiltrated SiC/SiC composite joints shows
that long-term thermal stability of CMC joints to 1100°C is generally good [27];
however, more extensive testing is needed to establish a design-specific database.

Design considerations for CMCs are more complicated than for conventional
engineering materials because in most cases these materials will be used at highly
elevated temperatures, under stress, in aggressive environments, and for long
periods of time. As stated earlier, it would be desirable to evaluate the strength
and reliability of joints under states of stress/strain that are comparable to those
that will be found in the intended application; more often than not, service condi-
tions involve multi-axial states of stress. Considering the aggressive service condi-
tions that are associated with most of the envisioned applications of CMCs, it is
likely that the strength of the joints will be controlled by degradation mechanisms
that include slow crack growth, stress rupture, creep, thermomechanical cycling
and oxidation/corrosion.

A number of critical issues have been raised [1, 25] in using joint strength data
for the design of CMC components. Typically, most of the property data available
for design purposes are collected on virgin test coupons. This leads to the following
concerns for the designer:

e Are joint properties in the component equivalent to coupon properties?
e Are the initial joint properties retained during the part’s lifetime?

e What are the effects of thermal cycles (number and conditions) on the thermo-
mechanical properties of joints, and is the CTE independent of number of
thermal cycles?

» Does the material “soften” (lose modulus) and does this change the CTE? If it
does lose modulus, can we use this to know when to remove the part?

¢ Do the oxidation resistance and damping (acoustic signature) change?

If CMC components are to be used on a large scale, at high temperatures, and
under extreme operating conditions, these issues must be addressed in the joint



13.4 Joining and Integration of CMC—Metal Systems | 309

design process. Another critical issue highlighted earlier, is the determination of
the stress-state at the joint, namely, tensile, shear, or a combination of these two
stresses during service conditions. All such considerations require that develop-
ment of joining technology be integrated into the mechanical design and manu-
facturing processes.

13.4
Joining and Integration of CMC—Metal Systems

A number of techniques can be used to join CMCs to metals, such as welding,
direct bonding, adhesive bonding, and brazing. We focus on brazing which is the
most widely used ceramic joining technique. Brazing is a relatively simple and
cost-effective joining method applicable to a wide range of ceramics as well as
CMCs [13-18]. Ceramic brazing either utilizes tapes, powders, pastes, or rods of
metallic or glassy filler alloys containing an active metal such as Ti that wets and
spreads in the joint region, and solidifies to form joint interfaces, or pre-metallized
ceramic surfaces that promote wettability and bonding.

Brazing is generally done in vacuum furnaces under a high-purity inert atmo-
sphere. Table 13.1 summarizes the CMC/metal joints that have been successfully
brazed in simple flat-back configuration. CMCs, such as SiC/SiC, C/SiC, C/C, and
ZrB,-based CMCs, were brazed to themselves and to Ti, Cu-clad-Mo, and Ni-base
super-alloys (Inconel 625 and Hastealloy). The braze alloys included Ag, Cu, Pd,
Ti, and Ni-base alloys. The brazing process for CMC joining consisted of placing
the braze foil or paste between the metal and the composite substrates, heating
the assembly to 15 to 20 °C above the braze liquidus in vacuum (10°° torr) under
a normal load, isothermally holding for a short time at the brazing temperature,
and slowly cooling the joint to room temperature. SEM and EDS analyses and
micro-hardness distribution across the joints were done to evaluate the joint
quality and the extent of dissolution, inter-diffusion, segregation, and reaction
layer formation.

Besides simple flat-back lap joint configuration, more complex tube-on-plate and
other non-planar joints were also fabricated. For example, Ti tubes were brazed to
graphite-foam (saddle material) and C/C composite plates with different tube-
foam contact areas, in order to vary braze contact area and stress applied to joints
(Figure 13.3). Mechanical testing of brazed joints showed that failure in tension
and shear always occurred in the foam. This was regardless of the type of C/C
composite used and whether the Ti tube was brazed to a curved foam plate to
maximize the bonded area or to a flat foam surface to maximize stress in the joint
[28]. In this example, the maximum shear stresses applied to the braze exceeded
12 MPa, based on the load applied and approximate braze area, and the maximum
tensile stresses applied to braze exceeded 7 MPa based on load applied and approxi-
mate braze area.

Joint strength testing of several CMC-to-Ti brazed joints was reported [19, 20].
The shear strength values of different joints extracted from the Butt-Strap-Tensile
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Table 13.1 General observation on brazing of C/C Composites and CMCs to metals.

Composite Metallic substrate Braze Bonding

c-c*f Ti Silcoro-75," Palcusil-15"  Weak

C-C and SiC-SiC Ti Ticuni, Cu-ABA, Ticusil Good

C-Sic! Ti and Hastealloy MBEF-20" Good (Ti), Fair
(Hastealloy)

c-cf Ti and Hastealloy MBE-20," MBF-30" Good (Ti), Fair
(Hastealloy)

SiC-SiC Hastealloy MBF-20,* MBF-30" Fair (MBF20),
Good (MBF30)

C-SiC! Hastealloy MBE-30" Good

C-SicH Ti, Inconel 625 MBE-20," MBF-30" Good

SiC-SiC Ti MBEF-20" Good

SiC-SiC Ti MBF-30" Good

C-Sic Inconel 625 Incusil-ABA," Ticusil" Good

C-Sic* Inconel 625 Cu-ABA" Cusil ® Good

Cusil-ABA"

C-SiCH Ti Cusil-ABA®" Good

SiC-SiC*bi Ti Cusil-ABA®" Good,# Fair

C-SiC Ti, Inconel 625, Cu-clad Mo*  Ticusil® Fair (Ti), Good

SiC-SiC, C-SiC*, C-Cf (T-300) Ti, Inconel 625, Cu-clad Mo*  Ticusil® Good

C-Code Ti, Inconel 625, Cu-clad Mo*  Ticusil® Good,? Fair®

C-Co%, C-SiC*™, SiC-SiC*i Cu-clad Mo* Cusil-ABAS Good

C-Code Ti and Inconel 625 Cusil-ABA® Good

SiC-SiCbi Ti Cusil-ABAS® Good

C-SiC*Pi Ti Cusil-ABA® Good,* Weak®

ZrB,-SiC (ZS), ZrB,-SiC-C
(ZSC), ZrB,-SCS9-SiC (ZSS)

Ti, Inconel 625, Cu-clad Mo*

Cusil-ABA 8 Ticusil, Palco, Good

Palni

Polished.
Not-polished.

Braze paste.
Braze foil.

M= ogg M0 AN o

H.C. Starck, Inc., MA.

3D composite (P120 C-fiber, CVI C matrix), Goodrich Corp., CA.
Oriented fiber at the joint (3D composite).
Non-oriented side at the joint.

T-300 C-fibers in resin-derived C matrix, C-CAT, TX.

T300 C-fiber in CVI SiC matrix, G.E. Power System Composites, DE.
Sylramic SiC fiber in MI-SiC matrix, G.E. Power System Composites, DE.

Start of
Poco
failure in
» bending

»

After Tension

Figure 13.3 Brazed structures with woven K1100 and P120 C/
C face sheet/foam/Ti Tube joints. Specimens with different

tube-foam contact areas were fabricated in order to vary braze
contact area and stress applied to joints [28].

After shear



13.4 Joining and Integration of CMC—Metal Systems
10
9 (1): As processed
T (2): Polished
8 4
cic
7 mrs
o -uﬂ l2me
o
=2 6
<
2 4
2
ZN
24
0 + T T T
C-C(1) C-SiC(1) C-SiC (2) SiC-SiC (1) SiC-SiC (2)
(@)

il

0.4
(L): Surface fiber tows in C-C perpendicular to Ti tube axis
(): Surface fiber tows in C-C parallel to Ti tube axis

0.35 A
© 0.3 C/IC Ti Tube
a - Composite
=
=
) 0.25 -
c
e
0.2
£
]
™ 0.15
Q
o
o
)
Z 0.1 4

0.05 A

0 - T T
Ticuni (4) Ticuni ||) Ticusil (+ Ticusil ||) Cu-ABA (L Cu-ABA ||)

(b)

Figure 13.4 Shear strength data on brazed CMC-Ti joints: (a)
the effect of polishing the CMC substrate on the shear
strength of joints made using Cusil-ABA; (b) the effect of C-
fiber orientation on joint strength in C/C plate/Ti tube joints
19, 20].

(BST) test is displayed in Figure 13.4a for a number of CMC-to-metal joints. The

average joint strengths are 1.5 to 9.0MPa. Generally, a

polished CMC surface

yielded better joints with Ti than as-received CMC. However, the effect of polish-
ing is system-specific because polishing not only reduces surface defects but, as
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stated earlier, might also introduce surface and subsurface damage. The shear
strength of C/C composites brazed to a Ti tube is shown in Figure 13.4b. This
figure shows that braze composition and exterior fiber tow orientation influence
the C/C-Ti joint strength.

Several variants of conventional brazing techniques have been developed to join
CMCs and C/C composites. For example, metal interlayers and liquid infiltration
have been used to joint CMCs. For this purpose, transition metals such as Cr and
Mo are deposited on C/C composite surfaces via slurry deposition followed by heat
treatment to form micrometer-size carbide layers [22]. Metals, such as copper in
the form of foil or powder (slurry), are applied to C/C surface followed by heating.
This leads to capillary infiltration of a porous carbide layer by the metal, resulting
in the formation of a pore-free and crack-free joint. These joined samples can then
be directly brazed to other alloys.

Another brazing approach involves use of soft and ductile rheocast Cu-Pb alloys
as a thermal bond layer [23] that can absorb CTE mismatch-induced residual
stresses. Rheocast alloys have a non-dendritic, globular microstructure, excellent
flow properties, and exhibit non-Newtonian behavior. These alloys are obtained
via mechanical or electromagnetic (EM) stirring of a partially solidified alloy
slurry and prolonged holding of the slurry in the partially solidified state to enable
coalescence and globularization of primary solid dendrites. The viscosity of rheo-
cast slurry is shear rate-dependent (pseudo-plastic) and time-dependent at a con-
stant shear rate (thixotropy). Joint strength testing of C/C composites, joined to
themselves and to copper using rheocast Cu-Pb monotectic alloys, yielded rela-
tively low (1.5-3 MPa) shear strength values. The main reason for the low shear
strength in these systems is the relatively poor wetting of the alloy on C/C com-
posites; contact angle measurements in a hot-stage microscope [23] led to values
of 101 to 104 degrees at 710°C under an argon atmosphere. Such large contact
angles will invariably cause poor spreading characteristics. It is conceivable
that wettability and joint strength could both be improved with C/C surface
modification.

A number of surface modification techniques to promote joining have been
developed. For example, joining becomes feasible and joint strength improves
when either the metal substrate is oxidized (oxide/ceramic bond) or the ceramic
surface is metallized (metal/metal bond). Additionally, a surface film of an active
metal may be deposited on the ceramic or CMC substrates using sputtering, vapor
deposition, or thermal decomposition. Examples include Ti-coated Si;N,, Ti-coated
partially stabilized zirconia, Cr-coated carbon, and Si;N, coated with Hf, Ta, or Zr.
Pre-coating of the ceramic with a Ti-bearing compound (e.g. TiH,), which forms
a Ti layer on the ceramic upon heat treatment, is also effective in improving the
bonding.

A major consideration in all joining processes is the issue of residual stresses
that arise from the mismatch of the CTE (Section 13.3.4). Large temperature excur-
sions and a large CTE mismatch are detrimental to the integrity of the joint
because of the large residual stresses during cooling. Table 13.2 summarizes the
CTE values of some CMCs, C/C composite, and high-temperature metals and
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Table 13.2 Representative values of CTE of selected CMCs,
metal substrates and metallic brazes.

Material CTE x 10¢ K™
C/C composite ~2.0-4.0 (20-2500°C)
2D SiC/SiC (0/90 Nicalon Fabric, 40% fiber) 3.0°1.7°
NASA 2D SiC/SiC Panels (N24-C) 4.4
HiPerComp M.L. Si, SiC/SiC (G.E. Global) 3.742321°
ZrB,-SiC and ZrB,-SCS9-SiC (SCS9a vol. fr.: 0.35) 6.59,4¢ 7.21%4
Cu-clad Mo ~5.7
Titanium 8.6

Inconel 625 (Ni-base superalloy) 13.1
Cusil-ABA®, Ticusil® 18.5

Palco®, Palni® 15

In-plane value.

Through-thickness value.

Average value from RT to 1000°C, extracted from % expansion data.

Estimated from Schapery equation; ®registered trademark of Morgan Advanced Ceramics,
Hayward, CA.

an oW

metallic brazes used to create joints. Very large CTE-mismatch might occur in
some systems (e.g. Inconel or Ti joined to C/C composite). Most metallic brazes
also have large CTE values (~15 to 19 x 107°K) but fortunately they are usually
ductile (20-45% elongation) and might be able to accommodate some of the
residual stresses that develop during cooling via plastic flow. However, if bonding
at the joint is excellent, and the braze is not ductile (e.g. glass interlayer), then the
residual stresses might cause cracking of the ceramic substrate. Judicious selection
of braze composition and application of innovative brazing strategies, such as
multiple interlayers with graded CTE and transient liquid phase bonding (to lower
the joining temperature), are used to reduce the residual stresses in joints.

Effective use of joining techniques also needs to take into consideration the
influence of surface coatings, which are applied to many CMCs, on the joining
response. Multilayer, multi-functional external coatings provide oxidation and
corrosion resistance to the composite. For example, C/C composites are over-
coated with a ceramic such as silicon carbide or silicon nitride, and they may also
contain internal oxidation inhibitors such as boron, titanium, and silicon. At high
operating temperatures, these elements form glassy oxide phases within the C/C
composite, which seal any CTE-mismatch induced cracks that might form in the
external coating. This creates a barrier to the diffusion of oxygen into the porous
composite matrix and thus retards its degradation. One consideration in joining
could be whether the external coating should be applied before or after joining.
This is especially important for brazed joints because most external coatings are
applied at 1000 to 1400 °C and most brazes melt at these temperatures. In addition,
the effect of glass forming inhibitors added to the composite on the wettability
and adhesion of the braze must be considered.
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13.5
Joining and Integration of CMC-CMC Systems

An affordable, robust ceramic joining technology (ARCJoinT) for SiC based ceram-
ics and fiber-reinforced composites (e.g. C/SiC, SiC/SiC, etc.) has been developed
at the NASA Glenn Research Center [4-6]. This joining technology permits forma-
tion of complex shapes by joining together geometrically simpler shapes. A flow
diagram of the technology is given in Figure 13.5. The basic approach involves
cleaning and drying of as-machined CMC surfaces prior to joining. A carbona-
ceous mixture is applied to the joint surfaces followed by curing at 110 to 120°C
for 10 to 20min. Silicon or a Si alloy (e.g. Si-Mo, Si-Ti) in tape, paste, or slurry
form is applied in the joint regions and heated to 1250 to 1450°C for 5-10 min. Si
or Si-alloy reacts with the carbon to form SiC with controlled amounts of Si and
other phases (e.g. TiSi,). Joints with good high-temperature strength have been
produced for a wide variety of applications by this reaction-bonding approach. In
C/SiC composite joints made using the ARCJoinT technology, the shear strength
exceeds that of the as-received C/SiC at elevated temperatures up to 1350°C. This
is a positive development for utilizing such joints at elevated temperatures.

Another liquid silicon-based bonding technology has been developed by Krenkel
[8, 9] for C/C composites in Germany. A carbonaceous bonding material in the
form of a paste (a phenolic precursor containing fine graphite powder) is applied
to the C/C composite surface, having a carbon fiber mat or felt as an interlayer.
This is followed by liquid silicon infiltration of the bonding materials to yield the
required level of conversion.

Other notable attempts to join CMCs include use of calcia-alumina (CA) glass
ceramic [29], and zinc-borate (ZBM) glass [30]. A potential advantage of glass as a

Apply Carbonacecus
Mixture to Joint Areas

Cure at 110-120°C for
10 to 20 minutes

I

Apply Silicon or Silicon-Alloy
(paste, tape, or slurry)

Heat at 1250-1425°C
for 10 to 15 minutes

Affordable and Robust
Ceramic Joints with
Tailorable Properties

Figure 13.5 Flow diagram of ARCJoinT ceramic joining
technology developed at NASA GRC [4].
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joining material is that its composition can be designed to achieve the desired level
of reactivity, wettability, and closely-matched CTE. In addition, many sintered
ceramics develop amorphous phases at their grain boundaries, and good wetting
and bonding can be achieved between the glass filler and these amorphous grain
boundary phases. The disadvantages of glass-based brazes are their relatively high
viscosity and brittle nature. Ferraris et al. [29] reported low-temperature, pressure-
less joining of HI-Nicalon fiber/SiC CMCs with a eutectic CA glass ceramic
(49.77Ca0-50.23A1,05). CVI SiC/SiC and polymer infiltration pyrolysis (PIP)
SiC/SiC composites were joined using the CA glass as an interlayer. A slurry of
CA glass was deposited between the CMC surfaces, and the assembly was heated
to 1500°C for 1hour under argon. Interestingly, the CA glass ceramic does not
wet the PIP CMC (which contained an amorphous SiC phase) but it wets the CVI
CMC (which contained a 3-SiC phase). No evidence of cracking, porosity, or dis-
continuity was noted in the CVI SiC/SiC joints, and the fracture path was through
the CA glass-ceramic phase and not at the CA/CMC interface; this suggests the
joint strength exceeded the fracture strength of the CA glass-ceramic.

