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Preface

Polymers at cryogenic temperatures have become an important subject in
polymer science and engineering, with new developments emerging in space,
superconducting magnet, and electronic technologies, as well as large cryogenic
engineering projects such as the International Thermonuclear Experimental Reactor
(ITER). In this book, we define cryogenic temperatures as very low temperatures,
such as liquid nitrogen (77 K), liquid hydrogen (20 K), and liquid helium (4 K)
temperatures. To the best of our knowledge, only a few books have been published
on the cryogenic properties of polymers. There has been great progress in the past
four decades in this field and this book summarizes the developments so far. Twelve
chapters cover various topics within this subject.

In Chap. 1, state of the art, advantages and applications for cryogenic processing
are briefly surveyed. Cryogenic mechanical and physical properties of polymers
and polymer nanocomposites are reviewed in Chap. 2. Chapter 3 covers the friction
and wear of polymeric materials at cryogenic temperatures. This chapter gives an
overview of theories and experimental studies on polymer tribology at cryogenic
temperatures. Mechanical behavior of polymer composites at cryogenic
temperatures is explained in Chap. 4. Chapter 5 describes the studies on the
interlaminar delamination fracture and fatigue of woven glass fiber-reinforced
polymer composite laminates under Mode I, Mode II, and Mode III loadings at
cryogenic temperatures. Chapters 6 and 8 present the behavior of polymer-based
dielectrics under cryogenic conditions. Medical applications of cryo-treated poly-
meric hydrogels such as poly(vinyl alcohol) cryogels are covered in Chap. 7 of this
book. Chapter 9 addresses the effect of cryogenic treatment on mechanical behavior
of glass fiber-reinforced plastic composite laminate. Chapter 10 covers the poly-
urethane and polyisocyanurate foams in external tank cryogenic insulation.
Chapter 11 includes the effect of the cryogenic treatment on cutting tools and
polymers. Finally, current and potential applications of cryogenic-treated polymers
are covered in Chap. 12.

Since this book covers all topics related to cryogenic treatment, properties of
polymers at cryogenic temperatures, and applications of cryo-treated polymer
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materials, we hope that it will be of interest to the academic and industrial research
community.

Susheel Kalia would like to thank his students, who helped him in the editorial
work. Shao-Yun Fu wishes to thank Technical Institute of Physics and Chemistry,
Chinese Academy of Sciences for the opportunity to work on this subject. Financial
support from the National Science Foundation of China and the Chinese Academy
of Sciences is greatly appreciated. Finally, we gratefully acknowledge permissions
to reproduce copyrighted materials from a number of sources.

The editors would like to express their gratitude to all contributors of this book,
who have provided excellent contributions.

Solan, Himachal Pradesh, India Susheel Kalia
Beijing, China Shao-Yun Fu
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Abstract Cryogenic processing is the one-time permanent treatment of the
materials at very low temperatures to increase the physical and mechanical
properties. Cryogenic processing is capable of treating a wide variety of materials
such as metals, alloys, polymers, carbides, ceramics and composites. Cryogenic
applications of polymers are not only limited to the fields of space, electrical and
superconducting technology but also to other advanced technologies such as cryo-
surgery and cryobiology in the medical field.
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1.1 Introduction

Cryogenic processing is the process of deep-freezing materials at cryogenic
temperatures to enhance the mechanical and physical properties of materials
being treated. It is a supplementary process to conventional heat treatment process.
The cryogenic processing on materials increases wear resistance, hardness, and
dimensional stability and reduces tool consumption and downtime for the machine
tool set-up, thus leading to cost reductions [1].

The technique of cryogenic processing is an inexpensive method that improves the
physical and mechanical properties of materials such as metals, plastics and composites.
The word “cryogenic” comes from the Greek word “kryos”, which means cold and is
simply study of materials at low temperature such as 77 K. Cryo processing refines and
stabilizes the crystal lattice structure and distributes carbon particles throughout the
material resulting in a stronger and hence more durable material [2].

1.2 A Brief History

Scientists have been experimenting with the use of extreme cold to strengthen
metals since the mid-1800s, but it was not until the advent of space travel that
cryogenic processing really came into own. NASA engineers analyzed spacecraft
that had returned from the cold vacuum of space and discovered that many of metal
parts came back stronger than they were before spending time in space.

Cryogenics and refrigeration technologies share a common history. The most
obvious difference between two is the temperature range. Cryogenics had its
beginning in the mid of nineteenth century when for the first time man learned to
cool objects to a temperature lower than had ever existed naturally on the surface of
earth. First practical vapour compression refrigerator was invented by James
Harrison in 1855. In 1872, Sir James Dewar invented the vacuum flask. The air
first liquefied in 1883 by Polish scientist named Olszewski. Ten years later
Olszewski and a British scientist Sir James Dewar liquefied hydrogen. In 1902,
Georges Claude improved the efficiency of air liquefaction by including
reciprocating expansion engine. The Dutch Physicist Kamerlingh Onnes finally
liquefied helium in 1908. Thus, by the beginning of twentieth century, the door had
been opened to a strange new world of experimentation [3-7].

Cold treatments were reported to have beneficial effects on tool performance as far
back as 1937. Both in the United States and Europe, several reports have appeared of
substantial benefits which can be realized by treating steel tools at a low temperature,
around 77 K. Within the United States, claims for improvements have been expanded
to include copper (Cu), carbides, nylon and some high temperature alloys [3].

The method of cryogenic processing materials at sub-zero temperatures was first
acknowledged when metal parts that were transported via train had been crammed
with dry ice (at —79 °C), resulting in perceptible increases in wear resistance [8].
Work is being done to confirm that cooling below the temperature of dry ice
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(=79 °C), at boiling temperature of liquid nitrogen (—196 °C), would further
improve the physical properties of materials [9].

1.3 Cryogenic Processing

Cryogenic processing is capable of treating a wide variety of materials such as
metals, alloys, polymers, carbides, ceramics and composites. Deep cryogenics is the
ultra low temperature processing of materials to enhance their desired metallurgical
and structural properties. This is a temperature about 77 K. Cryogenic processing
uses temperature around 77 K because this temperature is easily achieved using
computer controls, a well-insulated treatment chamber and liquid nitrogen as shown
in Fig. 1.1. Cryogenics is a dry process in which liquid nitrogen is converted to a gas
before it enters the chamber so that it does not come into contact with the parts
assuring that the dangers of cracking from too fast cooling are eliminated. The risk of
thermal shock is eliminated as there is no exposure to cryogenic liquids. The whole
process takes between 36 and 74 h depending upon the type and weight of material
under treatment. Cryogenic processing must be done correctly in order for it to be
successful. The basic steps in a cryogenic process are as follows [2, 10, 11]:

e Ramp down: cryogenics involves slow cooling of the material from room
temperature to 77 K and ramp down time is in the 4-10 h range.

¢ Hold: the material is soaked or held at 77 K for 20-30 h which depends upon the
volume of the part. This is the part of the treatment in which the micro-structural
changes are realized.

* Ramp up: finally the material is brought back to room temperature. The ramp up
time can be from 10 to 20 h range.

1.4 The Science of Cryogenic Processing

Cryogenics refines and stabilizes the crystal lattice structure and distributes carbon
particles throughout the material resulting in a stronger and hence more durable
material. All of the individual particles that make up an alloy are placed into their
most stable state. These particles then are aligned optimally with surrounding
particles. Also, molecular bonds are strengthened by the process [2]. Particle
alignment and grain refinement combine to relieve internal stresses, which can
contribute to part failure. This results in material that is optimized for durability.
The extremely low temperature during cryogenic processing also slows the move-
ment at atomic levels and increases the internal molecular bonding energy and
hence promotes a pure structural balance throughout the material (Fig. 1.2) [2, 12].

As a result of cryogenic processing, material is obtained with an extremely
uniform, refined and dense microstructure which ultimately leads to improvement
in physical and mechanical properties.



4 S. Kalia and S.-Y. Fu

o

500

400

300

Temperature (K)

200 -

100

Time (h)

Fig. 1.1 (a) Set-up of cryogenic processing in the temperature of 77-450 K, which consists of a
well-insulated treatment chamber (/eft), a liquid nitrogen dewar (right), cryogenic media transport
tube, temperature controlling and data acquisition system; (b) temperature (77-450 K)-time curve
with controllable heating and cooling speed

®e
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decrease in temperature [2] -

1.5 Polymers at Cryogenic Temperature

Applications of plastics in several areas are of special interest because of their
excellent electrical, thermal and mechanical properties. The research work in the
field of cryogenic treatment of polymers has gained significant attention in recent
years. Cryogenic treatment is found to be the most effective tool to improve wear
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resistance capacity of polymers. In cryogenic treatment of polymers, the polymer
materials are subjected to sub-zero temperature for a stipulated time using liquid
nitrogen or liquid helium etc. Since during the cryogenic treatment the whole bulk
is also affected, so it is not merely the surface phenomenon. During cryogenic
processing, the extremely low temperature during cryogenic processing also slows
the movement at atomic levels and increases the internal molecular bonding energy
and hence promotes a pure structural balance throughout the material. Cryogenics
technology has proven to be the best in case of metals but the need for the
development of hypersonic vehicles and cryogenic storage tanks etc. has led to
the evaluation of lightweight materials like polymers [2, 13].

Michael et al. [14] have carried out the tensile tests on various epoxies at room
temperature and 77 K and observed that these materials are relatively brittle and show
plastic behaviour at room temperature just before fracture. Whereas at 77 K no
plasticity was observed, the modulus of elasticity was increased by a factor of 3.
Stress—strain behaviour and fracture behaviour of polyimide were measured at 77 and
4.2 K. The modulus of elasticity and ultimate tensile strength were increased by 40 %
and 60 %, respectively by cooling up to 77 K, but no further change was observed up to
4.2 K [15]. Effect of cryogenic treatment on tensile strength, elongation at break and
modulus of elasticity of some polymers are listed in Table 1.1 [16].

1.6 Advantages of Cryogenic Processing

Cryogenically treated parts not only improve performance but also increase the life
of materials. Main advantages include [17]:

* One of the most important advantages for cryogenic treatment of materials is an
increase in wear resistance.

e The structure of materials is permanently changed, resulting in improved
mechanical properties. Treated components may be ground after treatment and
the benefits of treatment are retained.

» The frequency and cost of tool remanufacture are reduced. Treated worn tools
require less material removal to restore a uniform cutting edge.