In another study [30] on joining C/C, C/SiC, and SiC/SiC composites to them-
selves, ZBM glass as well as metallic coatings of Al, Ti, or Si were used. Sand-
wiched, infiltrated, and coated CMC structures were joined. The shear strength
values (typically 10-22 MPa) of the CMC joints produced depended primarily on
the joining materials. The highest joint strength (22MPa) was obtained with a
silicon interlayer sandwiched between the CMC and low strength (10 MPa) was
obtained with an Al interlayer. The glass interlayer between CMC substrates
yielded an average shear strength of ~15MPa in SiC/SiC composite joints. In C/C
joints with Si and Al interlayers, SiC and Al,C; phases formed. With Si interlayer,
the fracture path in mechanically tested joints was on multiple planes through the
Silayer, whereas with the Al interlayer the failure occurred at the interface between
the C/C composite and reactively formed layer of ALC;.

Joint microstructures in reaction-formed CVI C/SiC joints with different surface
conditions of the starting substrate are shown in Figure 13.6. The CVI C/SiC joints
were formed via liquid Si infiltration of a carbonaceous paste applied to the sub-
strate surface, as in the ARCJoinT process. Figure 13.6 shows that microstructur-
ally sound joints form when one C/SiC surface is machined and the other is in
an as-received (not machined) state. Inferior quality joints containing voids and
microcracks form when either both mating surfaces are machined or neither is
machined. Similar results were obtained by Krenkel [9] on C/C joints created using
an interlayer of carbon fabric or felt impregnated with a carbonaceous bonding
paste and liquid silicon. Highest shear strength was obtained in joints with a
combination of a ground and an unground C/C test coupon mated with the carbon
fabric (impregnated with the bonding paste), although the greatest improvements
in shear strength were achieved when unground specimens were joined using the
impregnated fabric as an interlayer. This is because the flexible carbon fabric
interlayer can deform to match the surface contour of unground specimens
prior to Si infiltration, thus ensuring a void-free and topologically homogeneous
interface.
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Figure 13.6 Microstructure of reaction-formed CVI C/SiC
joints: (a) both surfaces machined; (b) one surface machined
and one surface as received; (c) both surfaces as received.

Figure 13.7 shows the stress-strain behavior in CVI C/SiC composite joints
made by the ARCJoinT process in a double-notch compression test at different
temperatures. The test was performed on CVI C/SiC composite joints according
to ASTM C 1292-95a (RT) and ASTM C 1425-99 (HT). These test standards have
been recommended by ASTM for determining the interlaminar shear strength
(ILSS) of one- and two-dimensional CMCs reinforced with continuous fibers. In
this test, shear failure is induced between two notches that are anti-symmetrically
located on the opposite sides of the specimen at an equal distance from the mid-
plane (Figure 13.7a). While the test is relatively simple to perform and requires
small specimens, it suffers from some drawbacks. First, because interlaminar
shear failure is induced by the stress concentration at the root of the notches, the
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shear stress distribution between the notches is not uniform. Second, the speci-
men does not fail under pure shear as both shear and normal compression stresses
are induced. Nevertheless, the test yields reasonable estimates of the joint shear
strength.

The dimensions of test coupons for the dataset shown in Figures 13.7c and d
were as follows: specimen length (L): 30 mm (£0.10 mm), distance between notches
(h): 6mm (£0.10mm), specimen width (W): 15mm (£0.10mm), notch width (d):
0.50mm (£0.05 mm), and specimen thickness (t): (adjustable). The test fixture is
shown in Figure 13.7b, where the rate of loading was 50Ns™. Further details on
the testing procedure are given in [25]. The shear strength T of the joints is
extracted from the stress-strain data using the following relationship:

where P is the applied compression load, w is the width of the specimen, and
h is the distance between notches.

Figure 13.7 also shows the effect of test temperature on the joint strength. The
shear strength of the joints increases with increasing temperature and exceeds the
strength of the CVI C/SiC composite substrate. There is minimal effect of surface
roughness on the shear strength of the joint, with machined/as fabricated CMC
joints showing a relatively higher strength up to 1350°C, compared to other types
of joints.

Measurements of shear strength of CMC joints have been reported in several
studies. Table 13.3 summarizes some of the results on C/C, C/SiC, and SiC/SiC
composite joints. The strength data were extracted from four-point bend test,
single lap test, double-notch compression test, and other methods. There is con-
siderable variation in the shear strength values because the strength depends upon
the joining technique, the test method, substrate surface preparation, and the test
temperature. Lack of standardized test methodology makes it difficult to utilize
such data for actual component design purposes. As a result, significant emphasis
is currently placed on the development and performance evaluation of joints in
prototype components under actual service conditions in niche application areas.
Applications of CMC joining technology in component manufacturing are dis-
cussed in the next section.

13.6
Application in Subcomponents

A number of CMC components have been made by integrating sub-elements with
the help of advanced joining technology. Some examples are shown in Figure 13.8.
The joined CMC components include carbon-carbon composite valves for racing
car engines, attachments for sensors [33] for use at elevated temperatures in air



Table 13.3 Representative values of shear strength of CMC joints.

Joined materials and  Joint materials Temp.  Strength Comments Reference
surface preparation (°C) (MPa)
C/C composite Rheocast Cu-Pb alloy 25 1.5 Strength of Cu/Cu [23]
system joint with Cu-Pb
alloy: 3MPa at
25°C
C/C-SiC composite Carbon paste 25 17 Minor improvement [8]
system® Carbon felt 25 18 in strength, some
Carbon fabric 25 18.5 porosity and free Si
C/C-SiC composite Carbon paste 25 11 Significant increase [8]
system® Carbon felt 25 19 in joint strength
Carbon fabric 25 21
C/C-SiC composite Carbon paste 25 21 No porosity or free Si  [8]
system* Carbon felt 25 22 in the joint region
Carbon fabric 25 26
C/C-SiC composite Liquid Si infiltration 25 215+ [9]
system of a carbon paste 25 2.28
applied to the joint 113-198¢
with or without C
fabric
CVI SiC/SiC ARCJoinT 25 65+5 4-point bend test [27)]
composite system (carbonaceous 800 66+ 9
mixture at the joint, 1200 59+7
cure, infiltrate with
Si or Si alloys)
MI Hi-Nicalon/BN/  ARCJoinT 25 99+3 4-point bend test; 1]
SiC composite (carbonaceous 800 112+3 as-fabricated
system mixture at the joint, 1200 157+£9 composite
cure, infiltrate with 1350 113 +5 strength: 360 MPa
Si or Si alloys) at 25 °C
CVI-SiC/SiC ARCJoinT 25 92 Compression test on [25]
composite system (carbonaceous 1200 71 double-notched
mixture at the joint, 1200 17.5¢ specimens, joints
cure, infiltrate with contain SiC +
Si or Si alloys) small amounts of
Si and TiSi,
SiC/SiC composite CA-glass ceramic 25 28 [29]
system (49.77% CaO +
50.23 %Al,0;)
SiC/SiC composite Co-10Ti braze, 1340°C 25 51in [31]
system 25 7.5min
700 55 in
15min
75 in
15min
SiC/SiC composite Si-16Ti, Si-18Cr 71 +10 Ti, [32]
system 80 £ 10
Cr

Ground.
Unground.

o a0 oW

Combination of a ground and an unground specimen.
Heat treated at 1000°C.
After 14.3h in stress-rupture test at 1200°C.
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(a) (b) (©

(2 (h)
Figure 13.8 Examples of CMC components made by advanced
joining technology: (a) joined C/SiC composites; (b) carbon-
carbon composite valves for race car engines; (c) attachment
for sensors; (d—f) ceramic composite brakes showing cooling
channels made of (e) bolts and (f) ribs; (g) heat exchanger
substructure; (h) radial pump wheel (Figures d through h by
courtesy of Professor W. Krenkel).
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and space vehicles, lightweight C/C-SiC brakes with considerably improved
thermal stability as compared to standard gray cast iron brake disks, and CMC
heat exchangers. CMC brake disks with internal cooling passages between fric-
tional surfaces have been fabricated by joining. Complex arrangements of internal
ribs and bolts allow internal ventilation and cooling of the CMC brake. Therefore,
these brake disks contain two sub-elements: bolts with longitudinal fiber reinforce-
ment and ring-shaped plates with in-plane reinforcement. These brakes are
machined in the C/C stage. This step is followed by bonding with a carbonaceous
paste and infiltration with silicon. Similarly, prototype turbine and pump wheels
and CMC heat exchangers have been designed and fabricated using advanced
ceramic joining technology. Many other types of engineering components have
been fabricated by joining of CMC sub-elements and these components have been
tested for performance under actual or simulated service conditions.

13.7
Repair of Composite Systems

Many of the joining technologies developed for the manufacture of large and
complex components can, with certain modifications, be applied to repair of CMC
components damaged in service. A recent innovation has been the development
of a technology for advanced in-space repair of reinforced C/C (RCC) composite
thermal protection systems of the space shuttle. A new material, called Glenn
Refractory Adhesive for Bonding and Exterior Repair (GRABER) has been devel-
oped at the NASA Glenn Research Center [34, 35] for multi-use in-space repair of
small cracks in the space shuttle RCC leading edge material. The new material
has well-characterized and controllable properties such as viscosity, wetting behav-
ior, working life, and so on, and excellent plasma performance as revealed in a
number of lab-scale simulations. The material does not require post processing
and converts to high-temperature ceramics during re-entry conditions. Initial
performance evaluation tests under plasma conditions have been encouraging and
further tests are in progress.

In simulated tests, a damaged region of a RCC disk where a crack (0.035" wide
and 1.5" long) was created and coatings were spalled using an indenter, was used
to evaluate the effect of small damage and coating loss on the performance of RCC
center strip during the space shuttle re-entry conditions. Figure 13.9 shows pho-
tographs of a test in which GRABER was used to repair the damage. Figure 13.9a
shows a GRABER-repaired RCC specimen in an ARCJet test holder, and Figures
13.9b and ¢ show photographs during and after arc jet testing, respectively [34,
35]. The test was conducted for 15 minutes during which the repaired area was
exposed to space-shuttle re-entry conditions. It is clearly evident that the repair
concept was successful in preventing the hot plasma and other gaseous species
getting through the repaired RCC composite. Thus, damage repair using GRABER
is a robust repair technique potentially effective under re-entry conditions on small
area damage and coatings loss in the RCC material, and it may help increase the
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(a) (c)

Figure 13.9 (a) GRABER repaired RCC specimen in ARCJet
test holder; (b) photograph during testing; (c) post test
photograph [34, 35].

safety of vehicles and crew. GRABER is a phenolic based adhesive with silicon as
one of the reactive phases. This system has very high viscosity (like peanut butter)
and cannot be infiltrated in dry areas of composites. It has been developed and
optimized for the repair of damage in RCC composite and further testing will be
needed to evaluate its effectiveness in repairing damage in C/SiC and SiC/SiC
composites.

13.8
Concluding Remarks and Future Directions

Robust jointing and integration technologies are needed to manufacture large and
complex-shaped CMC components and represent an enabling technology in aero-
space, power generation, nuclear, and transportation industries. Joint design phi-
losophies, design issues, and joining technologies were discussed along with the
relationship of CMC joining to CMC manufacturing. In particular, the role of
wettability, surface roughness, and residual stress in joint strength and integrity
was highlighted. Mechanical property data on CMC joints were presented together
with examples of joined CMC prototype subcomponents. Remarks on recent
developments in applying CMC joining technologies to repair of ceramic compo-
nents damaged in service were also presented.

Clearly, much additional developmental research effort is needed in the joining
and integration of CMC components, in order to win the confidence and trust of
the designer. At present, a number of critical issues need to be resolved for CMC
joints. Some of these include:

1. effectiveness of representing a real component joint by test coupons under
laboratory conditions;

2. contact angle and work of adhesion measurements on multiphase CMCs that
exhibit considerable chemical and structural inhomogeneity;

3. effect of thermal fatigue and aggressive environments on long-term durability
of CMC joints;



multi-axial external stresses;

and

References

. effect of time on joint properties under various testing conditions, including

. effect of oxidation, creep, and thermal shock on joint strength and integrity;

. standardization of design and testing methodologies for CMC joints, and devel-

opment and integration of life prediction models in CMC component

manufacture.
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14
CMC Materials for Space and Aeronautical Applications

Frangois Christin

14.1
Introduction

Thermo-structural composites are a unique family of high performance materials.
They combine the refractory and structural properties of graphite and ceramics
with the high tailorable properties of fibrous reinforcement composites. These
materials are of utmost importance for the growth and competitiveness of defense,
spatial, aeronautical, and industrial applications. The history of carbon/carbon
composites, which are the first thermo-structural composites, can hardly be related
without mentioning the leading role that rocket propulsion played in their early
research, development, and industrialization, in the 1960s and 1970s.

Over the last 50 years, the temperature capability of metallic super-alloys has
never stopped increasing, but the limitation of their melting point, now very close
to the operating conditions, is stemming this way.

During the 1980s, Ceramic Matrix Composites) (CMC) were developed to meet
the relatively long durations of thermal protection system (TPS) for future reusable
launch vehicles. Because of performance needs, economical constraints and, more
recently, international environmental regulations evolutions, the design of military
and commercial aircraft engines has been driven by two key factors:

e the weight saving
e the increase in gas temperature

These factors are respectively linked to payload gains, efficiency improvement,
and NOx and CO emissions reduction. The long life duration of the jet engine
component is another requirement, accounting for much of the total lifecycle cost.
These needs have necessitated the development of the self-sealing matrix compos-
ite concept.

CMCs, with their intrinsic properties (low density, high melting point, high
mechanical properties, chemical stability) are well suited to take over from metallic
alloys, the ceramic low fracture toughness being deleted due to the fiber reinforce-
ment and tailored fiber/matrix bonding.
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The main steps of the manufacturing processes will be described and the
current space and aeronautical applications will be identified.

14.2
Carbon/Carbon Composites

The history of carbon/carbon composites starts in 1958 in a laboratory of Chance
Vought Aircraft, with the pyrolysis, perhaps accidentally, of a phenolic matrix
composite [1]. Research in the 1950s, undertaken simultaneously in the United
States to develop composites made of a fibrous core embedded in a resin matrix,
and in the United Kingdom to develop carbon fibers, formed the basis for develop-
ment ablative composites in the 1960s. These materials were usually made of
carbon, or less frequently silica, fiber reinforcements impregnated with polymer-
ized phenolic resins. After absorbing large amounts of heat, the resins were ulti-
mately charred by the high temperatures of the gas stream expelled from the
nozzle of the rocket engine [2].

14.2.1
Manufacturing of Carbon/Carbon Composites

The carbon/carbon manufacturing process can be divided in two main steps:

o fabrication of carbon fiber reinforcement, called preform;
« filling the porosity of the preform by matrix, called densification.

14.2.1.1 n-Dimensional Reinforcement

Three types of carbon fiber precursors can be used: rayon, Polyacrylonitrile (PAN),
or pitch fibers, depending on the researched final composites characteristics. For
example, ex-pitch carbon fibers will be chosen for high thermal conductivity, ex-
PAN carbon fibers for high mechanical properties, and ex-rayon carbon fibers for
specific features applications.

By the late 1970s, the main carbon fiber reinforced carbon materials were as
follows:

On the one hand, there were the carbon-carbon materials based on two-
dimensional reinforcements, whose strong point lay in their low thicknesses
capability and simple manufacturing processes. Two ways of processing fabrica-
tion were used, the dry route or the liquid route. The dry route consisted of press-
ing out dry cloth fabrics with special graphite tools for CVI densification. The
liquid route was based on the use of prepregs, first shaped and cured, then pyrol-
ysed and heat treated.

The two-dimensional materials suffered from poor interlaminar strength and
showed a tendency to delaminate or crack during fabrication. Nevertheless,
Snecma Propulsion Solide succeeded in mastering two-dimensional involute
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Figure 14.1 Apogee rocket motor (Mage) [3].

carbon-carbon exit cones for rocket motors, since the Mage Apogee boost motor
(Figure 14.1).

On the other hand, there were the multidirectional reinforced materials obtained
by weaving fibers or by intertwining rods to make n-dimensional reinforcement
preforms (three-dimensional, four-dimensional, five-dimensional, and so on)
(Figure 14.2). These materials exhibited an improved isotropy, good delamination
resistance, and thick part manufacturing capability. When the erosion of the
nozzle throat has to be very low, the best reinforcement (but also the most expen-
sive) will be constituted by the four-dimensional material. This preform technol-
ogy, the development of which started in 1973, is always used. A cubic network is
manufactured by inter-twining stiffened rods of carbon fiber leading to a high
volumetric fiber ratio construction of 40 %, before and after densification.

This four-dimensional material is currently retained for the development of the
new generation of French deterrent force solid rocket motors (SRM). It has also
been successfully used in the Mage motor series (Figure 14.1) with more than 50
firing tests and 18 flight missions without failures or other unexpected issues.
However, only liquid routes (resin or pitch) were applicable for their densification,
due to the coarse unit knit. Moreover, they were not suitable for producing complex
parts combining both thick and thin areas [3, 5]. These were the reasons why a
new texture, combining the advantages of multi-dimensional and two-dimensional
preform types, has been developed for application in all propulsion fields, typically
integrated throat and exit cones for solid rocket nozzles, hot gas valves, or large
size exit cones for liquid rocket engine (LRE).