¢ Machine downtime caused by tool replacement is substantially reduced.

» Surface finishing is improved on material being manufactured with treated
tooling. Treated tooling stays sharper and in tolerance longer than untreated.

» The overall durability of the treated material is increased.

» Refinishing or regrinds do not affect permanent improvements.

¢ Thermal shock is eliminated through a dry, computer controlled process.

¢ Brittleness is decreased.

» Tensile strength, toughness and stability are improved.

« Internal stresses are relaxed.

e The orderly arrangement of crystals is caused, internal bonding energy is
increased, and a structural balance throughout the mass of the material is
achieved.
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Table 1.1 Tensile strength of various plastics at different temperatures [16]

Modulus of
Temperature  Tensile strength  Elongation at elasticity
Materials (K) (MPa) break (%) (MPa)
Plastic films & paper
Polyimide (H film) 298 18.2 44 510
77 325 16 640
4.2 34.0 8 615
Polycarbonate (Makrolon) 298 6.4 112
77 13.5 45
4.2 15.6 3.0
Polyamide (Nomex) 298 8.3 21
77 14.5 35
4.2 15.8 3.0
Polyethylene terephthalate 298 16.5 88 450
(Mylar) 77 26.0 9.5 870
4.2 26.8 5.5 880
Polyvinylchloride (rigid type) 298 23 156 110
77 9.5 3.6 215
4.2 11.6 29 300
Polyethylene (high density) 298 2.5 525
77 10.5 43
4.2 13.5 3.1
Polytetrafluoroethylene 298 2.0 480
(Teflon) 77 43 6.5 145
4.2 5.6 3.5 217
Bulk materials
Polyimide (Vespel) 77 18.4 3.1
Polyethylene (high density) 77 13.8 2.3
Polyvinylchloride (rigid) 77 11.5 11.5

Copyright 1976, reproduced with permission from Elsevier
1.7 Applications of Cryogenic Processing

There are several categories of industrial applications and representative parts [12]:

« Paper and corrugated board industry: chipper knives, slitter knives, tape cutters,
paper drills, trimmers, tissue perforators.

e Cutting tools: mill, cutters, ball screws, punches, drills, broaches.

¢ Performance vehicles: crankshafts, brake rotors, push rods, heads, pistons,
blocks, cams.

 Plastics industry: trimmers, mill knives, granulating blades, dies, feed screws.

¢ Other applications: copper, electrode, gun barrels, sporting goods, razor blades,
musical instruments.
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1.8 Conclusions and Future Prospects

Cryogenic processing is an inexpensive one-time permanent treatment of the
materials at very low temperature such as 77 K. This technique improves the
physical and mechanical properties of the materials. Cryogenic applications of
polymers are not only limited to the fields of space, electrical and superconducting
technology but also to other advanced technologies such as cryosurgery and
cryobiology in the medical field. More applications of cryogenic processing will
take off in the near future. Applications of polymeric materials at cryogenic
temperatures usually require a lot of attentions because of severe cryogenic
conditions; there is limited work yet and a lot of work has to be done on the
cryogenic treatment of polymers. Further newer materials have to be developed
with capacity of bearing severe cryogenic conditions.
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Abstract The cryogenic properties of polymer materials have received great
attention with new developments in space, superconducting, electronic and defense
technologies as well as large cryogenic engineering projects such as International
Thermonuclear Experimental Reactor (ITER), etc. Polymer materials developed
for these applications are mainly employed as electrical insulators, thermal
insulators, vacuum sealants, and matrix materials for composites used in cryogenic
environments. The requirements are extremely severe and complicated for polymer
materials in these unique applications. The polymer materials need to possess good
mechanical and physical properties at cryogenic temperatures such as liquid helium
(4.2 K), liquid hydrogen (20 K), liquid nitrogen (77 K), and liquid oxygen (90 K)
temperatures, etc., to meet the high requirements by the cryogenic engineering
applications. Herein the cryogenic mechanical and physical properties of polymer
materials will be highlighted in this chapter. Cryogenic tensile properties/behaviors
are first presented in some details for various neat polymers and filled polymers.
Cryogenic shear strength, impact strength, and fracture toughness are then
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discussed. Afterwards, cryogenic thermal, creep, sliding, and dielectric properties
of polymers are briefly summarized. Finally, discussions about effects of water
absorption and cryogenic aging on cryogenic properties of some polymers are
conducted.

Keywords Polymers ¢ Nanocomposites * Cryogenic mechanical properties ¢
Cryogenic physical properties « Low temperatures ¢« Cryogenic engineering

2.1 Cryogenic Tensile Properties

Polymers have wide applications in various industries and also in cryogenic
engineering-related areas. Cryogenic mechanical properties of polymers are impor-
tant parameters for their successful applications in extremely low temperature
environments. For example, in a fiber-reinforced polymer composite, since the
internal stresses will be generated as a result of the unequal coefficients of thermal
expansion between fibers and matrix, the micro-cracking of the polymer matrix
may take place when temperature is decreased down to cryogenic temperature [1].
Sometimes even fracture of the polymer matrix can occur if the thermal stress-
induced stress intensity factor exceeds the fracture toughness of polymers [2]. The
cryogenic mechanical properties including strength, modulus, ductility, fracture
resistance, creep, and sliding performance, etc., of polymers play a critical role in
determining their applicability in cryogenic engineering environments. Tensile
behaviors at cryogenic temperatures are first discussed below for various polymers
and nanocomposites.

Some polymers, that exhibit good mechanical properties at cryogenic
temperatures, are studied by focusing on their cryogenic tensile behaviors. Cryo-
genic tensile tests are performed on aromatic polyimide films (Upilex-R and
Upilex-S), which are the products of polycondensation reactions between biphenyl-
tetracarboxylic dianhydride (BPDA) and various diamines, and a polypyromel-
litimide (PPMI)-designated Kapton film [3]. Figure 2.1 displays stress-strain
curves for Upilex-R and -S films as well as Kapton film at 77 K. Although the
main chains contain the BPDA moiety as a common structural unit, the tensile
behaviors of the two Upilexs at 77 K are largely affected by the molecular structure
of the diamine moieties. Upilex-R retains considerable ductility but exhibits much
lower yield stress around 250 MPa at 77 K. In contrast, Upilex-S withstands
elongations in excess of 10 % at a much higher stress level of about 500 MPa at
77 K. The stress-strain curve of Kapton film at 77 K is located between those of the
two Upilexs. These observations indicate that aromatic polyimide films exhibit
good mechanical properties at cryogenic temperatures.

For semicrystalline polymers, the degree of crystallinity exhibits an effect on
their tensile properties at cryogenic temperatures. Figure 2.2 shows the results of
tensile tests at 77 K for some biaxially stretched polyethylene-2,6-naphthalenedi-
carboxylate (PEN) films with different degrees of crystallinity, which is the con-
densation product from 2,6-naphthalenedicarboxylic acid and ethylene glycol [3].



2 Cryogenic Properties of Polymer Materials 11

Fig. 2.1 Stress-strain curves 7/
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Fig. 2.2 Stress-strain curves 600
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It appears that the strength and the elongation at break of PEN films decreases with
increasing the degree of crystallinity.

Figure 2.3 exhibits the stress-strain curves of polyphenylene sulfide (PPS) film at
different temperatures. The curve at RT (300 K) is typical of hard ductile polymers
and shows a gradual increase in strength beyond the elastic limit. This feature
remains unchanged with decreasing temperature from RT to 4.2 K. This indicates
that no transition region from ductile to brittle exists between 300 and 4.2 K.
Table 2.1 presents the results for the mechanical properties of PPS film at four
different temperatures obtained from Fig. 2.3. Both the tensile strength and the
tensile modulus gradually increase with decreasing temperature. And the elonga-
tion at break remarkably decreases with the decrease in temperature. Nonetheless,
the PPS film still retains some ductility even at a very low temperature of 4.2 K.

The effect of crystallinity degree on the tensile properties is exhibited in
Fig. 2.4 for the (002) plane of drawn and annealed poly(trimethylene terephthalate)
(PTT) film at 18 and 300 K [4]. The results are for the drawn film (crystallinity
Y = 20.2 %) and those for the drawn (draw ratio = 4) and annealed (for 30 min at
473 K) PPT film (y. = 41 %) at 300 K. The inclination of the line corresponds to
the crystal modulus of 2.59 GPa along the chain axis. Though the drawn film and
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Table 2.1 Tensile properties of the polyphenylene sulfide (PPS) film at RT and cryogenic
temperatures [3]

Temperature (K)  Tensile strength (MPa)  Tensile modulus (GPa)  Elongation at break (%)

4.2 295 52 7.9
71 260 4.8 12.2
173 215 4.2 22.8
RT (300) 188 3.8 38.2

the drawn-and-annealed film have different microstructures, their identical modu-
lus values at 300 K are strong evidence that the stress distribution in PTT film is
homogeneous. At 18 K the measured strain vs. stress gives a straight line through
the origin, the slope of which corresponds to a modulus of 5.39 GPa, more than
twice the modulus of PTT film at 300 K. This indicates that the modulus value of
PTT film is strongly dependent on testing temperature.

Figure 2.5 exhibits the stress-strain curves of the drawn PTT film under cyclic
loads at 300 and 18 K. The loading and unloading curves obtained at 300 K show
hysteresis loops, but those obtained at 18 K coincide with one another up to 8 %. It
is reported that the elongation at break of some polyimides is more than 10 % at
77 K [3]. Nonetheless, polyimides deform with yielding at the strain less than 5 %,
after which plastic deformation is observed. Therefore, PTT film possesses a
comparatively higher elasticity up to 8 % at a very low temperature of 18 K.

Addition of montmorillonite (MMT) at proper contents may enhance the cryo-
genic tensile strength of polyimide film as shown in Table 2.2 [5]. The tensile strength
of MMT/polyimide (PI) composite films at 77 K is generally higher than that at room
temperature (RT) except at 20 wt.%. This is mainly attributed to: (1) the PI strength
becomes higher at 77 K, resulting in a higher composite strength than at RT; (2) the
MMT/PI matrix interfacial bonding becomes stronger at 77 K than at RT because of
the thermal shrinkage of PI matrix and tight clamping of the MMT by the PI matrix at
cryogenic temperature, leading to a higher composite strength. Moreover, when the
MMT content is 20 wt.%, the tensile strength at 77 K is dramatically decreased by the
addition of MMT and is lower than that at RT. This is mainly due to the aggregations
of MMT at a very high MMT content [5], which would prick up the stress concen-
tration more severely at 77 K than at RT at the sites of MMT/PI interfaces.
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Fig. 2.4 Stress-strain curves 6

for the (002) plane of drawn PTT (002)

and annealed PTT films at 5- u
(filled square) 18 K and at

(open circle) 300 K [4]. Also < 4+ .
shown is the plot for the < E1=2.59 GPa

drawn PTT film at 300 K £ 3¢ ! E.=5.39 GPa
(filled circle) & » 300 K, 18K

1 1 1 1
0 50 100 150 200 250 300
Stress (MPa)

200

300 K

160 -

120 |-

Stress (MPa)

a0}

0 1 1 1
0 6 12 18 24

Strain (%)

200

160 -

120 -

Stress (MPa)

0 1 1 1
4
Strain (%)

N
-]

Fig. 2.5 Stress-strain curves of drawn PTT films (draw ratio = 4) under cyclic loads at 300 and
18 K [4]
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Table 2.2 The tensile strength of montmorillonite (MMT)/polyimide (PI) composite films at RT
and 77 K [5]

MMT content (wt.%) 0 1 3 5 10 20
RT 120 131 120 115 114 84
77K 188 211 191 158 124 60

Except polymer films as introduced above, epoxy resins are also widely used in
cryogenic engineering areas as insulators, vacuum sealants, matrix materials for
composites, etc. However, epoxy resins are generally brittle at cryogenic
temperatures and residual internal stresses due to thermal cycling may be high to
induce fracture of epoxy resins. So, their high cryogenic mechanical properties are
very important to assure that epoxy resins can be used under severe cryogenic
environments. Therefore, the mechanical properties of epoxy resins at cryogenic
temperatures are often enhanced using various modifiers such as carbon nanotubes,
thermoplastics, MMT, and other fillers to meet the high requirements by cryogenic
engineering applications.

Multi-walled carbon nanotubes (MWCNTSs, Showa Denko KK) are used to
reinforce a diglycidyl ether of bisphenol-F (DGEBF, DER354) epoxy resin cured
with diethyl toluene diamine (DETD, ETHACURE-100) and modified by a reactive
aliphatic diluent (Changshu Jiafa Chemistry Co) [6]. The software SemAfore 4.0 is
used on the SEM images of carbon nanotubes to measure the diameter of carbon
nanotubes as shown in Fig. 2.6 and the average diameter value is estimated to be
about 87 nm for CNTs.

The tensile properties at room temperature and liquid nitrogen temperature
(77 K) are studied for the epoxy matrix and epoxy nanocomposites. Table 2.3
shows the results for the tensile properties at RT and 77 K of the epoxy matrix and
epoxy nanocomposites [6]. It can be seen from Table 2.3 that the tensile strength of
the CNT/epoxy nanocomposites at RT is almost independent of the MWCNT
addition. By contrary, a significant enhancement in the cryogenic strength is
observed by the addition of MWCNTs at appropriate contents. The cryogenic
tensile strength reaches the maximum at the CNT content of 0.5 wt.% and then
decreases as the CNT content increases further. Moreover, it is seen from Table 2.3
that the cryogenic strength is consistently higher than the RT strength with the same
composition. On the one hand, when the temperature decreases from RT to 77 K,
the chemical bond and molecules will shrink and the binding forces between
molecules will become strong for the epoxy matrix. Thus, a greater load will be
needed to break the epoxy matrix at 77 K, leading to a higher strength of the epoxy
matrix at 77 K than at RT. On the other hand, the thermal contraction of the epoxy
matrix due to the temperature decrease raises the clamping force to the carbon
nanotubes at 77 K, this would lead to a stronger CNT-epoxy interfacial bonding.

When there is a relatively poor bonding between the matrix and the CNTs, CNTs
would be easily pulled out with smooth surfaces for the RT case as shown in
Fig. 2.7a [6]. The weak bonding leads to poor stress transfer from epoxy matrix to
CNTs and the CNTs would then have a low reinforcing efficiency, resulting in the
insensitivity of the composite strength to the CNT content. When there is a strong
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Fig. 2.6 Measurement of the diameters of pristine MWCNTs using the software SemAfore 4.0 [6]

Table 2.3 Tensile properties at RT and 77 K of the epoxy matrix and epoxy nanocomposites [6]

Tensile strength (MPa) Tensile modulus (GPa) Failure strain (%)

CNT (wt.%) RT 77K RT 77K RT 77K

0 734 £13 927 x1.1 2.67 £0.08 458 £0.02 4.62 £ 0.31 2.50 £ 0.04
0.02 731 £1.8 94805 272 £0.05 480 +0.05 471 £0.12 2.67 £ 0.03
0.05 722 £1.6 1025 +£25 277 £0.09 492 £0.08 4.82 £+ 0.18 2.82 £ 0.05
0.2 73.1 £0.6 1164 £ 3.4 2.83 £0.08 502 +£0.06 4.94 + 0.13 3.08 £ 0.07
0.5 744 £12 1194 +£2.0 3.09 £0.02 526 £0.07 5.04 £ 0.07 3.20 £ 0.05
1 715+ 15 1128 £ 1.5 3.11 £0.01 549 £0.08 4.51 £0.19 2.64 &+ 0.06
2 68.8 £23 81433 3,13 £0.06 553 +£0.04 4.15+0.14 2.20 £ 0.04

bonding between the matrix and the CNTs, the surface of CNTs would be attached
with a large amount of epoxy matrix as shown in Fig. 2.7b for the 77 K case [6]. The
CNT-epoxy interfacial strength must exceed the yield strength of the epoxy matrix
so that the epoxy matrix could be broken and attached on the surface of CNTs. At
the relatively high CNT content (2 wt.%), largely aggregated CNTs lead to a
slightly lower strength than that of the epoxy matrix because the agglomeration
of CNTs for the high CNT content gives rise to weak CNT—polymer interactions
and high stress concentrations similar to the case of clay—epoxy composites [7],
resulting in the reduction of the tensile strength.

Over 100 measurements are carried out on SEM micrographs as shown in
Fig. 2.7 of the fractured surfaces of the samples using the software SemAfore 4.0
to obtain the average CNT diameters [6]. The average diameters of CNTs are
estimated to be 93 £ 23 and 180 £ 61 nm, respectively, for the cases of RT and
77 K, confirming that the surfaces of CNTs are quite smooth for the RT case due to
relatively weak CNT-epoxy interfacial bonding while are quite rough with matrix
attachment for the 77 K case due to strong CNT-epoxy interfacial bonding.
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WD13 .9mm 10.0kV x25k

Fig. 2.7 SEM images showing CNT pullout from the tensile fracture surfaces of MWCNT/epoxy
composites at (a) RT and (b) 77 K [6]

Similarly, a strong interfacial adhesion between carbon fibers and polyamide matrix
is observed at 77 K [8]. A strong CNT-epoxy interfacial bonding would increase
the stress transfer from the epoxy matrix to the CNTs and hence enhance the
CNT reinforcing efficiency. Consequently, the strength of the epoxy composites
is significantly enhanced at 77 K and the cryogenic strength is much higher than
at RT.

Table 2.3 also exhibits that Young’s modulus of CNT/epoxy composites at
both RT and 77 K increases consistently with increasing the CNT content. More-
over, the cryogenic Young’s modulus is higher than the RT modulus with the same
composition. This is due to the fact that on the one hand, the molecules of epoxy
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matrix become stiff due to the restrained mobility of the molecules at 77 K; on the
other hand, the CNTs would become stiffer at 77 K than at RT. Finally, in terms of
the principles for particulate polymer composites [9] or short fiber-reinforced
polymer composites [10, 11], the Young’s modulus of the CNT/epoxy composites
must be higher at 77 K than at RT.

In addition, it can be seen from Table 2.3 that the failure strain is enhanced by the
addition of CNTs at appropriate contents to the epoxy matrix. The epoxy matrix is
actually a blend showing a sea-island structure, which is consisted of brittle epoxy
phase (DGEBF) and second diluent soft phase [12]. The second soft phase islands
are uniformly distributed in the brittle DGEBF phase sea and thus good cryogenic
mechanical properties have been achieved [12]. Here, MWCNTs are employed to
further improve the cryogenic mechanical properties of brittle DGEBF epoxy resin.

A bisphenol-A diglycidyl ether (DGEBA, CYD-128) is used as the matrix
reinforced by MMT and the MMT/epoxy composites are prepared under the
ultrasonic treatment [13]. TEM morphologies of the raw MMT, organo-MMT
prepared in HCI solution and MMT/epoxy nanocomposites (1 and 3 wt.%) are
presented in Fig. 2.8a—d. The size of organo-MMT particles is about 20 nm thick
and 200-500 nm long as shown in Fig. 2.8b, which is smaller than that of raw MMT
in Fig. 2.8a, especially in thickness. Figure 2.8c exhibits that the organo-MMT has
been intercalated and exfoliated in the nanocomposite with the 1 wt.% organo-
MMT content. This is because netlike macromolecules form the interlayer of the
organo-MMT during the curing process [14]. As the organo-MMT content in the
composites is increased to 3 wt.%, the conglomerating probability of organo-MMT
and the quantity of non-exfoliated organo-MMT inside the epoxy matrix increase.
Thus, it can be seen in Fig. 2.8d that serious aggregations occur at the 3 wt.%
organo-MMT content.

Figure 2.9 shows the tensile strength of the MMT/epoxy samples at RT and 77 K
as a function of organo-MMT weight content from zero to 3 wt.% and the error bars
represent the standard deviation. It can be seen that the organo-MMT content has
marginal influence on the tensile strength of MMT/epoxy composites. As the
organo-MMT content increases, the tensile strength at both RT and 77 K reaches
the maximum at the 0.1 wt.% organo-MMT content. The intercalated and
exfoliated organo-MMT layers shown in Fig. 2.8c serve as the short fasciculus
inside the composite. The addition of short fasciculus to the epoxy matrix can
reinforce the epoxy matrix and contribute to the increase of the tensile strength of
the MMT/epoxy composite at the 1 wt.% organo-MMT content. The tensile
strength at 77 K is generally higher than that at RT at the same content of
organo-MMT due to the two similar major reasons as mentioned for MWCNT/
epoxy nanocomposites [6]. The strength of the epoxy matrix becomes higher at
77 K and the interfacial bonding becomes stronger at 77 K than at RT, leading to the
higher composite strength.