14.2.1.2  Three-Dimensional Reinforcement Preforms

As previously mentioned, two-dimensional carbon/carbon composites suffer from
a weakness in delamination, and also their applications were reduced by thickness
limitations. So, three-dimensional preforms have been developed and, because of
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Figure 14.2 (a) four-dimensional preform construction;
(b) four-dimensional Sepcarb after densification [4].

economical considerations, needling is the preferred technology for making carbon
preforms by using weaving and needling techniques. At the beginning of the
1980s, SEP (Société Européenne de Propulsion; now Snecma Propulsion Solide),
developed a three-dimensional texture called Novoltex. This is a three-dimensional
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carbon non-woven preform construction made through automatic technology
from PAN fibers.

The preform is obtained by needling of a specific cloth. This material is com-
posed of a carbon precursor (PAN precursor) woven cloth combined with a layer
of short carbon precursor fibers deposited on it. It is necessary to find out and to
master the proper conditioning of the fiber layers on the cloth.

This needling process consists of attaching fabric layers to each other with fibers
pushed by hook fitted needles (hooks are designed so that fibers stay where they
have been performing when the needles leave the preform). Needling direction is
called “Z,” while “X” and “Y” represent the two-dimensional cloth layer directions.
Z fiber density can be adjusted by mastering needle geometry, needle stroke, or
needling density per square inch.

Proper needling tools and parameters were investigated and optimized to obtain
the optimal preform characteristics in terms of density, porosity size distribution,
and fiber fractions for each type of application (Figure 14.3).

An original aspect of Novoltex is that needling is carried out after each layer
deposit so that, at the end of the process, each part of the preform through the
thickness has received the same amount of transferred fibers (Figure 14.4). This
provides good homogeneity of the Novoltex texture. After this step, a final carbon-
ization treatment is performed to obtain pure carbon fiber. This carbon fiber ratio
in the final material is between 20 and 30 % by volume.

Specific needling machines were developed to produce different extreme con-
figurations, such as large rectangular blocks (up to 160mm high), cylinders,

Figure 14.3 Novoltex preform characteristics.

Carbon fiber transfert
when needling layer n+1

«—Layern

N
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Figure 14.4 Carbon fiber transfer.
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Figure 14.5 Geometric preforms (schematic).

conical forms (2600mm OD), and thin or thick planar preforms (7000 x 2500 X
60mm) (Figure 14.5).

After preform manufacturing, it is separated from its needling mandrel and heat
treated at elevated temperatures, to transform the carbon precursor into carbon.
During the carbonization process, the shrinkage affecting the texture had to be
mastered. This tri-dimensional preform, produced by automatic operations, has a
regular and fine open pore distribution, well adapted to the CVI densification
process (dry route).

Some interest lies in the possibility of adjusting to some extent the orthothropy
of the final material by mastering the preform characteristics, from nearly two-
dimensional characteristics to a nearly isotropic material. Once densified, these
preforms give the material very attractive capabilities, from large and very thin
parts (<1.5mm), where three-dimensional constructions of a coarser-weave is inef-
fective, to thick parts (>100 mm).

Snecma Propulsion Solide has several needling equipments that are able to
build preforms as flat panels up to 2.6m wide by 6m long, and cylindrical or

Improved
Novoltex
Process

Novoltex Naxeco

Process Process

A

/ AN Y [ 3

Pan Fiber after Preox Commercial
treatment Shehon Eibete Carbon Fibers

Textile Operations

Tape Type Product Tape Type Product
Needling
I
Carbonization
(Without Tension)

Carbon 3D Preform Ready for
Chemical Vapor Infiltration

Figure 14.6 Flowchart of comparision of novoltex and naxeco processes [5].
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conical parts up to 2.6m diameter and 3m length. The preform thickness is
adapted to the final size of the parts.

More recently, a new three-dimensional reinforcement called Naxeco has been
manufactured by needling directly commercial carbon fibers with a fiber ratio of
35% (Figure 14.6):

e Commercial fiber means that specific raw material purchase at an intermediate
manufacturing state (“preoxidized step”) and associated drawbacks (long-term
supply, price, specific quality control, and process, etc.) are eliminated.

e Carbon fiber means that carbonization treatment with associated cost and draw-
backs, such as relatively poor mechanical properties (heat treatment is per-
formed without tensile stress on the fiber for Novoltex) are also eliminated.

The economical Naxeco reinforcement also presents better mechanical perfor-
mances—at least equal rupture strain in the range of 0.5% and a rupture strength
increased by 50 to 100%—that enhances component reliability. The appropriate
fiber ratio would lower erosion for propulsion application.

14.2.1.3  Densification

The matrix is obtained either by gas infiltration (CVI), by resin impregnation
combined with pyrolysis treatment (PIP), or by pitch impregnation combined with
a high isostatic pressure (HIP) carbonization process (Figure 14.7).

CVI (Chemical Vapor Infiltration) The carbon matrix is deposited in the pores
of the fibrous carbon structures in the vapor phase by cracking of methane at
controlled temperature and low pressure. This process is the most used because
it gives a carbon matrix (pure pyrocarbon) with good mechanical properties and
is suitable for industrial application such as brake disks for aeronautical
applications.

CVD PROCESS PYROCARBON MATRIX

RESIN |
MATRIX
LIQUID ||
PREFORM ||| IMPREGNATION CARBON
PROCESS —{  CARBON
PITCH ||
MATRIX
MIXED
PROCESS

Figure 14.7 Flowchart of carbon densification processes [6].
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Figure 14.8 Isothermal CVI densification process.

The CVI densification presents many variants such as isothermal, thermal gradi-
ent, direct coupling, pressure gradient (forced flow), semi-forced flow, and pulsed
flow processes. The common goal of the studies is to decrease the densification
duration and the costs.

In the isothermal CVI densification process, the parts are heated by an external
graphite susceptor that is itself heated by self induction from an external electric
inductor (Figure 14.8).

In the direct coupling process, the axi-symmetrical parts (made of carbon fibers,
thus electrically conductive) are self heated by direct Lenz effects from the external
inductor. This process favors a central densification with following advantages:

¢ higher density “at heart”

e reduced densification time

* 1o coating effect, removing some machining cycles
e initial thinner perform.

The interest of direct coupling vs isothermal CVI process is well demonstrated
in Figure 14.8, with comparison of density through the thickness. This process,
and also the pressure gradient CVI process, permits the densification cycle dura-
tion to be divided by two.

A more rapid densification of carbon/carbon can be obtained by the film boiling
process. This process, patented by CEA potential in 1981, can densify parts in less
than 10 hours. The part is immersed in liquid hydrocarbon such as toluene or
cyclohexane then heated at around 1000°C by resistive or inductive heating (inter-
nal or external radio frequency coil, solenoid, or pan cake or pin coil). Very high
thermal gradient and mass transfer fluxes constitute the driving force of this
process [7].

These driving forces are induced by vaporization of a liquid precursor, on the
external surface of the porous structure to be filled up. This technique presents
many advantages: high densification rates (severalmm/h), good materials charac-
teristics, reproducibility, and relative simplicity, but it needs high electrical
power.

Pitch Matrix Process and Resin Matrix Process The densification of the carbon
structures is made by pitch or resin impregnation followed by high-pressure
(pitch) or low pressure (resin) carbonization (PIP). The pitch carbon matrix
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Figure 14.9 Isothermal CVI densification process [8].

provides carbon-carbon with high thermal conductivity. Conversely, the resin
carbon matrix provides carbon-carbon with good mechanical properties and low
thermal conductivity.

The three densification processes can be combined as a function of design
requirements (cost, material properties, size, shape, etc.). Snecma Propulsion
Solide is the only European company with an industrial plant using these densifi-
cation processes. They have developed specific densification processes for opti-
mized preforms. For example, the pitch impregnation and pressure carbonization
is associated with four-dimensional preforms, and CVI is well adapted to needled
reinforcements. To make complex parts, the best compromise is to use resin
impregnation for the shaping of the preform and then to finalize densification by
the CVI process.

Snecma Propulsion Solide owns many installations: CVI furnaces, resin impreg-
nation and pitch impregnation units, and carbonization furnaces at atmospheric
and high pressure (up to 1000 bar and 1000°C) (Figure 14.9). These facilities are
able to manufacture complex and large parts with a 2.5m diameter and 2.5m
length for carbon, as well as silicon carbide matrixes.

14.2.2
Carbon/Carbon Composites Applications

14.2.2.1 Solid Rocket Motors (SRM) Nozzles

The nozzle throat, which is defined as the area where the Mach number is equal
to 1, is the most critical part of the SRM. As it has to withstand very high tempera-
tures (>3000K), high thermal gradient, extreme heat flux, combined with abrasive
and chemical erosion, this part needs to be made from a very resistant material,
such as tungsten, graphite, or carbon-carbon composites. Ten times lighter than
tungsten, high thermal conductivity carbon based materials are excellent candidate
materials. But as graphite is brittle, carbon fiber reinforced composites are nowa-
days standard materials for nozzle throats: they may be “densified” with a phenolic

335



336

14 CMC Materials for Space and Aeronautical Applications

resin system (not carbonized before firing) or with a carbon matrix. For the three
largest SRMs in operation, we observe that according to the increasing aluminum
content in the propellant grain (Shuttle RSRM, Titan 4 SRMU, Ariane 5 MPS),
the three nozzle throats are made of carbon/phenolic (RSRM), graphite/phenolic
(SRMU), and finally carbon-carbon composites (MPS).

This selection of materials for large nozzle throats depends also on the capability
to produce such large parts: during the Shuttle development phase, it was not
possible to produce such large carbon-carbon composites parts at an affordable
cost.

Novoltex carbon-carbon composites have been selected, eight years later, as the
basic material for the Ariane 5 MPS, because carbon-carbon offered lower ablation
rates and higher reproducibility of erosion. This point must be outlined because
two boosters are fired at the same time, and need to deliver exactly the same thrust.
If not, the thrust imbalance has to be corrected by the thrust vector control system,
which is limited to a 6-degree deflection angle. Uncontrolled thrust imbalance
drastically reduces the launcher performance, and may jeopardize flight safety. Up
to now, development and qualification static firing tests, flight data recorded on
62 MPS, and margins checking after flight recovery all confirm the high level of
safety and reproducibility provided by the carbon-carbon Ariane 5 MPS nozzle
throat (Figure 14.10).

The exit cones have derived benefit from the thermo-structural capacities of
carbon-carbon composites, while at the same time, the designs and components
of the nozzles have evolved by the development of these materials.

The designs of exit cones have continuously evolved along with the SEPCARB,
due to:

e increase of their mechanical capabilities;

» improvement of their knowledge (more detailed characterization);

e improvement of the prediction of their behavior (mainly with thermo-
mechanical nonlinear codes);

Figure 14.10 The carbon-carbon nozzle throat of Ariane 5 Solid Rocket Booster [9].
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e designs have been developed in order to meet specific operating requirements,
not only for the hot exit cone, but also for the entire nozzle. The design and tech-
nology evolution of Snecma Propulsion Solide SRM exit cones is described in [2]
and summarized in Table 14.1.

Carbon-carbon composites make it possible to reduce the overall mass of the
nozzle, not only because of their low density, but also because of their physical
properties adapted to simplified designs. That is why future advanced SRM nozzles
feature monolithic nozzle throats—instead of several nozzle throat inserts—and
monolithic exit cone replace metallic housing protected with bonded ablative liners
(Figure 14.11). This is a good example of where an apparently “expensive” material
does indeed help to cut overall cost, due to:

o simplification of the design;

e reduction of parts number;

» lowering of assembly and quality insurance manpower, and so on;
e increasing performances and reliability.

14.2.2.2 Liquid Rocket Engines (LRE) [9]
Traditionally based on high refractory metallic alloys, the technology evolved in
the mid-1990s to carbon-carbon composites introduction in LRE design. The

Table 14.1 Reduction of weight for upper stages SRM exit cones.

Years Thermal protection Housing/thickness Mass per unit
(mm) area (kg m™)
1970-1980 Carbon/phenolic (16 mm) Metallic (4mm) 40 to 35
1980-1997 C/epoxy 30
1985-2000 Carbon/Carbon (9mm to 2.3 mm) 15 to 10

SECOND GENERATION

Monolithic exit cone

Figure 14.11 Nozzle design evolution of advanced SRMs.
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Figure 14.12 RL10 B2 EEC during qualification test.

pioneer is the RL10-B2 cryogenic engine, which powers the Boeing Delta 3 (and
future Delta 4) upper stage. Based on the Extendible Exit Cones (EEC) technology
successfully demonstrated on several operational SRMs (ICBM Upper Stages,
Shuttle 1US), and also on the RL10 A4 (with a small extendible ring made of thin
Columbium), Pratt and Whitney decided to drastically enhance the performance
of the RL10 engine by using a larger EEC for the RL10B2, and increasing the
expansion ratio from 83 for RL10A4 up to 285 for RL10B2.

The resulting specific impulse is 464 s, as demonstrated by two flights of the
Boeing Delta 3 launcher. It may be underlined that this huge specific increase
(>30s) is based on the EEC weighing only 92kg. This extendible nozzle is the
largest carbon-carbon nozzle ever produced in the western hemisphere: and is
now in current production at Snecma Propulsion Solide (Figures 14.12 and
14.13).

14.2.2.3  Friction Applications [10]

Carbon-carbon materials have proven superior to conventional materials for high
performance brakes. For this application their main advantages are lightness, good
friction characteristics even at high temperature, very good thermal capacity, high
dimensional stability, high resistance to heat cycling, and low wear. The Sepcarb
Novoltex C-C is widely used for brake disks, such as for the Airbus or Formula 1
(Figure 14.14).

14.3
Ceramic Composites

Because of the carbon sensitivity to oxidation, ceramic matrices have been devel-
oped, since the middle of the 1970s, to replace carbon matrices, in order to obtain
materials of long lifetime capability, withstanding high thermal fluxes and
mechanical loads, under oxidative environments.
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Figure 14.14 Carbon-carbon brake disks composites [10].

14.3.1
SiC-SiC and Carbon-SiC Composites Manufacture

Until 1992, SiC-SiC material families developed by Snecma Propulsion Solide
were made of a two-dimensional reinforcement, using CG (Ceramic Grade)
Nicalon from Nippon Carbon, with a pyrocarbon interphase [11], and a SiC matrix
deposited by CVI.
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14.3.1.1  Elaboration
For applications in oxidative environments, Snecma Propulsion Solide selected
C-SiC or SiC-SiC composite material, obtained by:

e CVI process; and
e densification with combination of liquid impregnation and pyrolysis (PIP).

CVI-SiC is preferred to LPI-SiC (Liquid Phase Infiltration) because it provides
a pure SiC matrix. LPI-SiC is not pure enough, so thermal stability is affected, as
for SiC fibers. Thermal stability is higher with CVI-SiC (proved over 1800°C) than
with LPI-SiC.

The silicon carbide matrix is obtained by cracking of gas (methyltrichlorosilane)
circulating through the pores of the perform, which is maintained at high tem-
perature in a specific infiltration furnace.

A combination has been found using liquid densification and CVI processes,
making CMC composites cost efficient materials. This combined process takes
advantage of the liquid route (shape and simplified tooling) and the CVI route
(mechanical characteristics and thermal stability of the pure SiC matrix). It is suit-
able to manufacture components such as flaps for aircraft engines, Thermal Pro-
tection Systems (TPS), and hot structures for re-entry vehicles.

14.3.2
SiC-SiC and Carbon-SiC Composites Applications

14.3.2.1 Aeronautical and Space Applications
These materials offered good strength at room temperature, of about 300 MPa,
and a non-brittle behavior, with an enhanced failure strain of about 0.5 %.

In doing so, the opening of a wider range of applications were expected. The
feasibility of different aero-engine parts (Figure 14.15), hot gas valve parts, thermal

Figure 14.15 SiC-SiC and C-SiC aeronautical applications [10].
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structures, and TPSs based on carbon-ceramic or ceramic-ceramic materials, have
been already demonstrated (Figure 14.16). Qualification of SEPCARBINOX mate-
rial (carbon-SiC material with an enhanced finishing surface treatment) was pro-
nounced for the Rafale M88-2 engine outer flaps in 1996, and its lifetime objective
has been fully demonstrated and the flaps are in the series production phase
(Figure 14.17).

14.3.2.2 Liquid Rocket Engines Applications [12]

Thermo-structural composites provide several advantages for LRE, due to their
physical properties. Particularly, as exit cones, thermal protections, or thermal
insulators are no longer necessary. Film cooling or dump cooling can be sup-
pressed, thus increasing performances and simplicity.

That is why, for non-cooled LRE exit cones, which may be exposed to very hot
and oxidative combustion gases (cryogenic or storable-propellant engines), oxida-
tion resistant composites such as coated carbon-carbon composites, or CMC are
preferred.