The tensile modulus of the epoxy composites at RT and 77 K is shown in
Fig. 2.10 as a function of organo-MMT content. The tensile modulus increases
almost linearly as the organo-MMT content increases. This is mainly because
organo-MMT has a higher modulus than epoxy matrix. Moreover, Fig. 2.10
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Fig. 2.8 TEM micrographs of (a) raw MMT, (b) organo-MMT, (c) 1 wt.% MMT/epoxy compos-
ite, and (d) 3 wt.% MMT/epoxy composite [13]
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displays that the modulus at 77 K is much higher than that at RT at the same organo-
MMT content. On the one hand, the modulus of the epoxy matrix at 77 K is higher
than that at RT content due to the tight arrangement of polymer molecules. On the
other hand, the modulus of MMT would also be higher at 77 K than at room
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Table 2.4 Material properties of the polycarbonate and the MWCNT/PC composite [15, 16]

Yield strength Tensile modulus

Material Temperature (K) (MPa) (GPa) Poisson’s ratio
Polycarbonate RT 34.0 2.35 0.39

77 K 92.7 4.50 0.38
Composite RT 36.8 2.56 0.39

77K 104 4.65 0.38

temperature. These two major contributions lead to the higher modulus of the
composites at 77 K than at RT.

The tensile properties including yield strength, Young’s modulus and Poisson’s
ratio at RT and 77 K of polycarbonate (PC) and 2.5 wt.% MWCNT/PC composite
are given in Table 2.4 [15, 16]. It is clear that yield strength and Young’s modulus at
77 K are much higher than those at RT. The Poisson’s ratio is almost independent of
temperature.

A recent development in polymer nanocomposites is the use of CNTs as a smart
nano-filler, in which the CNTs serve as strain or damage sensors [17]. The principle
is that the deformation, damage initiation, and evolution of CNT-based composites
can result in obvious electrical resistance change. The electrical and mechanical
responses of MWCNT/PC composites are recently investigated under tensile load-
ing at 77 K and also RT for the purpose of comparison [15]. The load P and the
normalized resistance change AR/R, are plotted in Fig. 2.11 as a function of
displacement ¢ for the 2.5 wt.% MWCNT/PC composite [15].

It can be seen from Fig. 2.11a that the resistance change is very small in the
beginning. The composite has an initial resistance Ry of 11 kQ at RT. This small
change in resistance is due to the specimen deformation [17]. But significant
resistance change takes place around 0.8 mm displacement, which corresponds to
the initiation of nonlinear load-displacement response. In addition, during loading
of the composite specimen the resistance response and crack length show similar
trends. This observation demonstrates that crack propagation results in the electri-
cal resistance change and the resistance monitoring enables the detection of crack
initiation and propagation in real-time mode.
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Figure 2.11b shows the load P and the normalized resistance change AR/R as a
function of displacement & for the 2.5 wt.% MWCNT/PC composite at 77 K. The
initial resistance Ry at 77 K is 27 kQ. The load-displacement curve at 77 K exhibits
a linear relationship. The resistance-displacement curve displays a small resistance
change, similar to the corresponding response at RT. When the maximum load is
reached, the sharp increase in resistance takes place. Thus, it can be considered that
the crack catastrophically propagates through the specimen at 77 K when the
maximum load is reached.

2.2 Cryogenic Shear Strength

Adhesives are required to have good bond strength at cryogenic temperatures for
cryogenic engineering applications. Thus, it is of significance to study formulations
of adhesive resins with high shear strength at cryogenic temperatures [18, 19].
The cured samples are cycled between liquid nitrogen and ambient condition
until failure. The shear strengths of some formulated epoxy resins are listed in
Table 2.5. It reveals that the matrix cured by hardener HK-021 has a higher shear
strength than that of the NA hardener. Moreover, after blending with multifunc-
tional epoxies, the lap shear strength decreases. When the ratio of multifunctional
epoxy is great in the formulation such as formulation 5 mixed with 100-phr
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Table 2.5 Lap shear strength of some formulated adhesive resins [18]*

Shear strength (MPa)

Parts by Initial After 15 cycles
Formulation no. Composition weight (phr) RT 77K RT 771K
1 DGEBA 100 6.6 7.1 6.4 6.8
NA 80
A-178™ 1
2 DGEBA 100 8.2 9.7 8.3 9.6
HK-021 80
A-178™ 1
3 DGEBA 100 5.0 4.5 4.9 4.5
TGBA 25
NA 130
A-178™ 1
4 DGEBA 100 5.0 6.3 5.0 6.1
TGDMDA 25
NA 150
A-178™ 1
5 DGEBA 100 52 52 52 52
TGDMDA 100
NA 170
A-178™ 1

*DGEBA diglycidyl ether of bisphenol A; NA (hardener) nadictetrahydric-methylanhydride;
HK-021 anhydride hardener based on NA but modified by diol molecule; A-/78TM silane coupling
agent; TGBA (multifunctional epoxy) triglycidyl benzylamine; TGDMDA (multifunctional epoxy)
tetraglycidyl dibenzmethyldiamine

TGDMDA, its lap shear strength decreases remarkably at RT and even more at
77 K, compared to formulation 1 with O phr of TGDMDA and the same hardener.

Hu and Huang also studied the lap shear strength of modified epoxy adhesives by
mixing with flexible polyether and blending with multifunctional epoxy [19]. The
influences of flexible polyether chain amount in the network of the adhesives and
synergetic effect of mixed resins with different functionalities on the shear strength
of epoxy adhesives at 77 K and RT are investigated. The lap shear strength
increases at RT and 77 K with increasing polyether chain content in the network
of the epoxy resin with unique functionality. When the adhesive is a mixture of
epoxy resins with multifunctional epoxy, a maximum or a minimum lap shear
strength at 77 K can be obtained at certain resin ratio, which depends on that
whether the polyether chain is introduced into the network.

2.3 Cryogenic Impact Strength and Fracture Toughness

The fracture resistance of polymers will generally be lowered when temperature
decreases from RT to cryogenic temperatures. The brittleness of polymers limits
their uses in cryogenic environments. Thus, the cryogenic fracture resistance such
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Table 2.6 Fracture resistance of neat resin polymers determined from fracture testing [20]

Code Temperature (K) K. (MPa m' 2) K. (MPa m" 2) G, (kJ/mz) Gre (kJ/m2)
PETI-5 79 6.01 6.01 3.15 3.15
RT 3.68 3.68 2.98 2.98
432 3.92 NA 3.60 NA
5050 (plaque 1) 83 7.20 6.49 5.46 4.36
RT 5.28 5.28 5.89 5.89
434 4.72 NA 4.20 NA
5050 (plaque 2) 84 7.01 7.01 5.11 5.11
RT 4.84 4.84 4.97 4.97
433 4.56 NA 3.90 NA
LCR 84 1.88 1.83 1.38 1.25
RT 1.45 1.45 1.94 1.94
433 0.29 NA 1.08 NA

as cryogenic impact strength or cryogenic fracture toughness is a very important
parameter for polymers used in extremely low temperature environments. Some-
times brittle polymers such as epoxy resins, etc., are often modified using various
modifiers.

Fracture toughness of three polymers (LaRC PETI-5, LaRC 5050, and LCR)
manufactured by NASA LaCR is studied [20], where PETI-5 is a phenylethynyl-
terminated imide oligomer (Mn ~ 5,500 g/mol), LaRC 5050 a thermoplastic
aromatic polyimide endcapped with phthalic anhydride of a molecular weight
(Mn ~ 12,000 g/mol) and a 50:50 ratio of diamine monomers in the backbone
making it more flexible while LCR a liquid crystal oligomer with changes from a
thermoplastic to a thermoset upon curing. Fracture toughness results for these
polymers are shown in Table 2.6. It can be seen from Table 2.6 that the stress
intensity factor (K) and fracture energy (G) are dependent on testing temperature. K
shows a higher value at cryogenic temperature than at room temperature or high
temperature for all samples. G displays different trends for different samples. G
exhibits a higher value at cryogenic temperature than at RT but a lower value than
at high temperature for PETI-5. For 5050 (plaque 1) and LCR materials, G shows a
higher value at cryogenic temperature than at high temperature but a lower value
than at RT. On the other hand, for 5050 (plaque 2), G displays the highest value at
cryogenic temperature compared to that at RT and high temperature. It should be
noted that at high temperature no tests yield valid Kic and Gyc results according to
the ASTM D 638-01 standard.

The impact strength of epoxy resins modified by poly(ethersulfone) (PES) is
studied as a function of PES content [21]. Figure 2.12 shows the dependence of the
impact strength at RT and 77 K on the PES content in the cured epoxy resins.
The error bars denote the standard deviation. As expected, the impact strength at RT
significantly increases with increasing the PES content in the modified epoxy
system. An addition of 5 phr PES relative to the epoxy results in about 49 % increase
in the impact strength at RT compared to the neat epoxy. This is because that the
immiscible PES-rich domains in the modified epoxy system would increase the
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impact strength through crack trapping and bridging of the dispersed thermoplastics
[22, 23]. And the impact strength shows small variation with increasing the PES
content from 5 to 10 phr and from 15 to 20 phr because of the similar morphological
features developed after curing [21]. A rapid increase in the impact strength can be
observed when the PES content increases from 10 to 15 phr (see Fig. 2.12). The
impact strength of the PES-modified epoxy is up to the maximum value for the
20 phr case, where a co-continuous phase structure is formed for dispersed PES
phase and epoxy main phase [21]. A large decrease in the impact strength is observed
when the PES content is further increased to 25 phr, where the PES rich domains
form large agglomerates, which act as defects and then initiate failure.

A DGEBA epoxy resin cured by methyltetrahydrophthalic anhydride is modified
by a hyperbranched polymer (polyester Boltorn H30), which is a third-generation
hyperbranched polyester with 32 primary hydroxyl groups on the shell and it is an
amorphous solid at RT. Effects of the H30 content on the impact strength at RT and
77 K of the cured epoxies are shown in Table 2.7 [24]. It exhibits that the RT and
cryogenic impact strength increases up to the maximum by adding the 10 wt.% H30
and decreases afterwards with further increasing the H30 content. In general, it is
expected that the impact strength of epoxy resins at 77 K should be lower than that
at RT since epoxy resins become normally more brittle at low temperatures. Here it
is interesting to note that the impact strength at 77 K of the modified epoxy systems
is comparable to that at RT. Furthermore, the maximum improvements in the
impact strength at RT and 77 K are, respectively, 20.3 and 26.3 % over those of
the pure epoxy resin by the introduction of 10 wt.% H30.

Charpy impact testing of the DGEBF epoxy matrix cured with DETD and the
MWCNT/epoxy nanocomposites is conducted at both RT and 77 K and the results
are shown in Table 2.8. It can be seen that the introduction of MWCNTs at
appropriate contents into epoxy resin can effectively enhance the impact strength
of the epoxy resin. When the CNT content is equal to 0.5 wt.%, the impact strength
is largely enhanced by 76.7 % and 51.4 % at RT and 77 K, respectively. This can be
explained in terms of the synthetic sequence. Since MWCNTs are first mixed with
DGEBEF and the resulting mixture is then blended with the DETD with an amine



24 S.-Y. Fu

IR WS oo D s 0

and H30-modified epoxy content (wt.%) RT 71K

resins [24] 0 259 + 32 254 + 2.7
5 271+ 33 29.1 £33
10 312 £ 2.7 320+ 1.0
15 249 + 1.6 273+ 14

Table 2.8 Impact strength at

Impact strength kJ/m2
RT and 77 K of the epoxy MWCNT P gth ( )

matrix and epoxy content (wt.%) RT 77 K

nanocomposites [6] 0 37.8 £ 3.5 24,0 £ 2.3
0.02 38.7 £ 2.5 309 +£23
0.05 39.6 + 3.2 315+ 2.7
0.2 414 + 1.6 324 +43
0.5 495 + 4.5 356 + 1.9
1 429 + 0.9 26.3 + 3.7
2 400 + 14 229 + 1.6

weight equivalence of 44.5 g/mol (DETD) as the curing agent and a reactive
aliphatic diluent (DILUENT) as a modifier. Because the brittle DGEBF phase can
be effectively toughened by introduction of CNTs, the impact strength can be
significantly enhanced by the addition of CNTs at appropriate contents when no
aggregates of CNTs occur. Also, Table 2.8 shows that the impact strength is larger
at RT than at 77 K with the same composition. This is because the molecular
mobility of the epoxy matrix would be lowered when the temperature is down to
77 K from RT. When rapid impact loading is applied to the epoxy samples, it would
be difficult to yield plastic deformation and hence relatively low impact energies
are required to break the samples at 77 K.

The cryogenic critical stress intensity factor (Kic) for the MWCNT/PES-
modified DGEBF epoxy composites is investigated as a function of CNT content
[25]. Figure 2.13 shows that the fracture toughness increases with increasing the
MWCNT content up to 0.5 wt.%. The maximum K¢ reaches 2.02 MPa m'/? with an
improvement of 13.5 % at 0.5 wt.% MWCNT content from 1.78 MPa m"? of the
PES-modified epoxy matrix. Although the Kic at 77 K of MWCNT/PES-modified
epoxy composites is decreased by the further increase of MWCNT content to 1.0
and 2.5 wt.%, it is still higher than that of the epoxy matrix.

2.4 Cryogenic Thermal Properties

In cryogenic engineering technologies, the thermal properties are very important
parameters for polymers. Thermal conductivity plays a significant role in the
processing of cooling and heating of cryogenic devices and systems. Values for
thermal expansion are required for evaluating thermally induced stresses when
different materials with different thermal expansion behaviors are combined.
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Generally speaking, the thermal conductivity of polymeric materials is low when
compared to other materials such as metals and ceramics. The thermal conductivity
of nonconductive polymeric materials is due to the propagation of the thermal
oscillation of atoms and molecules as a lattice wave (sound wave) in the material
[3, 26]. Some methods have been taken to account for the temperature dependence of
thermal conductivity for polymers [26-29]. The thermal conductivity is shown in
Fig. 2.14 as a function of temperature for poly(methyl methacrylate) [30]. And this
thermal conductivity behavior is regarded to be probably common for amorphous
polymers. In the region A of very low temperature, thermal conductivity decreases
roughly in terms of 72. In the region B of around 10 K, thermal conductivity is weakly
temperature-dependent (namely a plateau region). In the region C of relatively high
temperature, thermal conductivity decreases slowly with decreasing temperature.

For crystalline polymers at cryogenic temperatures, the thermal conductivity
depends strongly on both crystallinity and temperature [30]. For highly crystalline
polymers such as high density polyethylene, the thermal conductivity first increases
with increasing temperature and then reaches a maximum near 100 K. For polymers
with low crystallinity, the thermal conductivity increases slowly up to the glass
transition temperature. At cryogenic temperatures, a phonon scattering mechanism
arising from an acoustic mismatch at the interface between the amorphous and crystal-
line phase is very important. For amorphous polymers e.g., the case of poly(ethylene
terephthalate), its cryogenic thermal conductivity at 1.5 K is about ten times higher than
that of a partially crystalline sample [30].

Results for coefficient of thermal expansion (CTE) of seven epoxy resins are
measured and presented in Fig. 2.15 [31]. Epoxy resins A, B, and C are mold resins
used for cryogenic components (A: novolac, B: cycloaliphatic, and C: bisphenol A).
Epoxy resins D and E are room temperature-cured epoxy resins with low thermal
expansions. Resin D contains 42 wt.% calcium silicate fillers, and resin E contains
46 wt.% alumina fillers. Epoxy resins F and G are heat-resistant epoxy resins. The
pure epoxy resins (A—C) exhibit higher CTE than the epoxy composites (D and E)
containing inorganic particles. Moreover, the CTE for all resins decreases with
decreasing the temperature.
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Fig. 2.14 Temperature
dependence of thermal
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The reduction in the CTE of polymers is desired for cryogenic applications since
the CTE of polymers is normally higher than those for metals and ceramics, etc.,
used in cryogenic environments. The addition of silica nanoparticles can lead to the
decrease in the CTE of epoxy resins. Figure 2.16 shows the average CTE from RT to
77 K of the silica/epoxy nanocomposites as a function of silica content [32]. It can be
seen that the introduction of silica nanoparticles dramatically reduces the CTE. This
is because silica nanoparticles have much lower CTE than epoxy resins do.

The AL/Ly values of silica/PI composite films with different SiO, weight
fractions (0, 1, 3, 5, 8, 10, and 15 %) are shown in Fig. 2.17 as a function of
temperature [33]. The data are fitted by least-square method and seven AL/Ly ~ T
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Fig. 2.16 The effect of silica o
nanoparticle content on the X
average CTE from RT to S 6}
77 K [32] e

2

2 Sp

2]

o

3 4f

E

s 3

=

e 2l

t

2

o £

g 1

3

© 0

2
Silica content (wt2)

curves are obtained. The differential CTE of SiO,/PI composite films can be
obtained from Fig. 2.17, and the values are shown in Fig. 2.18 and partly shown
in Table 2.9.

It can be seen from Fig. 2.18 and Table 2.9 that there is an obvious effect of SiO,
content on the CTE of SiO,/PI composite films. The differential composite CTE
decreases with decreasing testing temperature. Moreover, the CTE increases with
increasing the SiO, content. For example, the CTE at RT decreases from
49.9 x 107°/°C for the pure PI film to 25.4 x 10°/°C for the composite film
with 8 wt.% silica. Also, when the SiO, content reaches to 15 wt.%, the differential
CTE corresponds to the lowest values. The morphology study [34, 35] shows that
the particles are well dispersed in the polyimide matrix and the mean particle size
decreases dramatically as the silica content decreases. Combination of the morpho-
logical observation and the results for the CTE indicates that the silica particle size
has a much less effect on the CTE but the particle content shows a relatively
significant effect on the CTE.

2.5 Cryogenic Creep and Sliding Performance

Cryogenic creep fracture of the polymers is the probable cause of the delayed coil
quenching in superconductive technology. Research on friction property of
polymers and composites at low temperatures is attributed to the application of
superconducting magnetic winding systems.

The creep strains, etc., at 77 K in epoxy resins B, E, and G under a compressive
stress of —100 MPa are shown in Fig. 2.19 [31]. It is shown that epoxy resins
exhibit large creep deformations even under elastic deformation at a cryogenic
temperature. The cryogenic creep strains are in typical stage-I logarithmic creep, in
which the strain hardening mechanism is dominant. The creep strains are almost
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Fig. 2.18 Differential CTE of silica/PI composite films [33]

proportional to the logarithmic time after about 10° s. Extrapolation displays that
the creep strains at 3 x 10% s can be evaluated as twice as those at 10° s. This type
of cryogenic creep deformation may cause a delayed resin fracture at an operating
temperature. Figure 2.19 also shows the results for the recovery strains after the
unloading. The recovery strains are similar to or larger than the creep strains up to
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Table 2.9 Differential CTE of SiO,/PI films calculated from Fig. 2.17 at three typical
temperatures for the 0—15 wt.% silica content [33]

CTE (10°%°C)
T(°C) 0 wt.% 1 wt.% 3 wt.% 5 wt.% 8 wt.% 10 wt.% 15 wt.%

—100 43.2 34.8 29.3 27.2 23.9 23.3 22.5
20 49.9 40.7 33.1 29.0 254 24.1 23.5
200 60.0 49.5 38.9 31.7 27.6 25.3 25.0
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Fig. 2.19 Creep and recovery strains under —100 MPa at 77 K in resins B, E, and G mentioned in
Fig. 2.14 [31]

10% s. When the load is applied again after recovery, creep deformation will occur,
similar to that at the first loading.