For example, Snecma Propulsion Solide has developed and successfully tested
(in extra-nominal conditions) an experimental SEPCARBINOX exit cone for the
HM7 cryogenic engine, which powers the third stage of Ariane 4 launcher (Figure
14.18). This exit cone is made of Novoltex Carbon reinforcement, associated with
a carbon matrix and a silicon carbide (SiC) matrix. The weight is 24kg compared
to 84kg for the metallic exit cone, including cooling equipment: this represents a
70 % weight reduction, and 2 s more of specific impulse owing to the suppression
of liquid hydrogen cooling flow mass. It has been tested successfully 10 times for
1650 s, and twice the second firing test has been 20% longer than the nominal
burn time. The maximum measured temperature was over 2000K in the forward
part of the exit cone. After post-test expertise, no degradation was observed, thus
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Figure 14.18 HM7 Sepcarbinox C-SiC exit cone as fabricated
and fitted on HM7 (Ariane 4 third stage).

demonstrating the reusability of such a SEPCARBINOX exit cone. From samples
cut out on several locations of the exit cone, it was observed that the mechanical
resistance was unaffected, and no oxidation detected even at microscopic scale. So
these two full-scale firing tests have left unchanged the safety mechanical and
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thermal margins, and have given high confidence in the long-life capability of this
kind of CMC.

Seven firings cumulating 9005, including a 610s duration test, were successfully
performed. The chamber walls were heated to 1723 K (2640 °F) without any prob-
lems (no crack, no erosion, no leakage, etc.).

14.3.3
A Breakthrough with a New Concept: The Self-Healing Matrix

In the early 1990s, development of advanced ceramic materials was initiated with
the ambitious objective to develop composites, carbon, or SiC fiber reinforced,
useable above their mechanical yield point for a temperature range up to 1373K,
and capable of an operating life exceeding 1000 h in an oxidative atmosphere
integrating 100 h in severe conditions (stress level up to 120 MPa).

However, testing in more severe conditions, such as tensile/tensile Low Cycle
Fatigue LCF tests performed at a stress level of 120MPa led to early failures due
to the insufficient sealing of the matrix micro-cracks, leading to premature oxida-
tion of the interphase. This was illustrated by a lifetime duration of about 10 to
20 h at 873K and less than 1 h at 1123 K.

The material concept was mainly based on the use of the novel self-healing
matrix and the use of a multilayer woven reinforcement to reduce delamination
sensitivity during the manufacturing process and during material operating condi-
tions involving high shear stresses.

14.3.3.1 Manufacturing of Ceramic Composites

Reinforcement Planar multilayer reinforcements called Guipex preforms have
been developed (Figure 14.19). The considered technology is applicable either to
carbon or to Hi-Nicalon fiber reinforcements. Guipex are made of layers linked
together. The number of layers is adjustable, according to the required composite
thickness, and can be typically between 2 and 7mm.
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Figure 14.19 A Guipex performs.
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14.3.3.2 The Self-Healing Matrix

The self-healing matrix is obtained by the cracking of gas containing boron-
silicon-carbon molecules circulating through the pores of the perform, which is
maintained at a high temperature in a specific infiltration furnace. In the first
development phase [13, 14], the concept, based on a novel self-healing matrix, was
applied to a SiC multilayer reinforcement (CERASEP A410). The improvement in
the behavior under oxidative atmospheres, induced by the self-healing matrix, has
made carbon reinforcement use also possible (SEPCARB-INOX A500), without
anti-oxidation finishing treatment. In addition to its thermo-mechanical potential,
the carbon reinforcement economical impact makes this material very attractive
[15].

14.3.3.3 Characterization

CERASEP A410 and SEPCARB-INOX A500 Description The reinforcement of
both A410 and A500 materials uses a multilayer fabric with a link between
the different layers. In order to avoid the delamination sensitivity, this link is
completed during the weaving process, to obtain the GUIPEX preform (Figure
14.19) available with carbon and ceramics fibers and a 1.5 to 7 mm thickness range.
The matrix is deposited by the CVI process. A hardening first step in graphite
toolings assumes the shape, including a tailored interphase treatment to guarantee
the thermo-mechanical behavior and the duration life in oxidative environment.
The self-healing matrix, combining specific phases of CVI process deposited
carbide layers, eliminates the finishing treatment. By its volumic aspect, the self-
healing matrix approach enhances the damage tolerance of the composite, in
comparison with the finishing treatment, the oxidative species being trapped in
the whole thickness matrix by a glassy phase formation sealing the micro-cracks
(Figure 14.20).

Figure 14.20 Self-healing matrix sequences.
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A410 and A500 Mechanical and Thermal Database [16] The A410 and A500 char-
acteristics are measured on test coupons machined from standard 200 x 200 mm?
plates; the thermo-mechanical behavior of these self-healing matrix composites is
similar to SiC/SiC and C/SiC materials, obtained with a monolithic SiC matrix,
the improvement being about the duration life under oxidative environment
(Figure 14.21, Tables 14.2 and 14.3).

(a) 350 . (b) 250

i Room Temp. Dir. 1-2 A500 P
s = 200
S 250 | 2 RoomTemp. Dir. 1-2
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Figure 14.21 Tensile stress-strain curves at RT and dir.
1 and 2: (a) Cerasep A410; (b) Sepcarbinox A500.

Table 14.2 A410 and A500 physical properties.

Materials Fiber vol. Density Porosity
fraction (g cm™) (%)

A410 35 2.20-2.30 12-14

A500 40 1.90-2.10 12-14

Table 14.3 Main characteristics ruling thermomechanical

behavior.

CERASEP A410 SEPCARBINOX A500

61 (MPa) 315 o1 (MPa) 230
el (%) 0.50 el (%) 0.80
E1 (GPa) 220 E1 (GPa) 65
ol (E-6/°K) 45 ol (E-6/°K) 25
Al (W/m.k) 10 Al (W/m.k) 10
A3 (W/m.k) 3 A3 (W/m.k) 3

E.ot (at 1000°C) ~800 E.ot (at 1000°C) ~170




346

14 CMC Materials for Space and Aeronautical Applications

The combination of thermal properties and elastic modulus of A500 material
reflects a lower sensitivity to thermal gradients compared with A410 material,
attractive for components sustaining heterogeneous thermal fields.

A410 and A500 Lifetime Duration in Oxidative Environment [17] The tensile fatigue
and creep behavior have been characterized under air (Figures 14.22-14.24).

The improvement induced by the self-healing matrix is illustrated by the gap
between the performances of the Cerasep A400 (Nicalon fibers and self-healing
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Figure 14.22 T/T fatigue at 120MPa in air (0.25Hz).
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Figure 14.23 Cerasep A410 tensile fatigue (0.25Hz) and creep in air.
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Figure 14.24 Sepcarbinox A500 tensile fatigue (0.25Hz) and creep in air.

matrix) and those of the Cerasep A373 (Nicalon fibers and monolithic SiC matrix);
the last enhancement is obtained by Hi-Nicalon fibers introduction in Cerasep
A410. The self-healing matrix effect is also noteworthy with the A500 Sepcarbinox
(carbon fibers and self-healing matrix).

A high potential for the Cerasep A 410 is demonstrated at 850°C (several thou-
sands of hours with stresses up to 150 MPa without rupture); for the Sepcarbinox
A500, the lifetime duration is above 100 h for 160 MPa stress level in fatigue and
110 MPa in creep.

14.3.4
Representative Applications of These New Materials

The initial objective of the CMC development was to enlarge the gas turbine
engine operating temperature field, replacing the refractory alloys limited by their
melting point. Another approach is carried out, the Cerasep A410 and Sepcarbinox
A500 breakthrough standing on their weight saving capability and their long life
duration performances under high thermal gradients. The following representa-
tive applications illustrate this orientation.

14.3.4.1 Military Aeronautical Applications
These new CMCs have been identified as an excellent choice for replacing the
metallic hardware in exhaust nozzle, such as the F100-PW-229 engine, which
powered F15 fighters [18] [19].

Divergent flap and seals are typically manufactured from nickel-based superal-
loys, such as René 41 or Waspalloy. The severe thermo-mechanical environ-
ment produces extensive cracking in the metallic components, while the high
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temperatures produce excessive creep deformation. Six seals for the F100-PW-229,
with two different cross-sections, were made: two of A410 with variable cross-
section, two of A410 with a constant cross-section and two of A500 with constant
cross-section (Figure 14.25).

After various testing phases carried out at several locations, the different seals
installed on the engines in hot streak locations (i.e. in the worst conditions) have
accumulated between 4600 and 6000 Total Accumulated Cycles (TACs), involving
1300 to 1750 engine operating hours, and including approximately 100 hours of
afterburner operation and more than 15000 afterburner lights. Testing was well
beyond the full-life objective of 4300 TACs, and significantly exceeds the life of
the current metal hardware. The seals experienced no delamination, no wear, and
appeared to be in excellent condition after ground testing. One seal each of A500
(4600 TACs) and A410 (4850 TACs) were cut into tensile specimens for compari-
son with the as-processed materials data base. This residual strength testing
showed no loss for A410 and only 6 % loss for A500 (Tables 14.4 and 14.5). These
are excellent results and highlight their exceptional durability in an exhaust nozzle
environment.

Figure 14.25 F100-PW-229 CMC seal schematics.
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Table 14.4 RT tensile properties [20].

Plate number UTS (MPa) Elongation (%) Modulus (GPa)

1324 200 0.73 84
1234 243 0.81 84

Table 14.5 A500 CT seal (4609 TACS) post engine test
mechanical properties [20].

Sample No.  UTS (efficient) ~ Strain to Young'’s

(MPa) failure (%) modulus (GPa)

1 181 0.69 66
2 183 0.59 78
3 178 0.77 68
4 189 0.89 61
5 For morphological analysis

6 192 0.74 65
7 197 0.95 62
8 198 0.68 69
9 197 0.89 73
10 205 0.68 82
11 198 0.71 85

The next step is flight demonstration. In parallel, work is continuing to reduce
the cost of CMC materials by a factor of two.

14.3.4.2 Commercial Aeronautical Applications

A recent application of the SiC/Si-B-C composites concerns civil planes with mixed
flow (BR 710-715, RB 211, PW 500, SaM146 engines) or separated flow (CFM56-7
or CFM56-2-3 engine) nozzle. These parts meet the aircraft manufacturers’ expec-
tations for high performances and competitive nacelles.

They are made of Inconel 625 or 718 and have a 700 to 1000 mm diameter and
400 to 500mm length. A first demonstration has been made with a CFM56-5C
engine showing good behavior of the SiC/Si-B-C composite after 600 cycles and
200 engine operating hours, including 70 take-off hours. The mixer (Figure 14.26)
permits a weight gain of 35 %; this gain can reach 60 % in the case of TP400 engine
for A400 M plane.

The complex shape of this kind of part can necessitate the use of liquid way
hardening with a pre-ceramic resin associated with the CVI process for Si-B-C
matrix. Parallel to the technology demonstration with scale one part, studies are
in progress to satisfy economical and technical requirements.
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(a)

Figure 14.26 (a) CMC
mixer; (b) integrated on
CFM56-C engine [8].
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15
CMC for Nuclear Applications
Akira Kohyama

15.1
Introduction

Fiber reinforced composite materials have been historically and classically tailored
structural materials appearing in many old documents. Some still remain on the
Earth, such as the Great Wall of China. The concepts of fiber reinforced materials
as advanced tailored materials were developed in the last half of the twentieth
century and many extensive R&D efforts have been performed during this period
[1, 2]. The major part of these efforts has been in aerospace application and we
see many spin-offs in our daily life.

Many outstanding accomplishments with fiber reinforced composite materials
have been expanding their areas in technological applications, which start from
mild conditions to very severe environments. One example is the quest for very
or ultra high temperature applications, where materials are to be changed from
plastics and metals into inter-metallics and ceramics. Over the last few decades,
R&D efforts on ceramic composites have been very extensive, especially in the
fields of aerospace and energy. Among them, carbon fiber reinforced carbon com-
posite (C/C) and silicon-carbide fiber reinforced silicon-carbide composite (SiC/
SiC) R&Ds have been much emphasized in nuclear energy research [3, 4].

In order to provide sufficient energy to our society, without strong impacts on
the environment, economically competitive and stable core energies are crucial
needs. Nuclear fission and fusion are believed to be very attractive options [5, 6]
and many efforts have been extensively carried out worldwide. In the field of
fission, reactor R&D activities have a wide spectrum from near term reactors to
generation IV reactors [7]. Although there has been much progress in conceptual
design study, supporting activities from engineering and materials have been
premature and insufficient.

The materials R&D methodology has been unique in the case of ceramic fiber
reinforced ceramic matrix composite (CMC) materials, such as C/C, C/SiC, and
SiC/SiC, where ceramic fibers, ceramic matrix, and interphase connecting fiber
and matrix are the three key components. Materials design is carried out by opti-
mizing these components to meet the material’s requirements.
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In this chapter, starting with the brief introduction of ceramic fiber reinforced
CMCs, material design, process engineering, and performance evaluation meth-
odologies toward the application to GFR are presented.

15.2
Gas Reactor Technology and Ceramic Materials

The Generation I.V. Reactor International Forum (GIF) is the international activity
for developing the generation IV reactors [7]. There are six reactor types, including
the very high temperature reactor (VHTR) and gas cooled fast reactor (GFR), which
are gas reactors using gas as coolant and nuclear heat as transporting media.

Figure 15.1 shows the ongoing R&D strategies and issues resulting from the
development of the prismatic modular reactor (PMR) and the pebble bed reactor
(PBR), to VHTR and GFR as the final goal. In the case of PMR and PBR, reactor
materials and He system technology are available from industrial metallic materi-
als and current technologies. But for the VHTR and GFR, very or ultra high tem-
perature materials are essential for them to remain attractive as advanced core
energy systems. The key materials for these reactors are reactor core structural
materials, where neutron absorption, thermal conductivity, and fusion (melting or
decomposition) temperatures are key requirements. Intermediate heat exchanger
(IHX) is another important area for materials R&D, where radiation damage toler-
ance is not an important issue. However, in these applications there are many
similarities to R&D, and many R&D activities have been coordinated, both for core
structure and IHX applications.

Table 15.1 indicates the characteristics for forming potential ceramic materials
for GFR and VHTR. The table shows that neutron absorption is required to allow

R&D
Fuel Particles
Materials

He system technology(850 C)
Computer codes
Fuel cycle

Improved
Sustainability

GFR

R&D
Fast neutron fuel

Fuel cycle process
Safety systems

>950C for VHT
Heat process

R&D
VHT materials
IHX for heat process

ZrC coated fuel

I-S cycle for H2 production

VHTR: very high temperature reactor GFR: gas cooled fast reactor

Figure 15.1 Gas reactor technology and R&D pathway [8].
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for a sufficient fission reaction and especially for GFR breeding reactions, which
should be larger than unity. Thermal conductivity is an important parameter for
reactor core design and has a strong impact on the attractiveness of VHTR and
GFR, not simply because of this property. From Table 15.1, SiC, ZrC, TiC, VC,
ZrN, TiN, and AIN can be recognized as potential candidates, but nitrides are not
preferable from a high induced radioactivity viewpoint.

Furthermore, for the application for reactor core reliability with a reasonable
safety margin is desirable and monolithic ceramics have an inherent character of
brittleness. The proposed method to overcome this very brittle nature, which
causes catastrophic fracture or sudden loss of system performance, is to manufac-
ture fiber reinforced composite materials.

15.3
Ceramic Fiber Reinforced Ceramic Matrix Composites (CFRC, CMC)

Ceramic fiber reinforced composites are usually known as CFRC or CMC. Carbon
fiber reinforced carbon matrix composites are a kind of CMC, but are usually called
CC or CC composites. In this chapter, the main emphasis is on SiC/SiC composite
materials. CMC has three major components, which are fiber, interphase, and
matrix. The brief introduction of these components and major processing are
shown in Figure 15.2.

In the case of reinforcing fibers, there are whisker, short fiber, and long (con-
tinuous) fiber. In this chapter, only long fiber reinforcement is introduced, for this
type of CMC is supposed to be the potential candidates for nuclear fission and

MATERIALS PROCESS
Fiber @ 3D Fabric
Polymer derived SiC fibers (2D Satin, Braiding)

—Low Oxygen Fiber
Tyranno (Lox-M), HiNicalon

—Stoichiometry Fiber
HiNicalon-S Tyranno SA

—New fiber
Interphase (Interface coatings)
-C

@ Interphase Forming @ rip

—C/SiC (multiple) VD

—Oxide Mild Oxidation
M atrix Others

-FCVI

—Hybrid process (FCVI/PIP/RS)

FCVI: Forced-flow Chemical Vapor Infiltration RS: Reaction Sintering
LPS: Liquid Phase Sintering PIP : Polymer Impregnation & Pyrolysis

Figure 15.2 CMC: components and processing.
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fusion. To make flexible fiber architecture, flexibility of the fiber, which enables it
to be woven or to be blazed to make fabrics or textures, is essentially required.
Polymer derived SiC fibers and C-fibers meet this requirement, thus these fibers
are mainly used for advanced CMCs. There has been much progress in advanced
fibers and now new fibers such as Tyrano-SA and Hi-Nicalon-S have been pro-
duced (Table 15.2). Now a new fiber from large continuous production line,
Cef-NITE, is also available, which retains its integrity at more than 1400°C.