Details and frictional property of some polymer composites are shown in
Table 2.10 and Fig. 2.20 [36]. The average diameter of short carbon fibers is
approximately 14.5 pm, with an average fiber length of about 90 pm. The particle
size of polytetrafluoroethylene (PTFE) is around 4 um, whereas that of the graphite
flakes is around 20 pm. TiO, (Kronos 2310) with an average diameter of 300 nm is
applied as an additional nano-size filler. Figure 2.20 gives the results for the friction
coefficient of some composites based on different polymers as a function of temper-
ature. It is observed that the friction coefficient of all composites is reduced with
lowering the testing temperature. There are two possible reasons for the reduction in
frictional coefficient: (1) the increase of stiffness of the polymer composites at low
temperatures; and (2) the liquid lubricating effect of the cryogenic media (either
liquid nitrogen or liquid hydrogen) between the two contact partners.
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Table 2.10 Details of composites based on various polymer matrices [36]

Short carbon fiber Graphite PTFE TiO, (300 nm)
Matrix (vol.%) (vol) (vol.%) (vol.%)
Epoxy 15 15 0 5
Polyetheretherketone 15 5 5 0
(PEEK)
Polyamide 6,6 (PA 6,6) 15 5 0 5
Polyetherimide (PEI) 5 15 0 5
0.3 - T [—_JEpoxy
'[ [__1PEEK
[CIPA66
- PEI
c
2 02
5 I
=
Q
o
(&
e
S ?
:§ 0.1 T
|-
'8
0.0
296 K 77 K 20K

Temperature (K)

Fig. 2.20 Friction coefficient of different matrix composites in liquid hydrogen (20 K) and liquid
nitrogen (77 K) [36]

2.6 Cryogenic Dielectric Properties

It is scarcely seen materials specially designed for cryogenic dielectric applications
utilizing high-temperature superconductors (HTSs). So, electrical insulation
materials used in conventional high voltage and nonconducting structural materials
are adapted as cryogenic dielectric materials for HTS power applications.

The comparison of dielectric breakdown data for polyamide 6,6 (PA 6,6) and
polypropylene-laminated paper (PPLP) is shown in Fig. 2.21, where Eq is the
dielectric breakdown field. It shows that PA 6,6 has significantly (57 %) higher
breakdown strength than PPLP [37]. This means that high voltage equipment with
thinner insulation can be made using PA 6,6 instead of PPLP.

TiO, nanoparticles with a diameter smaller than 5 nm are synthesized in situ to
fabricate a cryogenic resin nanocomposite. The nanocomposite with 2.5 wt.% TiO,
shows a uniform distribution of the particles as clusters in the epoxy matrix.
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The dielectric breakdown data of the nanocomposite show significant improvement
over the pristine epoxy, as shown in Fig. 2.22. The data are presented in terms of
Weibull statistics [39, 40]

P(a, b, Eva) = 1 — exp[—(Eva/a)’] @.1)

where Eyq is the dielectric breakdown field, a the characteristic breakdown strength at
which the failure probability P = 0.6321, and f the slope which corresponds to
inverse scattering in the breakdown values. The parameters @ and f are estimated,
respectively, as 93.4 kV/mm and 5.98 for the pristine epoxy resin, whereas the
nanocomposite shows 109.9 kV/mm and 9.48 for @ and . The improvement in the
characteristic breakdown strength is approximately equal to 20 % due to 60 %
improvement in the slope. Finally, a possible dielectric design parameter can
be adopted by using (2.1) as the 1 % failure probability field, which is 56 % higher in
the nanocomposite (67.7 kV/mm) than in the unfilled epoxy resin (43.3 kV/mm). This
improvement means 0.64 times less insulation thickness for a given voltage level.

2.7 Influence of Water Absorption and Cryogenic Aging
on Cryogenic Properties

Polymers may absorb some amount of water and serve under cryogenic thermal
cycling. Effects of water absorption and cryogenic aging on cryogenic properties
are briefly summarized below.
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The results for the loss factor (tand), the shear modulus (G), and the CTE («a) are
presented in Figs. 2.23 and 2.24, respectively, for semicrystalline polyether-
etherketone (PEEK) and polyethersulphone (PES), which are in the dry and nearly
water-saturated state. It can be seen from Fig. 2.23 that the shear modulus of PEEK
is increased below the water peak at around 170 K, the damping peak at very low
temperatures is suppressed by water absorption, and nearly no influence on the CTE
is observed below 320 K.

The influence of water absorption on the cryogenic properties of PES is similar.
One reason might be that water is attached to a different polar group (sulphone
group). As is seen from Fig. 2.24, the existing damping peak at 175 K is increased
only slightly while the shear modulus is increased remarkably below 170 K. This is
also true for the Young’s modulus shown in Table 2.11, in which the results for the
Young’s modulus, E, are given. A slight reduction of Ey. at RT and a slight
increase of E at 77 K can be observed. However, the shear modulus is much
less influenced by water above 200 K. Moreover, there is only a slight influence of
water on the thermal expansion of PES. Below around 180 K, the thermal expansion
is reduced by water while above 180 K, the CTE is increased by water.

The situation is somewhat different for polyamides, which are nonaromatic and
have a low main glass transition temperature. No damping peaks exist at very low
temperatures and no influence of water is observed below 140 K at low water
concentrations as seen in Fig. 2.25 for PA 12 [41]. A small increase in shear
modulus due to water is observed in the temperature region starting at around
140 K. Below that temperature no shear modulus increase is observed. A shear
modulus decrease by water (softening effect), however, starts above 280 K.
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This may be the influence of the main glass transition whose tail can be seen from
the damping spectra above 300 K. In Table 2.11, the Young’s modulus of PA 12 is
given for the dry and wet samples. The Young’s modulus at RT is reduced by water
while that at 77 K is almost not influenced by water. In addition, at a temperature
below around 80 K, the effect of water on the thermal expansion of PA 12 can be
neglected while above around 80 K the thermal expansion is reduced by water.
Two grades of solvent-cast polyarylate films manufactured by ISONOVA,
namely 15F and 25F with thicknesses of 120 and 100 pm, respectively, are selected
for investigation of the cryogenic aging treatment on their properties [42]. Electri-
cal and mechanical properties of some polymers are studied by considering
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Table 2.11 Elastic modulus of dry and wet PES and PA12 samples [41]

PES PA 12
Testing temperature Egry E e (1.4 wt.% water) Egry E et (0.4 wt.% water)
RT (GPa) 2.83 2.70 2.05 1.83
77 K (GPa) 4.58 5.66 6.65 6.70

cryogenic aging treatment like soaking in liquid nitrogen for 24 h [42]. Table 2.12
shows the volume and surface resistance of the polymer films measured by applying
a d.c. potential of 500 V and a circular size sample of 6 cm in diameter. The
cryogenic aging seems to have no significant influence on resistance in the
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experimental error range. The only appreciable change is observed in the increase
of surface resistance of aged 25F film. This behavior is regarded to result from

surface preparation and contamination.

Table 2.12 also shows the results for the mechanical properties of control and
aged samples. The tensile strength and elongation at break does not change much
with cryogenic aging. The Young’s modulus appears to exhibit a slight increase for
both aged films. In summary, it seems that the cryogenic aging does not have a
significant influence on the tensile properties.
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Table 2.12 Volume and surface resistivity, and mechanical properties of polyarylate films [42]

Grade 15F Grade 25F
Property Control Aged Control Aged
Volume resistance (Q cm) 1.1 x 10'° 5.5 x 10" 6.2 x 107 7.6 x 10"
Surface resistance (€) 9.2 x 10" 1.3 x 10" 6.3 x 10" 1.1 x 10"
Tensile strength (MPa) 81 80 74 76
Young’s modulus (GPa) 0.80 0.91 1.04 1.06
Elongation at break (%) 82 76 47 48

2.8 Concluding Remarks and Outlooks

With the new developments of space, superconducting, electronic and defense
technologies as well as large cryogenic engineering projects such as International
Thermonuclear Experimental Reactor (ITER), etc., polymers are increasingly
applied as electrical insulators, thermal insulators, vacuum sealants, and matrix
materials for composites, etc., used in cryogenic environments. And the polymers
need to withstand exerted load by applied magnetic field, etc., severe cryogenic
environment and thermal cycling. The cryogenic mechanical and physical
properties of polymers are thus critical parameters for determining the applicability
of polymers for use in the severe cryogenic environments. The cryogenic properties
studied previously include tensile strength, modulus, elongation at break, fracture
resistance, thermal conductivity, thermal expansion, shear strength, and dielectric
breakdown strength, etc. Some attempt is also made to examine the effects of water
absorption and cryogenic aging, etc., on the cryogenic properties of polymers. The
previous knowledge on cryogenic properties of polymers provides useful informa-
tion and strong evidence that can tell us what polymers may be employed in
cryogenic engineering applications.

So far there are only a limited number of polymers successfully used in cryo-
genic engineering areas possibly because the cryogenic mechanical and physical
properties of most polymers are low and cannot meet the requirements by the
cryogenic engineering applications. Modification of polymers is possibly a good
means to enhance their cryogenic properties. However, relatively little work has
been reported on modification of polymers using modifiers to enhance the cryo-
genic properties of polymers so that the modified polymers may meet the high
requirements by the cryogenic engineering applications. Moreover, very little
work is made on hybridization of polymers using multifunctional fillers to get
multifunctional composites for cryogenic applications. Therefore, future research
work should be extensively directed towards enhancements of cryogenic properties
of polymers by modifying methods so that modified polymers will receive greater
success in their applications in cryogenic engineering areas. Multifunctional
composites are also an important direction for future work in this subject so that
polymers can be successfully applied in multifunctional devices such as cryogenic
sensors and actuators, etc., used in cryogenic environments.
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Abstract Polymers are extensively used for sliding systems in cryogenic
applications because of their favourable friction and wear behaviour in the absence
of external lubrication. Since important new technologies are based on applications
under extreme conditions, such as at low temperatures, new requirements on
material properties, in particular regarding their operability and reliability, must
be met. Up to now, most tribological investigations have been carried out in inert
cryogens or cryogenic gas (He, N,). Few experiments have been performed in
vacuum environment at cryogenic temperatures. Rarely were testing in reactive
media, such as LH, or LOX. Due to the wide range of operating conditions in
cryogenic applications, it is difficult to state general rules. Therefore, this chapter
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tends to give an overview on theories and experimental studies on polymer tribol-
ogy at cryogenic temperatures.

Keywords Cryogenic fluids « Cryotribology ¢ Friction ¢ Polymers

3.1 Introduction

The cryogenic properties of polymers are drawing attention with increased new
technologies. For tribological applications, materials have to be resistant to extreme
conditions of simultaneous influences of low temperatures, mechanical deformation
at the surface, special environments and the mutual interactions of these influences.
In the case of tribological applications in special reactive environments like hydro-
gen and oxygen, possible chemical reactions due to mechanical activation are also
to be expected. This involves new requirements on material properties, especially
regarding their operability and reliability. Polymers are used extensively in cryo-
genic applications because of their favourable friction and wear behaviour in the
absence of external lubrication. Polymers like Polytetrafluoroethylene (PTFE) are
particularly advantageous because of their ability to act as solid lubricants. The use
of polymer materials for tribological stressed systems at cryogenic temperatures
covers a wide range of applications such as:

— Storage and distribution of refrigerants: pumps, valves, bearing, seals

— Space technology including turbo pump bearings in rocket engines, gyroscopes,
moving parts in satellites

— Superconductivity: fusion technology, cryogenic electronic and magnet systems

In any of these applications, stringent operation conditions lead to a continuous
material development and testing.