Interphase is another important component to give pseudo-ductility to CMCs.
The Chemical Vapor Deposition (CVD) process is mainly used for interphase
coating, including the multilayer coating method, which is a repeating CVD
process to form SiC and C multilayers. Other potential methods to make C-
enriched surface layers of SIC fiber are polymer pyrolysis and thermal treatment.
Oxide or nitride interphase formation is another option. However, in the case of
high temperatures and under severe nuclear environments, oxide and nitride are
not adequate for carbide ceramics from micro-structural stability and induced
radioactivity viewpoints.

Matrix formation is the final stage in the process of making CMC. To fill the
open space within the fiber structure with a fiber coating (with interphase at the
surface of the fibers) by different methods, is the so-called densification process
of matrix. As shown in Figure 15.2, the FCVI process has been recognized as the
most reliable high-quality method for densification. The CVI method is the most
established with high crystallinity, high purity, and near stoichiometry, but limita-
tions in shape, geometry, and porosity are issues for many applications. Other
methods, such as RS, LPS, PIP, and their hybrid processes, are attractive options
in the manufacture of various kinds of CMCs. PIP has issues in baseline proper-
ties, crystallinity, and stoichiometry, but process improvement and near-stoichi-
ometry polymer development are in progress. The melt infiltration (MI) method
or RS method has issues in phase control and uniformity control, but improve-
ment is in progress by increasing its attractiveness. LPS has similar issues to the
MI/RS method.

The typical example of the process development is based on the liquid phase
sintering (LPS) process modification, where the new process called Nano-powder
Infiltration and Transient Eutectic (NITE) process has been developed [8].

Table 15.2 Characteristics of representing SiC fibers.

SiC fiber C/Si atomic Oxygen Tensile Tensile Elongatio Density Diameter
ratio content strength modulus n (%) (gem?®) (um)
(wt-%) (GPa)  (GPa)

Tyranno 1.07 <0.5 2.6 400 0.6 3 7
SA Gr.3

Hi-Nicalon  1.05 0.2 2.6 420 0.6 3.1 11
Type-S

Hi-Nicalon 1.39 0.5 2.8 270 1.0 2.74 14
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15.4
Innovative SiC/SiC by NITE Process

Because of its superior chemical stability at very high temperature, inherent heat
resistance, and irradiation stability, and low activation properties under radiation
environment, SiC/SiC has been considered as an attractive option for advanced
nuclear energy systems. The extensive recent works are making their way toward
high crystallinity constituents. Due to improvements in reinforcing SiC fibers and
availability of fine nano-SiC powders, the well-known LPS process has been drasti-
cally improved to become a new process called the NITE Process.

As indicated in Figure 15.3, slurry of SiC nano-powders and additives is infil-
trated into SiC fabrics and dried for making prepreg sheets. After the lay-up of the
sheets, hot pressing is applied to make NITE SiC/SiC. For the near-net-shaping
process to make tubes, pipes, turbine blades, and blanket for fusion reactors, this
basic process is modified to include prepreg wire production, filament winding,
or three-dimensional fabric weaving and pseudo-HIP processes. To keep the
advantage of the NITE process, the following are essential and to satisfy these
requirements in industrial fabrication, line production is still under way. These
are:

e use near stoichiometry SiC fiber with high crystallinity;
» make protective interface by fiber coating of carbon and SiC;
¢ use SiC nano-powders with appropriate surface characteristics [9].

One of the greatest advantages of the NITE process is its flexibility in shape and
almost no limitation on size.

Figure 15.4 gives some examples of composite materials made by the NITE
process. About one liter in volume of the two-dimensional SiC/SiC composite

NITE (Nano-Infiltration Transient-Eutectic Phase) Process
Dense and robust structures (cf. PIP, CVI, ...)
Excellent Gas Tightness
Fairly high thermal conductivity, Chemical stability
Flexibility in Size and Shape
Applicability of existing net-shaping techniques
Low production cost

=

sicfiber Ny

“Nano™-slurry Infiltration Drying Hot-pressing
(HIP for complex shape)

Figure 15.3 The concept of NITE process.
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Figure 15.4 Shape flexibility of NITE SiC/SiC composites.

cubic blocks was successfully produced (Figure 15.4, upper left), where no cracks
or cavities were detected by the naked eye. The upper right of Figure 15.4 shows
the real size model of a 100kw gas turbine combustor liner. The lower left of the
figure shows a 2mm thin plate of two-dimensional SiC/SiC. In these materials,
basic properties have been measured. They all presented excellent results in high
density, high crystallinity, high thermal conductivity, and basic mechanical proper-
ties. Process improvement and optimization with the emphasis on maintaining
sound protection interface are current technical challenges.

15.5
Characteristic Features of SiC/SiC Composites by NITE Process

The outstanding total performance of NITE SiC/SiC composite material is based
on the highly crystalline and highly dense microstructure.

Figure 15.5 shows a low magnification SEM image of a cross-section perpen-
dicular to the fiber axis (top left image) and a high magnification TEM image of
a fiber-interface matrix. These images present the full dense and small crystalline
microstructure of SiC with carbon interface. The selected area diffraction images
(right) clearly define that fiber and matrix are highly crystalline beta-SiC and inter-
face is pyrolytic carbon. These micro-structural features provide excellent thermal
stress values in merit and high hermetic property presented by helium permeabil-
ity, as shown in Figures 15.6 and 15.7, respectively.

Figure 15.6 represents the potential of thermal stress tolerance, M, the thermal
stress value of merit, defined by the equation in the figure, where 6, = Ultimate
tensile strength, Ky, = Thermal conductivity, v = Poisson’s ratio, E = Young’s
modulus, and oy, = Thermal expansion coefficient.

A higher M value indicates the excellence in thermal stress tolerance and pure
Al comes out the worst in this figure in almost all temperature ranges. The con-
ventional and commercially available CVI-SiC/SiC is better than Cerasep N3-1,
which is similar to Titanium alloy 318 at lower temperatures. 8Cr-2W steel (F82H)
is one of the candidates to reduce activation ferritic steels for fusion reactor. F82H
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Figure 15.6 Excellence in Thermal Stress Resistance — Thermal stress figure of merit: M.

steel presents excellent properties, especially below 600°C [7]. V-alloy is similar to
steel below 500°C, but above that temperature the excellence becomes clear with
other materials. The SiC/SiC composite produced by CVI is similar with steel, but
SiC/SiC made by the NITE process, Cera-NITE, has a very high M value from
room temperature to 1300°C. This high M value has an enormous impact on the
design of high temperature components, such as the gas turbine combustor liner,
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Figure 15.7 Improvement in hermeticity of NITE-SiC/SiC.

turbine blade, fuel pin, reactor core components, and heat exchangers. For high
temperature gas system application, gas leak tightness or hermetic property is
important, but unfortunately ceramics are well known as inferior materials from
a hermeticity viewpoint, especially for ceramic composite materials with high
porosity and micro-cracks. The NITE SiC/SiC is becoming the first leak-tight
ceramic fiber reinforced matrix composite.

To be used for the shield fuel pin of GFR, gas tightness, hermeticity, and shield-
ing capability of FP are essential. This property is also essential for gas cooling
system or heat exchange components using gas, such as fusion reactor blankets
and the IHX for VHTR. Ceramic composite materials have been widely recognized
as poor gas tightness materials and cannot be used for gas systems unless there
are applied gas shield coatings or cladding. Owing to the excellent near theoretical
density character of NITE-SiC/SiC, He gas permeability was measured. Figure
15.7 indicates the progress of gas tightness improvement during the pilot grade
production of NITE-SiC/SiC. The more than seven orders of magnitude superior-
ity of He gas permeability of monolithic NITE-SiC, compared with other SiC or C
by other methods, has not been attributed. The number 3 pilot grade products of
NITE-SiC/SiC are more than five orders of magnitude better than other ceramic
composites [10].

There still remains one large concern about the gas tightness of ceramic com-
posite materials, even if the gas tightness satisfies the design requirement from
the beginning. This is the well-known long-term concern about the weak charac-
teristics of the ceramic materials to be easily destroyed under service conditions.
In order to verify the stability of the gas tightness feature, the effect of heat cycling
was investigated [10] and further effects of tensile deformation at higher than the
proportional limit strength (PLS) have been studied [11]. Figure 15.8 shows the
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result of the tensile deformation effect study, where porosity enhanced or intro-
duced by tensile deformation was measured and the He gas permeability was
plotted against the porosity.

The porosity dependence behavior is similar to the data for the porous ceramics
as the function of porosity. This may suggest that the micro-cracks induced by
plastic deformation being slightly higher than the PLS may not have a great con-
tribution. In these materials, the inter-bundle porosity was about the order of
0.01% and these values stayed below 0.02%, even after the deformation by 1.2 x
PLS where intra-bundle porosity of 0.075% before deformation reached almost
6%. Those data are encouraging, showing that the NITE-SiC/SiC is stable enough
to keep He permeability, even under deformation such as micro-crack initiation
and propagation of proportional limit stressing.

15.6
Effects of Radiation Damage

There have been many research activities into SiC since the early stage of Fast
Breeder Reactor R&D projects, where SiC was recognized as easily degraded by
even the smallest amount of neutron radiation. These results have been discourag-
ing to ceramic material researchers in the past.

Due to progress in high purity ceramic production and in highly crystalline and
stoichiometry fiber production, radiation damage studies have been enhanced in
fusion reactor materials programs in the past few decades.
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The major trends recognized are:

e Irradiation-induced strengthening is observed in most experiments.

o Irradiation-toughening is apparent, despite the elastic modulus decrease.

e Increase in data scatter is very significant after irradiation.

e Enhanced fracture toughness and blunting are both contributing to the apparent
strengthening.

15.6.1
lon-Irradiation Technology for SiC Materials

An ion irradiation experiment is a powerful tool, where irradiation conditions and
high temperature flexibility and controllability are excellent. High damage rate
capability is another advantage for ion irradiation. The first systematic research of
the point-defect swelling of SiC was performed by the ion-irradiation method at
DuET Facility, Kyoto University in Japan [12, 13]. Figure 15.9 introduces the DuET
facility and evaluation methods of swelling and three-dimensional crack develop-
ment. Because the charged particles rapidly lose their kinetic energy by the electric
and nuclear stopping power in a material, the irradiated ions cannot penetrate
deeply into a material [14]. The damaged range is limited near the surface, thus
the development of investigation techniques is also important. The depth profiles
of displacement damages and ion concentration are normally calculated by TRIM
codes (Figure 15.10) [15], where features of radiation damage characteristics are
also indicated. A nano-indentation technique combined to the ion irradiation
experiments is a new method to investigate the crack propagation and fracture
toughness of SiC [16].

DuET

Microstructural
Investigation by

% I
TEM Kyoto University

- —

3D Analysis of Crack Distribution
beneath Resid i '

Impr

Figure 15.9 DuET facility and investigation techniques for ion
irradiation researches at Kyoto University.
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Figure 15.10 A depth profile calculation of displacement
damage and ion concentration in SiC using TRIM.

15.6.2
Micro-Structural Evolution and Swelling

Accumulation of point defects introduced by displacement damage is the origin
of swelling in SiC. Though the neutron irradiation data had been accumulated
since 1969, some data relating to the swelling of SiC was misleading. It was diffi-
cult to understand the correct trend of swelling from only neutron irradiation data,
due to their relying on irradiation condition data. The ion-irradiation research
clarified the trend of point-defect swelling of (3C) CVD-SiC up to 1400°C. Figure
15.11 shows the temperature dependence of saturation (3 dpa irradiated) swelling
by ion irradiation superimposed on the neutron published irradiation data [17].

The swelling of SiC is divided to three regimes, which are the amorphization
range below 200°C, the point-defect swelling regime between 200 and 1000°C,
and the void swelling regime over 1000°C. At lower temperatures, as the point-
defect accumulation is much heavier than the annihilation of defects, the strain
by defect accumulation causes amorphization [18]. The amorphization of SiC
depends on the irradiation temperature, dose, and irradiated particles. Heavier
charged particles, such as Si ions and Xe ions, are easier to amorphize SiC than
electrons (Figure 15.12) [19].

The volume swelling by amorphization increases to over 10 % at room tempera-
ture. In the point-defect swelling regime, the point defects accumulate and cause
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the swelling. A balance of volume changes by an interstitial and a vacancy causes
the swelling in this temperature range. The dose dependence of point-defect swell-
ing was investigated by ion irradiation experiments at DuET using 5.1 MeV Siions.
The point-defect swelling increases with increasing dose and saturates at 1 to 3dpa
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Figure 15.14 Summary of microstructure developments in irradiated SiC.

(Figure 15.13) [20]. The saturation swelling of irradiated CVD-SiC decreases due
to the annihilation of defects and clustering of interstitials.

Based on the systematic ion irradiation study at Kyoto University, under the
collaboration with IEA, the Fusion Materials Working group for SiC/SiC and the
Japan-US collaboration program for fusion materials, the micro-structural evolu-
tion with irradiation temperature and dose is summarized (Figure 15.14) [21].

15.6.3
Thermal Conductivity

Thermal conductivity is also an important key property for nuclear applications.
Although the swelling and the mechanical properties under irradiation environ-
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ments have been studied extensively, research into the radiation effects on thermal
properties has been limited. The discussion of thermal conductivity for nuclear
applications might be complex because a SiC/SiC composite has many factors that
affect its thermal conductivity. In properties of the composite bases on the solid-
state physics of SiC, recent studies have revealed that the physics of thermal con-
ductivity of pure-SiC changes by irradiation [22, 23]. The thermal conductivity of
a covalent crystal, SiC, depends on a phonon which relates to the lattice vibration
in crystals. The phonon is scattered by other phonons, defects, dislocation, grain
boundaries, and so on. In the case of ceramics designed to have high thermal
conductivity, the existence of even a few irradiation defects drastically affect
phonon transport at low temperature, and saturate the thermal conductivity.
Figure 15.15 shows the thermal conductivity at room temperature of CVD-SiC
neutron irradiation.

The neutron irradiation was performed at HFIR in ORNL with the dose of 4
to 8dpa. The thermal conductivity of non-irradiated CVD-SiC was 327 £ 25 W/mK.
Though the post irradiation thermal conductivity increases with irradiation tem-
perature up to 1468 °C, the highest value is ~111 W/mK at 1468 °C, which is 34 %
of the un-irradiated SiC [22]. The thermal conductivity reduced to about 10 W/mK
at low temperatures, the defect drastically affected by the reduction of thermal
conductivity. The thermal defect resistance, defined as 1/Kq4 = 1/K;; — 1/Kypi,
where 1/K, is the thermal defect resistance, and Ki, and K, are the values of
thermal conductivity of irradiated and un-irradiated materials, respectively. The
thermal defect resistance clearly relates to the swelling in the point-defective
regime (Figure 15.16).
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Figure 15.15 Thermal conductivity measured at room
temperature of neutron irradiated CVD-SiC [24].
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The correlation of swelling and the thermal defect resistance does not go
above 1100°C, which is the void swelling regime of SiC. The voids are less
effective on phonon scattering than the point-defect strain. The thermal
conductivity of SiC/SiC composites becomes worse than the monolithic CVD-SiC
because the SiC/SiC composites include many reinforcing fibers, pores, interface
of matrix and fiber, interphases, or coating of fibers, which provide a pseudo-
ductility to the composite. These imperfections of the material scatter the phonons
and reduce the thermal conductivity. The properties of SiC/SiC composites show
anisotropy caused by the fabrication of reinforcements. Figure 15.17 shows the
temperature dependence of thermal conductivity of various CVI SiC/SiC compos-
ites. Because the relationship between the thermal conductivity and the mechani-
cal strength is the trade-off, the highest thermal conductivity material normally
does not have the best mechanical property. The highest limit of the thermal con-
ductivity of a SiC/SiC composite is that of high-purity SiC having a theoretical
density. Though the strongest factor that scatters phonons is the irradiation defects,
it is able to improve the thermal conductivity of SiC/SiC composites by increasing
the density of the matrix and the contrivance of fabrication of reinforcements
[25].
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Figure 15.17 The temperature dependence of thermal
conductivity of various CVI SiC/SiC composites [26].

15.6.4
Mechanical Property Changes

SiC is a ceramic which has covalent bonds. Although the property of monolithic
CVD-SiC looks brittle, the mechanical properties are changed by the accumulation
of irradiation defects. The irradiation temperature dependence of the properties
is summarized by Snead and Nozawa et al. [27]:

e The irradiation reduces the elastic modulus at lower temperatures and the elastic
modulus change by irradiation becomes negligible at about 1000°C.

e The point-defect accumulation and lattice relaxation are believed to cause the
elastic modulus change.

¢ The nano-indentation hardness slightly increases after the irradiation, and the
change of hardness is almost uniform against the irradiation temperature.

e The fracture toughness significantly increases in the intermediate temperature
range of 300 to 1000°C.

e Though the number of data of Chevron notched beam testing for the irradiated
CVD-SiC is not sufficient, the fracture toughness of 800 to 1100°C is apparently
higher than the un-irradiated SiC.

A significant degradation in the mechanical strength of SiC/SiC composites was
a serious issue in the early years of development. The cause of this problem was
the shrinkage of SiC fibers [28, 29]. Early SiC fibers, such as Tyranno-TE and
Nicalon CG fibers, have an amorphous phase. This shrinkage causes the decrease
of interfacial shear strength and friction resistance of fiber against matrix, thus
the ultimate strength significantly reduces after neutron irradiation [28]. Because
the low crystallinity of SiC fibers with high oxygen content brought into low



370

15 CMC for Nuclear Applications

irradiation makes them resistant to the composites, new SiC fibers have been
developed with stoichiometric composition and high crystallinity. Tyranno-SA
reduced oxygen and C/Si ratio came close to 1. A SiC/SiC composite consists of
many fibers, matrix, interphases, and the other elements such as residual silicon
or carbon, sintering additives, and impurities. The dimensional change of a SiC/
SiC composite is strongly affected by the fabrication of fibers, and shows strong
anisotropy.

The CVI matrix behaves similar to the CVD-SiC under the neutron irradiation
environments because of high purity and highly crystallized SiC microstructure.
Normalized flexural strengths of CVI SiC/SiC composites irradiated by neutron
are summarized in Figure 15.18.

Though the flexural strength of Nicalon and Hi-Nicalon composites tends to
decrease with increasing neutron dose, the Hi-Nicalon Type-S composites show
very high irradiation resistance up to 800°C and 10dpa [30]. The tensile property
changes by neutron irradiation at high temperatures of advanced SiC/SiC com-
posites (UD, Hi-Nicalon Type-S reinforcements, and CVI matrix) are shown in
Figure 15.19 [31].

Higher temperature and heavier dose irradiation experiments are in progress
for advanced SiC/SiC composites. Relatively heavier irradiation was also per-
formed at the fast test reactor, JOYO, in Japan, where Tyranno-SA and Hi-Nicalon
Type-S composites (two-dimensional, CVI matrix) were irradiated up to 12dpa at
760°C [32]. The stress-strain curves of three irradiation conditions did not indicate
significant changes, the advanced SiC/SiC composites showing high irradiation
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Figure 15.18 Neutron irradiation effects on flexural strength of SiC/SiC composites.
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resistance under these conditions. However, as major degradation of graphite
strength is expected to take place at about this dose level, irradiation to even higher
doses will be essential to determine the very high dose effects on the composite
strength [21, 32].

15.7
Mechanical Property Evaluation Methods

CMCs have a continuation of the basic unit structure with a finite size, the size
and structure of which is varied by the choice of architecture. Therefore, the com-
posites exhibit anisotropy, providing various types of failure modes: tensile, com-
pressive, and shear. For engineering design, the mechanical tests of the individual
fracture mode are needed. Many test methods for CMCs are presently standard-
ized (Table 15.3). However, considering these issues, the existing test methods are
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Table 15.3 List of standard test methods for CMCs.

Failure mode ASTM JIs ISO

Tensile Room temp. C1275 R1656 15 733
High temp. C1359 - -
Off-axis D3518(PMC) - -
Tran-thickness C1468 - -
Creep C1337 - -
Fatigue C1360 - -

Compressive Room-temp. C1358 R1673 20 504

Flexural C1341 R1663 -

Shear Interlaminar C1292 R1643 20 505
losipescu D5379m - 20 506

Fracture energy In-plane mode-I - R1662 -
Interlaminar mode-I D5528(FRP) - -

D6671m(FRP)

still incomplete. Of particular importance is consideration of the physical meaning
of the measured value.

In the development of a material for nuclear applications, irradiation
resistance needs to be proven, where a small specimen test technique (SSTT)
has to be developed due to the strict limitation of irradiation volume from
availability, uniformity, and irradiation cost, and the strict requirements to reduce
radioactive materials for testing, and post-test radioactive waste management.
One of the difficulties for SSTT development is a strong demand for statistically
reliable data results in an increasing number of valid tests. There have been many
efforts to develop SSTT for metallic materials, but no SSTT for CMCs has been
established so far. Therefore, most of the standardized test methods, which
generally require a large specimen, need to be updated. For that purpose, minia-
turization of a specimen is an urgent need, where specimen size effect has to be

clarified.

15.7.1
Impulse Excitation Method for Young’s Modulus Determination

An impulse excitation method is used to evaluate a dynamic Young’s modulus of
the material (ASTM-C1259, JIS-R1644, and 1SO-17561). The dynamic Young’s
modulus can be estimated by detecting the specific mechanical resonant frequency
in the flexural mode of vibration. The experimental error of the impulse excitation
method is exceptionally small with high reproducibility. This technique is often
applied in evaluation of composites. Due to the potential non-uniformity of the
composites, special care is necessary in discussing the physical meaning of the
data.
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15.7.2
Bulk Strength Testing Methods for Ceramics

A flexural test method is applied to quantify the strength of the ceramics (ASTM-
C1161, JIS-R1601, and ISO-14704). Carefully considering the surface condition of
the specimen, a miniature bend specimen with the volume of 20 X 1 X 1mm? can
be successfully applied to the irradiation experiment study [33]. The strength of
ceramics depends significantly on the surface finish of the specimen. Specifically,
the recent result by Byun et al. [34] indicates that the statistical strength of the
ceramics depends significantly on the surface area rather than the volume. The
information about the specimen size and surface finish therefore need to be
reported in advance of the test.

An internal pressurization test and a diametral compression test were applied
to evaluate fracture strength of miniature cylindrical and hemispherical SiC speci-
mens [35]. Due to the uniform pressurization anticipated, the internal pressuriza-
tion method is believed to provide much reliable and reproducible data. In contrast,
the results by the diametral compression test were somehow questionable unless
considering the influence of stress concentration on the contact area. The finite
element study to correlate the influence of stress concentration on the load section
enables the more reasonable result [36].

The statistical strength of SiC was measured by flexure and internal pressuriza-
tion [37]. Both tests consistently demonstrated the key finding, that is, the Weibull
strength slightly increases by irradiation, while the Weibull modulus decreases.

Another attempt to measure the fracture strength of ceramics was conducted
using a C-sphere flexural specimen [38].

Fracture toughness of ceramics is one of the important basic mechanical proper-
ties and is measured by various test methods: micro- and nano-indentation, surface
crack in flexure, double cantilever beam, double torsion, single-edge notched
beam, Chevron notched beam, and fractography (ASTM-C1421, JIS-R1607, -R1617,
1SO-15732, -18756, -24370). In addition, a spiral notch torsion test has been
recently proposed as a pure mode-I testing method [24]. In any test methods, the
stable crack extension needs to be achieved to validate the test.

An indentation test technique is often used to evaluate hardness, elastic modulus,
and fracture toughness. This test was successfully applied to evaluate the local
crack propagation behavior after ion irradiation [39]. However, careful examination
is required since the information obtained from this technique is limited to a small
area near the surface and the data depends significantly on the surface condition.
Together with the indentation test, other techniques should be applied to generate
reliable data.

Strength of ceramic fibers for reinforcement of CMC is another important
property to be appropriately evaluated, but standardization of the test methods is
still insufficient. A single filament tensile test has been developed to evaluate
tensile properties of a mono filament (ASTM-D3379 and JIS-R1657). Highly reli-
able data of a fiber diameter and a tensile strain are needed to determine the
strength. However, non-uniformity of fiber diameter and roundness observed in
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many ceramic fibers and the difficulty in measuring the fiber size at fracture by
post test measurement make it difficult to obtain accurate results. So far, by apply-
ing this technique to the neutron irradiation studies, the excellent stability of
tensile strength of advanced SiC fibers against neutron irradiation up to ~8dpa
has been verified.

The Bend Stress Relaxation (BSR) test is a unique technique to evaluate creep
behavior, originally developed for thermal creep studies on ceramic fibers [39] and
recently advanced for evaluation of irradiation creep deformation [40]. By measur-
ing the radius of the elastically bent specimen after the test, the creep strain is
estimated. Applying this developmental technique to irradiation creep study, the
steady state irradiation creep compliance of CVD-SiC was identified up to 0.7 dpa.
The transient creep behavior was also compared between polycrystalline and single
crystal SiC. There is an attempt to apply this technique to the composites but
further discussion on validity is required.

15.7.3
Test Methods for Composites

A flexural test is conventionally used to measure composite strength (ASTM-
C1341 and JIS-R1663). Contrary to simplicity in testing, the analysis in flexure is
complicated since the stress distribution of the material cannot be symmetrical
because of the co-existing failure modes of tensile, compression, shear stresses,
and the stress gradient. Moreover, the crushing and buckling at the contact point
invalidates the test.

A tensile test method is standardized in ASTM-C1275, JIS-R1656, and
ISO-15733. Since a large test coupon is defined in test method standards, develop-
ment of the SSTT is important. To design a miniature tensile specimen, the speci-
men size effect on tensile properties was investigated and key features are
summarized:

* very minor size effects on tensile properties, if the fiber volume fraction in the
loading direction in a unit structure is unchanged;

¢ the size dependency of off-axis tensile properties, probably due to the size-rele-
vant change of fracture modes;

« very minor effect of specimen geometry [26, 41, 42].

Two types of miniature specimens: a face-loaded specimen for room-tempera-
ture test and an edge-loaded miniature specimen for high-temperature applica-
tions (Figure 15.20) are proposed [43] and have been widely used in many neutron
irradiation experiments. An advantage in using the face-loaded specimen is good
applicability to the composites with weak inter-laminar shear strength. By contrast,
the edge-loaded specimen requires strong shear strength to prevent failure at the
gripping section. No systematic difference in reliability of data between these two
methods was reported.

A mini-composite tensile technique is another effective testing method. Specifi-
cally, by applying the mini-composite tensile test method, interfacial parameters



20
S0

15.7 Mechanical Property Evaluation Methods

L.

R21.45

Tl

41.3

Figure 15.20 Miniature tensile specimens: (a) face-loaded
straight-bar specimen; (b) edge-loaded contoured specimen

7).

(a)

Fiber
direction

Transthickness
tensile stress

Transthickness
tensile stress

= TST1 (Hi-Nicalon Type-S/C/SIC)

o 0.05

0.1 0.15
Displacement (mm)

Figure 15.21 Schematic of: (a) trans-thickness tensile; (b) diametral compression tests.

can be estimated by measuring a matrix crack space and a density [44]. Because
of the difficulty in determining a crack extension path, this technique is not recom-

mended for interfacial shear evaluation of the multilayered composites.

A trans-thickness tensile testing method is standardized in ASTM-C1468 (Figure
15.21). No quasi-ductility without fiber pullouts resulted in the brittle-like fracture
at the maximum applied stress [45]. Since the specimen is adhesively bonded on
the fixtures, it is not easy to induce a crack within the gauge section of the speci-
men and so this method does not look appropriate for post-irradiation test methods,
concerning the difficulty in handling the irradiated specimen and the high tem-

perature applicability.
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A diametral compression test (Brazilian test) is another option to investigate
the trans-thickness tensile strength of the composites. The conceptual design
of this technique was first proposed for fracture toughness evaluation of
concrete and recently rearranged for the composites. There still remains the
concern of the negative effect of stress concentration at the contact area with
the fixture. Nevertheless, the diametral compression test has an advantage
in miniaturization and high temperature applications. According to the
specimen size effect study [46], a specimen diameter of 3.2 to 9.5mm and
a thickness of 1.7 to 6.0mm are recommended. For neutron irradiation, a 3mm-
thick, 6 mm-diameter disk specimen was proposed. The diametral compression
test technique is now under standardization in the ASTM subcommittee
C28.07.

Ceramics, in general, are strongly resistant to compression compared with
tension. However, the compressive strength of the composites are generally infe-
rior due to the presence of a weak F/M interface. It is difficult to distinguish the
microscopic fiber fracture and the macroscopic composite buckling. The compres-
sive test (ASTM-C1358, JIS-R1673, and ISO-20504) is undoubtedly one of the most
difficult testing methods and therefore needs to be developed more technically and
analytically.

Shear strength is categorized by the correlation between directions of the
working force and the aligned fibers (Table 15.4). The in-plane shear stress (IPSS)
works equally in each plane of the stacked sheets perpendicular to the stacking
direction. In contrast, the inter-laminar shear stress (ILSS) works in the stacking
direction of fabric sheets. A rail shear test, an asymmetric four-point flexural test,
an losipescu shear test, and an off-axis tensile test are usually applied for the
evaluation of IPSS, while a short beam test and a double notch shear (DNS) test
are applied for ILSS. The individual test methods are standardized in ASTM-
C1292, -D5379M, JIS-R1643, ISO-20505, and -20506.

Although the off-axis tensile test method is well established, the co-existing
mixed fracture modes depending on the off-axis angle make the analysis difficult.
Specifically, due to the intrinsic size effect, the off-axial strength further decreases
with decreasing specimen width [47], although a high-density SiC/SiC composite
seems to exhibit a very minor size effect [48].

The ITosipescu shear test and the asymmetrical 4-point bend test are believed to
be of best valuable, since a nearly pure shear stress field can be achieved between
notches by carefully considering the loading alignment. A crushing failure with a
fixture, which often invalidates the test, must be avoided. Besides, a crack exten-
sion behavior depending on a textile structure needs to be carefully discussed in
analysis.

In DNS testing, stress concentration differs, depending on the distance between
the two notches [49]. In ASTM-C1292, the notch separation of 6mm is recom-
mended. The simple compression test configuration enables a high-temperature
test.

Of many interfacial shear testing methods, a single fiber push-out method is
the most promising. One end of the fiber embedded in the matrix is stressed by
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Table 15.4 List of shear testing methods for CMCs.
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DNS test

Interlaminar shear
strength

© Small specimens

© Can use for
cyclic and
environmental
conditions

® Accurate
specimen
machining
required

® Difficult to
detemine the
fracture plane

® Non-uniform
shear stress
dependent on
notch separation

losipeasu shear test

Asymmetric 4-pt. bend
test

In-plane shear strength

Shear modulus

Inter laminar shear
strength

© Compatible with
most material types

© Small quantity of
material required

© Can use for cyclic
and environmental
conditions

® Accurate specimen
machining required

® Special test fixture
required

® Non-uniform shear
stress state

10° off-axis tension test
45° tension test

In-plane shear strength
Shear modulus

© Can use for cyclic and
environmental conditions

© Standard test equipment

© Uniform in-plane and
through-thickness stress

® Mixed-mode failure

® Sensitive to specimen/
strain gauge
misalignment

® Only suitable for
continuous aligned fibers

® Special laminate lay-up
required

Rail shear test

In-plane shear strength
Shear modulus

© Compatible with most
material types

© Stress state fairly uniform
near specimen center

© Can use for cyclic and
environmental conditions

® Large specimens/
extensive preparation

® Difficult to bolt/bond
specimen to loading rails

® Special test fixture
required

® Large scatter in strength
data

the small indenter, and load and indenter displacement are monitored during the

test [50].

Since sharp indenter tips, such as a Vickers or a Berkovich, cause severe defor-
mation of the fiber, it is difficult to apply on a low shear strength fiber, such as
carbon fiber with an onion structure and a multilayer coating interface. In such a
case, a flat-bottom indenter can be applied. There are two important events
addressed in the push-out process:

e the crack initiation at the interface;
e the complete debonding and following sliding at the maximum load (Figure

15.22).
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Figure 15.22 Schematic of the push-out test.

By applying the non-linear shear-lag model, intrinsic shear parameters at the
F/M interface can be obtained:

e an interfacial debond shear strength (IDSS);
e an interfacial friction stress (IFS) [51].

Recent results revealed that both IDSS and IFS had a dip of around 1 to 2dpa
and recovered to the un-irradiated level with increasing neutron dose, that is,
“turn-around” behavior [52].

In order to evaluate friction stress at the F/M interface, the fiber push-back
test is also employed. A friction coefficient is monitored during the push-back
process.

Evaluation of the fracture energy (often called “fracture resistance”), that is, the
energy to initiate the crack propagation from the intrinsic or machined flaws,
becomes more important. Although the importance of failure evaluation has been
recognized, the existing test methods cannot necessarily be standardized for that
purpose. Fatigue and creep are important for practical system design. However,
the existing methods do not focus on the “failure” behavior. Moreover, the test
development for joint and coating should be more encouraging. The current stan-
dards (ASTM-C1469, -D905, -F734, JIS-R1624, and -R1630) cannot simply apply
to the very strong joints, the strength of which is equivalent to that of a composite
substrate [53].

15.7.4
Development of Materials Database

The latest material handbook of SiC [27] has had many updates:

e physical, thermal, and mechanical property database for un-irradiated and irradi-
ated high-purity CVD-SiC;
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e summary of irradiation enhanced microstructure, swelling, thermal conductiv-
ity, and mechanical properties over the wide temperature and neutron fluence
range;

e introduction of new test techniques.

This handbook is still incomplete but believed the best available database for
high-quality SiC, which solves many problems in the early handbook [37]. Recent
progress in irradiation data of CVI-SiC/SiC composites reveals the excellent irra-
diation tolerance to intermediate neutron dose (~10dpa) [54]. Besides, irradiation-
induced change of shear strength at the F/M interface of the composites is being
clarified [52]. The manufacturing technology is developed, hence standard SiC/SiC
composites are available. The compilation of a materials database becomes a
key for industrialization and accordingly many irradiation campaigns are in
progress.