Ultra-high vacuum, a wide temperature range, presence of atomic oxygen and
limited applicability of liquid lubricants, make open space an extremely hostile
environment for tribologically stressed components in satellites [1, 2]. The main
polymer composites used are glass-fibre reinforced PTFE and MoS,-filled
Polyimide (PI). This is why extensive works have been carried out with PTFE, PI
and also Polychlortrifluorethylene (PCTFE) materials. These have to withstand low
temperatures but also ultra-high vacuum.

One example of applied superconductivity is controlled nuclear fusion where
large-scale superconducting magnets are necessary for plasma confinement. The
Tokamak and the stellarator configuration employ a variety of superconducting
magnets that are operated at cryogenic temperatures. Both types need support
elements which link cryogenic devices to room temperature (RT) environment. In
particular the stellarator type, with its complicated magnet configuration, also
requires support elements between the coils. These components are operated in
high vacuum at temperatures of 4-5 K. Further requirements are high mechanical
strength, high thermal insulating power and the ability to allow relative movement
without creating mechanical disturbances such as stick-slip. The problem of
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relative motion between surfaces in the magnet system is also present inside the
system in LHe due to various forces including winding pretension, differences in
material thermal contraction and the large electromagnetic forces. Small mechani-
cal disturbances resulting in frictional heating can be sufficient to exceed the wire’s
critical temperature, resulting inevitably to quenching.

Another specific area of interest is hydrogen technology, which is considered to
be the new generation of environmentally compatible energy carrier instead of
gasoline in the transportation industry. It may also serve as an energy storage
medium, which is a prerequisite for an energy supply based on renewable sources.
Because of the low density of hydrogen gas at ambient temperature, liquefaction
(boiling temperature: 20 K) for transportation of large quantities of hydrogen is
state of the art. Insulation and sealing of components, permeation through the
materials and in particular hydrogen-induced embrittlement are of increased impor-
tance. Tribological experimental data of materials at low temperatures and in
hydrogen environment are hardly available due to cost and safety reasons. There-
fore, it is necessary to fill the lack of information since conventional materials
cannot automatically be employed [3].

Due to the wide range of operating conditions in cryogenic applications (inert or
reactive environments, sliding velocities, contact pressures, etc.) it is difficult to fit
experiments with theories. This chapter gives an overview of the theories and
experimental studies that have been conducted on polymer tribology at cryogenic
temperatures, in particular those carried out at the Federal Institute for Materials
Research and Testing, BAM. Because of the temperature-dependent characteristics
of polymer materials, thermal and mechanical properties relevant of tribological
applications will be initially briefly summarized.

3.2 State of the Art

3.2.1 Low-Temperature Properties of Polymer Materials

It is well known that the properties of polymers strongly depend on the temperature.
As seen in previous chapters, polymeric chains get frozen at low temperatures.
Below the glass transition, other relaxations can occur, which are related to
movements of molecular segments and side chains. Thermal vibrations and
deformations are controlled mainly by the weak interchain binding forces (van
der Waals) [4]. These restrictions of movements can seriously affect the properties
of polymers and thereby their tribological properties, for example by hindering the
formation of thin shear layer. Some of the main low temperature properties of
polymer materials, relevant in tribology, are mechanical deformation, thermal
conductivity and thermal expansion (contraction).

According to Hartwig [4], the thermal conductivity of polymers at cryogenic
temperatures depends weakly on the composition. For semicrystalline polymers, it
depends mainly on the crystalline content and on the crystallite size. At very low
temperatures and not too high stress levels the deformation behaviour is determined
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Fig. 3.1 Young’s modulus of PTFE and PEEK composite at 300 and 77 K [7]

by van der Waals binding potential. Time-dependent viscoelastic effects are negli-
gible and most polymers behave elastically. Mechanical properties of unfilled
polymers have been extensively studied at low temperatures [4—6], and show
increased moduli with decreasing temperature down to LHe. It has been observed
that the properties of PTFE composites are more affected at low temperatures than
the ones of Polyetheretherketone (PEEK) composites that already have a high
Young’s modulus at ambient temperature (Fig. 3.1) [7].

Problems arise for most designs of cryogenic support structures from the thermal
expansion, especially if different materials are involved. In composite materials,
different thermal coefficients of expansion between matrix and fibres can lead to
mechanical stresses at the interface of components. Thermal cycle experiments
between RT in air and LN, and between RT and LHe showed significant changes at
the surface of polymer composite including cracks and extraction of particles
(Fig. 3.2) [8].

3.2.2 Cryogenic Environments

Cryogenic engineering is concerned with technologies for the temperature range
below 120 K (—153 °C). These applications may run in liquid cryogens, cryogenic
gases or in vacuum at low temperatures. Most of the tribological studies were
performed in LN, as it is an inert and low cost cryogen. Tests in LHe became more
and more important as applications of superconductivity increased. LH, and LOX
were used up to now mainly in aerospace propulsion. Therefore, only few
laboratories developed test equipment adapted to these environments. With the
increasing interest in hydrogen as an energy carrier, more facilities are now
available for material testing in hydrogen environment but only few in LH, at
20 K. Tribological experiments in vacuum are usually restricted to temperatures
above 77 K, rarely down to 4 K.
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Fig. 3.2 AFM images and linescans of bronze/CF-filled PTFE composite (a) before and (b) after
thermal cycles in LN,

Table 3.1 Properties of cryogenic fluids

Property LHe LH, LN, LOX CH,4
Boiling temperature T},1 bar K 4.2 204 71.3 90 111.7
Heat of evaporation at T}, kl/kg 20.9 446 199.1 213 510,3
Density at T, Kg/m® 124.8 70.8 804.2 1,141 422.6
Specific heat at T}, kJ/kgK 44 9.3 2 1.7

Thermal conductivity at Ty, 10~* W/mK 272 119 139.8 1.52

Viscosity at Ty, 1077 kg/ms 35 133 1,650 2,000

The tribological behaviour of a friction couple is substantially dependent not only
on the temperature but also on the environment [3]. This is mainly due to different
thermal and chemical properties of the environment. Table 3.1 summarizes some
properties of five cryogenic liquids.

3.2.3 Friction Models

As described in [9], friction is essentially an energy dissipation process which is
determined by heat generation and dissipation at the friction contact. It has been
characterized by the two following models:
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— The adhesion model of friction, which applies to the immediate interfacial zone
and corresponds to high rates of energy dissipation.

— The deformation model of friction, which involves deformation and ploughing
within a larger volume of material and hence lower rates of energy dissipation.

Thereby the friction can be described by F' = F, + F4, where F, and F4 are the
adhesion and deformation components of friction respectively.

In general, the adhesion component of friction (F,) is determined by the forma-
tion and rupture of interfacial adhesion bonds. The attractive interaction forces
include primary chemical bonds, i.e. metallic, covalent and ionic, as well as
secondary van der Waals bonds [10]. The adhesion between polymeric solids is
mainly determined by van der Waals forces.

F, introduces strain due to the interfacial stresses generated by the adhesive
forces operating between the two solids. It can be expressed as

Fa = TsAn (31)

where 7 is the shear strength of the contacts and A, is the real contact surface.
Analogously, the adhesive friction coefficient can be expressed as

T,
Hy = FN :

(3.2)

The determining factors for the adhesive friction coefficient are the adhesive
interaction and the real contact surface, and depend therefore of both the shear
strength and the real contact area.

In a simple way, the deformation component of friction has been described [9] as

pg < E713 (3.3)

and is therefore inversely proportional to the Young’s modulus (E).

The relationship between deformation and adhesion components of friction has
been discussed among others by Bartenev and Lavrentev [11, 12]. They concluded
that the relationship between F, and F4 is determined by the type and nature of
polymer, the surface roughness and the testing conditions.

3.2.4 Cryotribology

Low temperatures imply lower thermal conductivity of sliding material and better
cooling efficiency of the surrounding medium. This obviously influences a change
in the friction behaviour at cryogenic temperatures.

Attempts to find an empirical relationship between the friction force and the
temperature were made in the past decades. According to the molecular-kinetic
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theory, Bartenev [12] proposed the following relationship between the friction force
and the absolute temperature for high elastic polymer, where A is the real area of
contact, A the elementary real area of contact of one chain of polymer network, U
the activation energy of the friction process referred to a single chain and A the mean
length of a jump. The quantity T, is a constant with the dimension of the
temperature.

2U T
F="2A(1-= 4
AAg ( To> GH

Other authors [13, 14] proposed an adjusted Arrhenius equation to fit the friction
behaviour of PTFE where C is a constant (m/s)fl, V the sliding velocity (m/s), R the
universal gas constant and E, the activation energy (J/mol).

u= vy (34-4) (3.5)

Equations (3.4) and (3.5), however, could not be verified at cryogenic
temperatures.

At very low temperatures, two main theories have been used to describe the
friction behaviour of polymeric materials:

As the Young’s modulus increases at low temperatures, the deformation
components of friction decreases as well as the real contact area. Furthermore,
since the adhesion component of the friction force F, is related to the real contact
area A, according to (3.1), the corresponding adhesive friction should decrease with
decreasing A,. Consequently, the deformation and the adhesion component of
friction should decrease at low temperature, accordingly to the two models of
friction described above.

On the other hand, according to (3.1), F, can also increase at low temperature due
to an increase of the shear strength [15]. This theory was supported in particular by
Gardos, who suggested that friction of PTFE should be higher at low temperatures
due to large “lumpy” transfer film particles adhering to the counterface [16].

Therefore, the adhesive component of friction is the combined effect of a
decrease of the real contact area and an increase in shear strength at low
temperatures.

It should be added that the relationships between the elastic modulus and the
temperature, as well as, between shear strength and the temperature are not always
proportional due to glass transition of polymer [15]. If the main glass transition of
polymer appears above 150 K, some small mechanical losses have been found at about
50 K for certain polymers [17], as well as tunnelling effect at very low temperatures
[18]. These processes, which are polymer dependent, can also have an influence on the
polymer properties, and therefore on the friction behaviour at cryogenic temperatures.
As reported in Ludema and Tabor [19], the relationship between friction and tempera-
ture (down to —100 °C) for various polymers against steel depends on each polymer
and does not follow a linear trend. Therefore, according to the statements above, it
would not be possible to give a general rule for all polymers.
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Another important factor that influences the frictional behaviour of polymers is
obviously the environmental medium. That is why the authors will tend to review
experiments according to the environment.