15.8
New GFR Concepts Utilizing SiC/SiC Composite Materials

Although there are many conceptual designs of GFR, the fuel types can be catego-
rized into:

¢ Coated Particle Fuel
e Shield Fuel Pin
e Composite Ceramics Fuel

Control rods and reflectors are other core structural components. Other hot gas
circuits for energy conversion system, including the gas turbine and internal heat
exchanger, are of great importance. In all these areas, high temperature ceramics
have a strong impact on improving the attractiveness of reactors. Applications of
the SiC/SiC composites to coated particle fuel type and shield fuel pin type have
been explored, intending to improve energy conversion efficiency, to reduce
reactor core size and to improve reactor safety margins.

Figure 15.23 is the He cooled fast reactor core and fuel concept using coated
particle fuel, where horizontal flow cooling concept with directly cooling system
is applied. For this purpose, tubes with diameters of 8.4 and 20cm have to be
developed with 5 and 40% porosity, respectively. In this case, the SiC/SiC com-
posites can provide excellent safety margins from high temperature stability and
radiation resistance to neutrons.

Figure 15.24 is the He cooled fast reactor core and fuel concept using shield
fuel pin. Also in this case, SiC/SiC composite materials can provide higher energy
conversion efficiency and reduction of core size from their high temperature
properties and neutron damage tolerance. R&D of fabrication technology of fuel
pins and core components are ongoing.

The final goal of the fabrication is to make fuel pins of 3m in length, 10mm in
inner diameter, and 1 mm wall thickness. Currently, a 300 mm length tube with
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the goal dimensions of diameter and wall thickness has been successfully fabri-
cated by HIP processing.

For the application of SiC/SiC in GFR, other than core structural components
and fuel, many potential applications can be found. This is also similar in the case
of VHTR. Figure 15.25 shows the potential application for VHTR designed by
JAEA (Japan Atomic Energy Agency). Although the current HTTR (High Tem-
perature Test Reactor in JAEA-Oarai) uses SiC/SiC instead of SiC in these areas,
the VHTR is much enhanced.
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15.9
Concluding Remarks

There are many ongoing efforts for R&D in advanced SiC/SiC toward the near-
term application to energy systems, especially for nuclear energy systems. GFR is
one of the important targets, but even current light water systems, other genera-
tion IV reactor systems than GFR and even fusion reactor systems, are potential
and attractive candidates.

For these applications, development of joining and coating technology is impor-
tant. For the design of those systems, basic material properties such as a material
database is an essential need and a database of neutron damage effects on material
performance is inevitable.
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16
CMCs for Friction Applications
Walter Krenkel and Ralph Renz

16.1
Introduction

The development of carbon fiber reinforced SiC-composites (C/SiC, C/C-SiC) for
their use in friction systems started in the early 1990ies and represents a successful
spin-off from space technologies to terrestrial applications [1]. These lightweight and
thermally stable materials based on the silicon melt-infiltration of modified carbon/
carbon composites and manufactured by the LSI-process, overcame the drawbacks
of C/C (influence of temperature and humidity on the coefficient of friction) and grey
cast iron (high weight, insufficient thermal stability), the two standard materials for
brake disks in cars and aircraft. C/SiC composites show superior tribological proper-
ties in terms of high and stable coefficients of friction (CoF) and extreme wear resis-
tance. First prototypes of full-sized brake disks for high speed trains and passenger
cars were developed between 1994 and 1997 from the German Aerospace Center in
Stuttgart [2-5]. Currently, about 50,000 C/SiC brake disks are produced commercially
per year by different manufacturers and CMCs are going to substitute grey cast iron
brake disks in premium and high performance cars [6, 7]. Also in emergency brake
systems of elevators and cranes, where sintermetallic and resin-bonded (organic)
brake pads have reached their thermal limits, C/SiC materials are increasingly used
because of their high impact and abrasive resistance [8-10]. C/SiC brake pads and
disks have found their niche applications so far, a future breakthrough of this technol-
ogy to mass markets, however, requires a further reduction of the still high manu-
facturing costs. In various parts of the world a number of institutional as well as
industrial activities exist to scale-up the technology and to reduce the costs [11-25].

16.2
C/SiC Pads for Advanced Friction Systems

Originally, LSI-C/SiC composites have been developed for aerospace applications
as hot structures in thermal protection or propulsion systems. Therefore, at the
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beginning of the development, only fabric-reinforced 2D-composites were avail-
able. Disk-on-disk tests with this first-generation C/SiC composites showed high
surface temperatures of more than 1000°C, high but unstable coefficients of fric-
tion and a considerable low wear resistance due to oxidation effects. This insuffi-
cient tribological behaviour required a consequent modification of these initial
CMC composites to improve their applicability in high performance brake systems
(Figure 16.1).

The main reason for the unstable coefficient of friction was the low transverse
thermal conductivity of the standard 2D-C/SiC composites (9 W/mK).

Higher transverse conductivities were achieved by different modifications:

* Use of carbon fibers with a high thermal conductivity, e.g. graphite fibers
¢ Increasing amount of fibers oriented perpendicular to the friction surface
* Increase of the ceramic fraction.

Whilst the technical and economical efforts grow considerably for the first two
methods, the increase of the silicon and silicon carbide content within the com-
posite is a more cost-efficient way. Higher ceramic contents can be achieved easily
by reducing the fiber content resulting in a higher silicon uptake and a more pro-
nounced SiC formation and consequently a higher density of the C/SiC composite
material. Therefore, the lower the fiber volume content and the higher the density,
the higher the transverse thermal conductivity of the CMC material. Nevertheless,
higher densities coincide with a decrease in strength and fracture toughness. The
resulting CMC composites must therefore be designed according to the individual
requirements of the brake system as a compromise between sufficient thermal
and mechanical properties.

The following figures demonstrate these relationships for some representative
C/SiC materials. Figure 16.2 shows the transverse thermal conductivity for short
fiber reinforced C/SiC composites in dependence on the fiber volume content in
the green body (carbon fiber reinforced plastic, CFRP). The values vary from 23—
29W/mK for fiber contents of 55-30 Vol.-%.

Figure 16.2 also shows the relationship between the material density and the
transverse thermal conductivity of C/SiC composites, reinforced with HT-fibers.

Figure 16.1 Bidirectionally reinforced brake disks and pads
made of C/SiC (first generation) [9].
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Figure 16.2 Thermal conductivity at 50°C versus fiber volume
content and versus density of short fiber reinforced C/SiC
composites (HT-fibers) [9].

40
X
2 ~ 4
>
.‘3 % X \i"\
2 -~
: >~
o 30 - =
5 ~ ~ X
£E S~
P~ ~
wE * u T~
2 25— >~y
~
2 ~ 3T LR
3 .\ A\\-_\ \\\
H 20 — ~ T — +.m
~
= ==
\\‘
15

100 250 400 550 700 850 1000
Temperature [°C]

Figure 16.3 Transverse thermal conductivity of different C/SiC
composites versus temperature [9].

Generally, the lower values correspond with continuous fiber reinforcements (i.e.
fabrics), whereas the highest densities have been measured particularly with short
fiber architectures.

As for most other materials, the thermal conductivity of C/SiC composites
decreases with higher temperatures. Figure 16.3 demonstrates this relationship
for different material modifications which have been manufactured by varying
the fiber architecture and the processing conditions. The average decrease
of transverse conductivity between 300°C and 900°C, which represents the
surface temperature range occurring during high performance brakings, amounts
to approximately 30%. As a consequence, suitable C/SiC materials for brake
pads and disks must be selected by their thermal conductivity at high
temperatures.
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16.2.1
Brake Pads for Emergency Brake Systems

C/SiC composites have been successfully applied in rotors and stators of emer-
gency brakes which are used in mechanical engineering and conveying systems.
Conventional brake systems with metallic disks and organic friction linings have
reached their thermal limits in particular under extreme power input.

In screening tests, CMC composites with different transverse thermal conduc-
tivities were tested by pressing one rotating brake disk against two stationary disks
of the same material. Figure 16.4 shows the results of different C/SiC modifica-
tions and their influence on the stability of the CoF.

The wear rates are only slightly decreased by higher transverse thermal conduc-
tivities as shown in Figure 16.5, but this tribological parameter is of inferior
importance for emergency brake systems. Figure 16.6 shows an emergency brake
system during a high energy stop braking and a set of three brake disks made of
LSI-C/SiC.

16.2.2
C/SiC Brake Pads for High-Performance Elevators

The most powerful drive units of elevators are designed for buildings of up to
500m in height and can accelerate a mass of up to 45,000kg up to a speed of
10m/s (Figure 16.7). If the speed exceeds this value, the elevator is automatically
brought to a controlled emergency stop. Thereby, the brake pads can reach
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Figure 16.4 Coefficient of friction of different C/SiC materials.
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Figure 16.5 Wear rates of C/C-SiC with different transverse
thermal conductivities (test conditions see Figure 16.4).

Figure 16.6 Emergency brake system during high energy stop
braking (left) and a set of one rotating brake disk and two
stationary disks, each made of 2D reinforced C/SiC with an
outer diameter of 110mm and a thickness of about 8 mm

(Mayr Antriebstechnik, Germany).

temperatures of up to 1200°C. At such high temperatures, conventional braking
materials like organic or sintermetallic pads are far beyond their limits of thermal
stability and wear resistance.

For this application, LSI-C/SiC composites were adapted by varying the type of
carbon fiber, the fiber architecture, the type of precursor and the manufacture
process of the CFRP green body. These modifications lead to significantly different
tribological and mechanical properties (Figure 16.8). Graded C/SiC composites,
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Figure 16.7 Emergency brake system for high performance
elevators with C/SiC brake pads [8].
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Figure 16.8 CoF of different C/SiC materials tested on a steel rotating flywheel [8].

achieved by a thermal pre-treatment of the carbon fibers prior to the CFRP
manufacture, with highly abrasive-resistant SiC-rich surfaces in combination
with a carbonaceous core material of high mechanical strength, show almost no
wear, high CoF and sufficient mechanical properties. After intensive screening
tests, these graded composites were chosen for the serial production of brake pads
(dimensions 142 x 34 x 6mm’) which started in 2003.
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16.3
Ceramic Brake Disks

High performance cars need a powerful brake system. This simple equation turns
out to be more complex than it appears. The brake system and especially the brake
disks of modern cars not only have to fulfill the task to decelerate the car failure
safely under every condition e.g. dry or wet conditions, but also guarantee accept-
able wear rates, high braking comfort and low weight. Under consideration of
technical and economical aspects, the use of grey cast iron brake disks presently
offers a compromise. Today, more or less all brake disks for automotive use are
made of this material. However, its corrosion resistance is limited and its density
of 7.2g/cm’ is comparatively high. The weight of the brake disks influences the
unsprung and the rotating mass of the car and has a tremendous influence on
the driving performance, agility, handling, etc. Therefore, the weight of the brakes
should be as low as possible.

The use of metal matrix composites (MMC) based on an aluminum matrix
reinforced with ceramic particles with densities of 2.8-3.0g/cm’® leads to essen-
tially lighter disks, but the temperature stability is too low for high performance
cars, where brake disk temperatures of about 800°C may occur. Therefore their
use as brake disks and brake drums is limited to small and very lightweight
cars.

In very weight-sensitive racing cars carbon/carbon (C/C) brake disks are state-
of-the-art. C/C brakes were introduced into Formulal motor racing in the early
1980s by Brabham [26] and are still the first choice for race applications in the
Formula1 and various other race series (Figure 16.9).

Due to the low density of the carbon material of about 1.8 g/cm® and its excellent
temperature stability up to 1000°C these brakes offer great racing performance.
Despite these outstanding properties, C/C brakes cannot be used for series-
production vehicles. The strong dependence of the coefficient of friction on tem-
perature and moisture as well as extensive wear rates caused by the oxidation of
carbon above 400 °C prohibit their use under normal driving conditions [27].

Carbon fiber reinforced ceramic composite materials, originally developed
for the thermal protection of spacecrafts [28, 29], combine the high temperature

Figure 16.9 Carbon/Carbon brake system for race application
e.g. used in American Le Mans Series race cars (Porsche RS
Spyder).
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stability and the low weight of C/C with an excellent wear behavior and stable
friction values. Ceramic brakes were presented for the first time at the 1999 TAA
(International Motor Show, Frankfurt, Germany) to the public and were intro-
duced in 2000 in the Mercedes CL 55 AMG F1 Limited Edition [30] and in 2001
in the Porsche 911 GT2 [31]. Since their first application they have become more
and more common for sport cars (Porsche, Ferrari, Lamborghini, Bugatti, etc.).
In 2005 the first use of ceramic brake disks in an upper class car, the Audi A8-
W12, could be observed [32]. Furthermore the use in a high performance middle
class car (e.g. Audi RS4) in 2006 underlines the ongoing market penetration of
ceramic brake disks not only in the field of sport cars.

16.3.1
Material Properties

As Figure 16.10 demonstrates, a ceramic brake disk consists of a ceramic friction
rotor mounted on a metallic bell. The friction rotor is made of a carbon fiber
reinforced ceramic composite material (C/SiC). Unlike in aerospace applications,
where typically multidirectional woven fabrics are used for fiber reinforcement,
for ceramic brakes chopped or milled short fibers are processed. The matrix of
C/SiC consists of silicon carbide (SiC) and small amounts of free silicon (Si).
While carbon fibers possess outstanding mechanical properties at high tempera-
tures in air, their stability in an oxidative environment is very low. The oxidation
of carbon starts at a temperature of about 400°C in air and leads to an ongoing
destruction of the brake disk at higher temperatures. This limits the use of carbon/

caliper

C/SiC
friction rotor

Figure 16.10 Ceramic composite brake disk from Porsche
(PCCB, Porsche Ceramic Composite Brake) introduced in
2001 in a Porsche 911 GT2.



16.3 Ceramic Brake Disks
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Figure 16.11 Microstructure of short fiber reinforced C/SiC.

Table 16.1 Mechanical and thermophysical properties of
carbon fiber reinforced silicon carbide (C/SiC) in comparison
to a typical grey cast iron brake material GJS-200 [27].

Material GJS-200 C/SiC, SGL
Density g/cm’ 7.2 23
Reinforcement - - short fiber
Tensile Strength MPa 150-250 20-40
Fracture Strain % 0.3-0.8 0.3
Young’s Modulus GPa 90-110 30
Coefficient of Thermal Expansion 10 1/K 9; 12 (RT; 300°C) 1; 2 (RT; 300°C)
Thermal Conductivity (L) W/mK 54 40
Heat Capacity J/kgK 500 800

J/dm’K 3600 1800

carbon brakes besides racing. As Figure 16.11 shows, the carbon fiber bundles of
the C/SiC brake material, which are still sensitive to oxidation, are embedded in
a protective ceramic matrix. The result is a more oxidation resistant material than
normal carbon/carbon [33].

Generally, the properties of C/SiC depend strongly on its composition, the fiber
content and the fiber orientation. The carbon fibers decrease the brittleness of SiC
considerably so that the damage tolerance lies in nearly the same order of magni-
tude as for grey cast iron. To give an impression of some relevant mechanical and
thermophysical properties, Table 16.1 compares the material data for a typical grey
cast iron brake material GJS-200 with C/SiC. The low density of 2.3 g/cm’ from
C/SiC offers a great lightweight potential. However, the specific heat capacity of
GJS-200 is lower than the specific heat capacity of C/SiC, the absolute heat capacity
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of the friction ring with the same dimensions is higher for GJS-200. Normally,
this leads to a larger brake disk diameter for ceramic brakes of about 1” and
reduces the weight savings from 65 % (resulting from the lower density of C/SiC)
to approximately 50 % despite of using a metallic bell. The strength of the ceramic
material depends on the fiber orientation and fiber length and is constant until
the maximum temperature is reached during braking. GJS-200 shows at tempera-
tures above 400°C an tremendous decrease in strength, resulting in crack forma-
tion under thermal shock conditions. The high coefficient of thermal expansion
of GJS-200 favors the crack formation and is the reason for brake distortion and
judder at high braking temperatures. Due to the lower thermal conductivity of
C/SiC perpendicular to the friction surface of the brake disk, the brake disks
temperatures are generally higher than in conventional metallic brakes. More
importance has to be attached to the heat protection of surrounding parts as well
as the brake fluid overheating must be impeded.

16.3.2
Manufacturing

The manufacturing process for C/SiC brake disks is principally split into three
main steps: The shaping of the brake disk rotor, the pyrolysis and the siliconizing
(Figure 16.12). In the first step special treated short PAN (Poly Acrylic Nitrile)
based carbon fibers, additives and phenolic resin are mixed to a homogeneous
mass and a carbon fiber reinforced plastic (CFRP) green body is made using
conventional warm press technique. The shaping takes place under exactly defined
temperature-pressure-conditions in column presses with several cavities. Depend-
ing on the functional requirements, brake disks are made of C-fibers containing
3000-420000 filaments based on different recipes. The fiber length influences

C-FIBERS,

ADDITIVES,
RESIN

v

SHAPING (CFRP) PYROLYSIS (C/C) SILICONIZING

press technique, » Inert atmosphere, » (C/SiC)
T< 200 °C T ~ 900 °C vacuum, T > 1420 °C

machining ‘
half-shells EEPERTIER,
extendable core C/SiC

lost core

Figure 16.12 Manufacturing process for ventilated brake
disks, generally split into three main steps: shaping, pyrolysis
and siliconizing.
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mostly the fiber strength, the oxidation behavior and the manufacturing. Long
fibers lead to higher strength values but lower oxidation resistance and are more
difficult to process. To get balanced properties and to guarantee an effective manu-
facturing, fiber fractions, meaning different fiber length-width-distributions, can
also be processed.

Normally high performance brake disks are not massive but vented. To obtain
a green body in a cost efficient way, it is common to use lost cores or a compres-
sion mould with extendable cores. The advantage of the lost core technique is that
complex formed cooling channels can be realized without additional machining,
while the use of extendable cores is limited to simple undercut-free geometries.
In the early stage of the ceramic brake development half-shells were pressed and
fixed together to form the cooling channels. The most expensive way to produce
vented brake disks is by mechanical machining comparable to the manufacturing
process of carbon/carbon brakes. In the second step the green body is temperature
treated at up to 900°C in inert atmosphere to protect the carbon from oxidation.
The shrinkage of the phenolic resin during carbonization, the conversion to amor-
phous carbon and the stiffness of the embedded carbon fibers lead to a typical
microcracked carbon/carbon microstructure with high porosity. The pyrolysis is
characterized by a weight loss of the green body and changes in dimension. Where
lost core technique is used, during carbonization the core disintegrates and can
be easily removed without residue. For a time and energy efficient carbonization
a through-type automatically temperature and velocity controlled furnace is used.
To exclude an oxygen penetration special sensors permanently control the atmo-
sphere inside the furnace.

In the last high temperature process step, the porous body is put together with
liquid silicon under vacuum at temperatures above the melting point of silicon
(1420°C). After its infiltration into the porous microstructure, the liquid silicon
reacts with the carbonaceous matrix to form silicon carbide, surrounding the fiber
bundles as an inner oxidation protection. In the ideal case, the silicon only reacts
with the carbon matrix, whereas the fibers remain unchanged. In practice, the
carbon fibers are coated with additional carbon before mixing the raw materials
to protect the carbon fibers against conversion to SiC. After the siliconizing process
remains, beside the silicon carbon matrix and the carbon of the fiber bundles, free
silicon as a further matrix component.

Because of the high hardness of the ceramic matrix diamond grinding tools are
required for further machining steps. For an efficient tooling the preliminary
materials stages are more suitable. For example the CFRP and the C/C can easily
be machined with standard carbide tools and at high feed speeds to obtain high
removal rates. Under economical aspects, a near net shape manufacturing of the
brake disks from the beginning is essential and extensive machining of the ceramic
product should be avoided.

Before assembling the friction rotor with the bell, an optional oxidation protec-
tion can be applied in order to avoid an early burnout of the carbon fibers lying
unprotected on the disk surface where temperatures above the oxidation tempera-
ture of carbon occur quite often during high performance braking.
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friction rotor
Figure 16.13 Brake disk assembly (front disk).

In the last step the friction rotor and the metallic bell are fixed together by special
shaped sleeves to guarantee an unhindered thermal expansion of the ceramic rotor
and especially the metallic bell (Figure 16.13). According to the requirements
concerning thickness, axial run-out and flatness tolerance, unbalance etc. the
brake disk has to be finished after mounting.

Beside the technical and economical aspects of manufacturing, the quality assur-
ance of ceramic brake disks plays an important role in avoiding the delivery of
faulty parts. Therefore, a lot of process parameters are used for evaluating the
brake disks quality as well as batch tests (e.g. frequency analysis and optical veri-
fication) are carried out. Additional destructive strength tests guarantee reliability
for the produced brake disks.

16.3.3
Braking Mechanism

Ceramic brake disks offer substantial improvements in several fundamental
areas [34] and set a new benchmark in decisive user benefit aspects as shown in
Figure 16.14 in comparison to conventional grey cast iron disks [35].

The outstanding property of ceramic disks, their low material density, offers a
tremendous weight advantage (about 50%) over grey cast iron components. In
case of a Porsche 911 Carrera S equipped with ceramic brakes, the weight saving
compared to the grey cast iron model is over 15kg. This reduces the weight of
both the unsprung and rotating mass of the car with various improvements of
driving performance, agility, handling, shock absorber response, road-holding
comfort and economy of fuel.
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Disadvantage Advantage

Weight ~——————  weight savings per axle

(Porsche Carrera 911 S)
Handling

front rear
Responsiveness

Fading stability
Short braking distances

No brake judder -6.9 kg

-8.5 k
Corrosion resistance 8.5kg

Wear rate

Costs

Figure 16.14 Advantages and disadvantages of ceramic
brakes compared to grey cast iron disks.

The braking ability of the ceramic brakes is every bit as impressive as its weight.
In splits of a second, the maximum brake force is built up, the driver has an excel-
lent pedal feeling and the car a spontaneously responding behavior. The ceramic
brake disks achieve not only high, but also constant friction coefficients, maintain-
ing them independent of temperature. This excellent fading resistance ensures
greater balance and powerful precise braking when slowing down from high
speeds, driving downhill or under racing conditions as proved in a range of race
series, including the Porsche Michelin Supercup [36].

The high and constant friction coefficient of ceramic brake disks provides
shorter braking distances in even the toughest road and race conditions. The fact
that the friction coefficient between the tire and the street is limited, the braking
distances of cars equipped with ceramic brake disks is only little shorter compared
to cars with grey cast iron disks. However, the spontaneous response gives the
driver a feeling of safety and in critical moments the crucial centimeters can
be won.

Even at high operating temperatures, the high thermal resistance and the low
thermal expansion of the ceramic material (Table 16.1) ensure extraordinary
dimensional stability resulting in excellent hot brake judder characteristics. Brake
judder is perceived by the driver as minor to severe vibrations during braking. Hot
judder is usually produced as a result of longer moderate braking. Commonly, it
occurs when decelerating from higher speeds. The vibrations are the result of
uneven thermal distributions so called Hot Spots. Hot Spots are concentrated
thermal regions that alternate between both sides of a disk and cause, due to the
materials distortion, sinusoidal waviness felt by the driver as vibrations.

Another critical phenomenon during braking is cold judder. Cold judder is
caused by an incorrect finishing of the brake disk or by disk thickness variations
(DTV) due to wear. These variations in the disk surface are usually the result
of extensive vehicle road usage. Due to the ceramic matrix, the hardness of the
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ABRASIVE WEAR
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Figure 16.15 I|dealized wear behavior of ceramic brake disks under normal braking conditions.

friction surface compared to grey cast iron is very high and extremely low wear
rates under normal road conditions can be measured (Figure 16.15). This leads to
a high durability of the ceramic brakes without losses in comfort. At last, ceramic
brake disks are designed to last the entire lifetime of a car. Thanks to the non-iron
based surface, corrosion is totally avoided, increasing the life span of the brake
disk.

The main disadvantage of ceramic disks are their costs. The ceramic brake pro-
duction is characterized by comparative low volumes and labor intensive and time
consuming manufacturing steps. Also the technology requires totally new machin-
ing and automation concepts. To overcome these restrictions the level of automa-
tion must be increased considerably, the valuable carbon fiber must be used as
effectively as possible and the production time must be shortened [37]. Efforts have
been made but further improvements have to be done. Therefore a close coopera-
tion between the manufacturer and the automotive industry is helpful, because
the design of the brake disk and the system requirements have a tremendous
influence on the brake disk costs.

16.3.4
Design Aspects

The brake rotor design plays a very important role in the effective use of the spe-
cific advantages of the ceramic composite material. Therefore the designer must
keep the peculiarity of the material in mind and must adapt the brake disk to the
requirements of the whole braking system. Obviously, this is a very complex task
which requires a lot of experience and fundamental knowledge.

The maximum kinetic energy, the brake-power distribution and the mechanical
and thermal loads caused by braking substantially determine the needed dimen-
sions for the front and rear brake disk. To analyze the stress and temperature
distribution FEM software is used. Therefore, the mechanical and thermal loads
have to be known and entered in the FE calculation of the brake disk model. As



16.3 Ceramic Brake Disks

DESIGN AND STRESS DEPENDENCE
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Figure 16.16 Calculated stress distribution for different brake
disk designs while braking: V1: flow optimized, V2: stress
optimized.
Table 16.2 Typical dimensions of ceramic brakes compared to
the metallic version from selected Porsche cars.
Carrera GT 911 Carrera S 911 Carrera S

Ceramic Brakes Ceramic Brakes Metallic Brakes

Top Speed 330km/h 293km/h 293km/h

Maximum Kinetic Energy 6.9M] 6.0M] 6.0M]

Front Brake Disks Dimension 380 x 34mm 350 x 34mm 330 x 34mm
Weight 49kg 5.8kg 10.5kg

Rear Brake Disks Dimension 380 x 34mm 350 x 28 mm 330 x 28mm
Weight 49kg 5.7kg 9.0kg

Bell Material Aluminum Stainless steel Stainless steel

Figure 16.16 shows, the highly stressed areas of the brake rotor have to be designed
very carefully to avoid mechanical over-loads and to guarantee a maximum of air
flow.

For better braking under wet conditions and for an efficient cooling brake disks
are often perforated. The bores drilled in axial direction influence the friction
coefficient, the wear of the friction pads, the stress and temperature distribution
as well as the brake-noise behavior. Therefore the distribution of the bores has to
be designed under consideration of these aspects.

To give an idea about typical brake disks dimensions, Table 16.2 shows an
overview of several models from Porsche with ceramic and metallic brake disks.
The weight of the ceramic disks is relatively low and is influenced by the material
used for the bell. In case of a high strength aluminum bell, additionally more than
1kg can be saved instead of using a bell made of steel.

As mentioned, oxygen attacks the carbon in the C/SiC both on the surface and
inside the composite. The oxygen diffuses into the interior via an interconnected
pore and crack network and can significantly reduce the strength of the brake disk,
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Figure 16.17 Idealized strength behavior of ceramic brake
disks under road and racings conditions.

wear |y
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Figure 16.18 Special inserts to visualize the degree of oxidation.

VI: wear indicator

particularly under racing conditions (Figure 16.17). To minimize the loss of
strength, additional friction layers and an effective cooling design are used.

Additional friction layers with an oxidation optimized composition are often
used to hinder the burn out of exposed carbon fibers on the friction surface. Also
the brake disk’s body is protected from high temperatures and from high oxygen
attack. The manufacturing of the friction layers and their application to the brake
rotor is completely integrated in the production process. Regarding the high
lifetime of the ceramic disks, the oxidation status of the ground body has to be
easily visible. Therefore special wear inserts are integrated in the friction surface
(Figure 16.18). These inserts visualize the end of the disk life time.

The inner design of the brake rotor is a crucial point in the brake system’s
cooling optimization. Therefore since the introduction in 2001 a systematic effort
has been made to develop a high flow rate brake rotor by using analytical and
computational fluid mechanics software. As Figure 16.19 shows, the number of
cooling channels has recently been doubled, while a new vent geometry offers a
better airflow through the disk.
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Figure 16.19 Ventilated ceramic brake disk with an involute
cooling channel design (right) in comparison to a more
efficient channel design.

ET—
detailed cooling air
flow for rear brake

flow for front brake

Figure 16.20 Cooling air flow for the front and rear brakes to
avoid high braking temperatures to minimize wear, protect
surrounding parts from overheating and guarantee a
maximum of fading stability (Porsche 911 Turbo).

With more cooling channels, there are more internal walls creating greater
structural stability. Externally, these modifications are clearly visible in the form
of a modified drill-hole pattern. The resulting design of the brake rotor proves its
high aerodynamics performance on the fluid test rig: the cooling flow rate through
the rotor is increased by more than 20% compared to the original design [38].
With the increased cooling flow rate of the brake rotor, the cooling performance
of the brake system has been considerably improved. To provide the required
cooling air flow rate, the air flows through an air intake in the front of the car in
a special air duct for the brake ventilation and over a spoiler directly on the brake
disk (Figure 16.20).

16.3.5
Testing

As the braking procedure is very complex to simulate, various dynamometer and
vehicle tests are carried out before delivery to guarantee the functionality of the
brake system. Due to the fact, that the tribological behavior of brake disks is
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strongly influenced by the used brake pad material as well as the calipers it is
necessary to test the whole brake system under realistic conditions on an inertia
dynamometer. To get an impression about the friction behavior normally stan-
dardized brake tests are carried out. An example of a standardized test is the AK-
Master: It is a dynamometer test developed by automotive engineers in Europe.
This test is used to determine the general performance of friction materials. Both,
the coefficient of friction and wear rates are recorded in dependence of brake
pressure, deceleration, velocity and temperature. The experimental results obtained
during these tests answer whether a brake pad material has stable and constant
friction values or whether it shows a strongly influenced friction behavior or high
wear rates. A specialty of Porsche is the fading test. This fading test is a high-load
brake test and tests the high-end performance of a brake system. The boundary
conditions are: 25 sequenced brake stops from 90 % v, to 100km/h with a decel-
eration of 0.8 m/s” equal one fading. This sequence leads to brake disk tempera-
tures above 700°C (Figure 16.21) which have to be withstood by the brake disk as
well as by the brake pads. Obviously, ceramic disks are very insensitive to these
temperatures whereas the brake pads composition has to be chosen very carefully.
Armed with metal containing linings, ceramic disks maintain their frictional
coefficient regardless of temperature for the ultimate performance in fade-free
stopping power.

Besides dynamometer tests with their advantages considering quickness, com-
plexity and repeatability of the results an intensive vehicle testing is necessary,
especially because some phenomena appeared for the first time in vehicle testing.
The validation of the dynamometer test results take place in special endurance
and race track vehicle tests with different load profiles and environmental condi-
tions, such as arctic temperatures or tropic heat. Whereas in endurance tests a
customer road using is primarily in focus, special track tests give information
about the ultimate performance of the brake system, stopping distance from
several speeds and the cooling effectiveness, as well as the temperature behavior
of the surrounding parts including the brake fluid.
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Figure 16.21 Porsche dynamometer test to analyze the high
performance brake potential (left) and a typical fading
temperature profile.
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16.4
Ceramic Clutches

Carbon/Carbon clutches are well known from racing and some high performance
cars [26]. Carbon is very temperature resistant and lightweight and is often used
under severe conditions and leads to small, compact and lightweight clutches.
Racing clutches are normally designed with a focus on:

e minimum weight,

* low moment of inertia,

e minimum dimensions,

e maximum strength,

e optimal performance,

e maximum heat resistance [39].

For the use in series-production vehicles the wear resistance of carbon is too
low and the friction characteristic is too aggressive to offer sufficient start-comfort.
Organic or sintered friction materials used in a single disk clutch construction
with a metallic friction disk, offer good friction behavior but due to the limited
heat resistance and the high density, these clutches are comparatively heavy-
weight and big.

To overcome theses restrictions, Porsche has developed, especially for the
Carrera GT, a ceramic composite clutch [40, 41]. The double-disk dry ceramic
composite clutch (Figure 16.22) meets the typical racing requirements of a smaller
diameter and low weight combined with long service intervals and good start-up
behavior. As no appropriate clutch system for the Carrera GT was available on
the market, Porsche and selected Partners (Sachs and SGL) have developed a

pad with
titanium
backing
plates

clutch disk
made of fabric
reinforced
C/SiC

titanium
hub

Figure 16.22 Ceramic composite clutch from Porsche (PCCC)
combining low weight, small diameter and good wear and
friction behavior.
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completely new clutch using an innovative ceramic composite material for the
friction disk and a special metal containing pad material as counterpart. Both, the
disks and the pads show friction values over 0.4 with a degressive friction path i.e.
insensitive to grabbing. The maximum power transmission lies over 1000 Nm.

The ceramic material consists of a carbon fiber reinforced silicon carbide mate-
rial (C/SiC) with fabric reinforcement. In comparison to brake applications, clutch
disks are more thin-walled and have to withstand mechanical loads resulting from
up to 20,000rpm. Instead of a short fiber reinforcement the ceramic material of
the clutch disk is built up with different layers of carbon fiber fabrics to guarantee
the necessary strength. The manufacturing is similar to the process of the brake
disks: Forming a CFRP green body, pyrolysis and siliconizing. Due to the fabric
reinforcement a near net shape manufacturing couldn’t be realized and flat plates
were made. After the siliconizing step the clutch disks are cut out of the resultant
ceramic plates with water jet at around 3000 bar (Figure 16.23).

Thanks to the material’s heat resistance and the high friction values a clutch
plate diameter of only 169 mm could be realized. The compact dimensions of the
clutch, helps to give the engine and transmission a very low center of gravity
(Figure 16.24). The result is a very sportive character of the car improving agility
and handling. The weight reduction e.g. over the 7.6kg conventional clutch of
the Porsche 911 Turbo is more than fifty percent for the 3.5kg PCCC and lead to
an excellent rev-up behavior of the engine and a very spontaneous acceleration.

Comprehensive tests on the test bench and extensive vehicle testing, also under
extreme loads showed that the PCCC is able to at least match the service intervals
of conventional clutches [42].

Figure 16.23 Water jet cutting of the clutch disks at about 3000 bar.
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Figure 16.24 The small diameter of the clutch enables a low center of gravity for the engine.

Beside the outstanding properties, the price for the PCCC (Porsche Ceramic
Composite Clutch) is roughly ten times higher than from conventional clutches.
Therefore the use is actually limited for supersport cars and racing, particularly
for long distance and off-road races. Further improvements in the material’s pro-
duction technology to lower the costs possess excellent future prospects for high
performance applications in mass production vehicles.
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