3.3 Review of Experiments

3.3.1 Experiments in LN,

3.3.1.1 Influence of the Composition

Low temperature investigations of polymers have been mainly performed in liquid
cryogens. Due to their exceptional lubricating properties PTFE and PTFE
composites have been studied since many decades [20] and successfully utilized
in space applications. Since then, in addition to PTFE which still is of major
interest, a variety of polymers like Ultra High Molecular Weight Polyethylene
(UHMWPE), PCTFE, Polyamide (PA), PI, PEEK have been tested against steel
in LN, [3, 21-24]. Most experiments showed lower friction and wear in LN,
compared to RT, attributed to the decreasing deformation.

While the friction and wear values generally decrease in cryogens and in particu-
larly in LN,, the mechanisms were found to be dependent on the polymer materials.
Whereas the wear mechanism of PI was found to be mainly adhesive in LN,
contrarily to ambient air [23], strong abrasion has been observed with PA6 in LN,
due to hydrogen bonds that become very strong at low temperatures [24].
Concerning the wear mechanism of PTFE composites in LN, it was found to be
strongly dependent on the sliding velocity. At very low velocities (0.006 m/s) the
wear is characterized by highly localized deformation and scoring with evidence of
surface fatigue [21]. At higher velocities, PTFE enables some transfer to the steel
counterface due to the heat generated during sliding at 0.2 m/s and even more at
1 m/s [3, 24]. The influence of the velocities will be reported in more details later on.

The influence of the polymer composition has been further investigated within
PTFE and PEEK matrix against steel. Particularly in LN,, which is an effective
coolant with a relatively high viscosity, lower friction values were observed
compared to RT independently of the material composition (Fig. 3.3). Whereas
the composition of the materials plays an important role at RT, the type of fillers (a)
as well as the percentage of fillers and fibres (b and c) do not influence the friction
coefficient in LN, as much [3, 7, 25].

Regarding the wear behaviour, the influence of the filler and matrix were more
important (Fig. 3.4). Better wear resistance was found with bronze-filled PTFE
composite compared to PEEK-filled PTFE, which was associated partly to a better
thermal conductivity of the bronze-filled composite [7, 25]. The performance of
PEEK composite, however, is far the best in LN, with the lowest specific wear rate.
It has been shown that at low temperatures, the transfer of material onto the disc
doesn’t build a homogenous film as it does at RT as shown by the optical
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Fig. 3.4 Wear rate of PTFE and PEEK composites at 300 K in air and 77 K in LN,

microscopy images (Fig. 3.5). The destruction of the PTFE band structure is
hindered by the frozen state of the molecules, which also prevents the composite
material from wearing out. Friction depends no longer on the formation and
adhesion of the transfer film, but more on the real surface area in contact between
pin and disc [7].
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Fig. 3.5 SEM images of polymer composite and counterface after tests at RT and in LN, at

(a) PTFE composite against steel. (b) PEEK composite against steel
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Fig. 3.6 Friction coefficient of PTFE filled with 30 % bronze and 10 % CF in LN, [25]
3.3.1.2 Influence of the Velocities

The influence of the velocities has been investigated in particular in LN,. As
mentioned in Michael et al. [22] and Rabinowcz [26], high speeds and low
temperatures should prevent excessive junction growth, which produces a small
contact area and low friction values, whereas, at low speeds and high temperatures,
the strain-rate-dependent junction shear stress drops markedly, resulting in simi-
larly low friction values. In [27], Michael showed however that at low temperature
(77 K), the friction coefficient is independent of the speed.

The influence of velocity was also investigated with PI against steel in LN, [23].
Friction is nearly constant from 0.05 until 4 m/s. Below 2 m/s, the friction coeffi-
cient is lower in LN, than in ambient air and adhesion is predominant. Above 2 m/s,
deformation regains importance. Similarly, the friction coefficient of PTFE
composites was constant at v = 1, 0.2 and 0.06 m/s (Fig. 3.6) in LN, [25].
Therefore an optimal cooling seems to be reached in LN, until 1 m/s. It was also
suggested that LN, has an influence in removing wear particles from the surface,
probably due to its relatively higher viscosity.

3.3.2 Experiments in Helium Environment

As seen above, friction and wear of polymer composites decrease in LN, compared
to RT. However, this decrease is not proportional to the temperature of the cryogens
but depends on the temperature at the friction contact. Experiments in cryogens
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showed higher friction in LHe than in LN, for several polymers [2, 7, 22, 24]. The
thermal properties of the cryogenic medium, particularly the heat of evaporation
and thermal conductivity, have a significant influence on the tribological perfor-
mance of the polymer composites, especially since the thermal conductivity of the
polymer decreases.

As explained in Friedrich et al. [7] and Theiler [25], experiments at T = 77 K
indicate a much more favourable tribological behaviour in LN, than in helium gas
due to a better cooling efficiency of the cryogenic fluid compared to the gas
(Fig. 3.7a). In the same study, the friction coefficient of PTFE composite against
steel were measured in helium environment at T = 77K, T = 30K and T = 4.2 K
(Fig. 3.7b). Contrary to the experiments in LN,, the influence of the velocities is
significant in helium environment. At 0.2 m/s, the coefficient of friction decreases
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with the temperature whereas at higher speed friction becomes independent of the
temperature. Due to the lower frictional heat at low sliding speed, the effect of low
temperatures on the tribological behaviour of these composites was more clearly
detected under these conditions, with a change in wear mechanism from mainly
adhesive to more abrasive.

3.3.3 Stick-Slip Behaviour

Kensley [28] studied several metal-insulator combinations and found that LHe
promotes stable sliding, whereas a stable sliding regime in LN, was much more
difficult to achieve. He suggested that the existence of a critical temperature at
which a transition from stable to unstable behaviour occurs at ~40 K.

Friction of polymer against polymer generally has a higher adhesion than against
metal. Iwasbuchi investigated Polyethylene reinforced plastic vs. itself or vs. epoxy
in air at RT, in LN, and in LHe [29]. Friction was the lowest at 77 K and the highest
at 4 K.

On-going experiments carried out at BAM at low temperatures showed that the
friction behaviour at the first pass is quite dependent on the polymer investigated.
Similarly to Iwabuchi et al. [29], friction is lower at 77 K and higher at 4 K for
Polyethylene terephthalate (PET) against PET (Fig. 3.8a). However, the friction
behaviour of PTFE composite against PET is characterized by a lower friction at
RT, high static friction in LN, and stick-slip at 4 K (Fig. 3.8b). In these
experiments, the friction behaviour is similar in LN, for the two different friction
couples, but polymer chemical structure has an influence in LHe.

3.3.4 Experiments in LOX and LH,

In reactive LH,, the first major works were performed by NASA Lewis Research
Center [30-32]. Wisander studied PTFE laminate against stainless steel. The wear
tracks were deeper and rougher in LH, than in LN,. In a further work, he
investigated several polymer composites in LH, for applications in turbo pumps,
i.e. at high velocities (11.6 m/s) [32]. Promising results were obtained with
graphite-filled PA, graphite and glass-fibre-filled PCTFE and PTFE-filled
polyparaphenyl (PPP).

Experiments in LOX were conducted by Bozet who studied the influence of the
environment on the wear behaviour of graphite-filled PI [33]. Compared to LN,,
the wear increased in LOX due to chemical process, in particular to the oxidation of
the surface of the PI resulting in embrittlement and removal by abrasive of the
mating material surface.

Theiler et al. studied the influence of liquid and gaseous hydrogen on the
tribological behaviour of PTFE and PEEK composites. Compared with air, nitrogen
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Fig. 3.8 Friction behaviour of polymer against polymer at 5 MPa during the first few seconds.
(a) PET vs. PET. (b) PTFE composite vs. PET

or helium environments, the adhesion of the transfer is hindered in hydrogen
(Fig. 3.9). Chemical analyses showed that the reduction properties of hydrogen
have an influence on the triboreaction at the contact surface, enhancing the forma-
tion of iron fluorides to the detriment of peroxides that have a good adhesion to
metal surfaces [25].
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Fig. 3.9 AFM images of the surface of the discs after tests against bronze/CF-filled PTFE at
v = 0.2 m/s in (a) LN, and (b) LH,

Further friction experiments were conducted with several composites in LH,. As
seen in Fig. 3.10 the friction of most polymer composites is lower in LH, compared
to ambient air, particularly the ones containing graphite as solid lubricant [34].

3.3.5 Experiments in Vacuum

Testing in vacuum is certainly the best way to study the influence of the temperature
on the friction behaviour without having any effect of the cryogenic medium.
According to the authors, only few researchers performed experimentations at
cryogenic temperatures.

Bartenev and Elkin [11, 12] studied the friction force for viscoelastic polymer
against steel between —200 °C (73 K) and 160 °C (473 K). At low temperatures,
friction decreases due to a decrease in contact area. At higher temperatures, friction
decreases with temperature according to the molecular-kinetic theory. The temper-
ature dependence of the friction force was characterized by two maxima, a principal
and a low-temperature maximum. The low-temperature maximum observed in the
glassy state was associated with the mechanical loss maximum which could be
related to microdeformation of the asperities as the polymer slides over the rigid
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Fig. 3.10 Friction coefficient of various polymer composites in LH; (20 K) and in air (300 K) [34]

surface. Bartenev suggested however that this low-temperature maximum could
also occur as a result of two competing factors. One is the growth of the forces of
adhesion and hence the force of friction as the temperature falls. The other is the
reduction in the actual area of contact and hence the force of friction upon transition
from forced-elastic to purely elastic contact.

Similar observations were made by Martin who conducted few experiments in
ultra-high vacuum [35]. Polyethylene film against metal was investigated as a
function of temperature in the range 123-393 K. The maximal friction is reached
at ambient temperature (300 K). Decreasing the temperature decreases the friction
coefficient due to higher hardness. On the other hand, increasing the temperature
above 300 K also decreases friction, which was also attributed to increased molec-
ular flow.

More recently Burton [36] investigated the friction coefficient of PTFE coating
against steel in vacuum using a sliding block cryotribometer down to 4 K. Results
showed very little dependence of the temperature between 4 and 200 K. Contrary to
his expectation, he concluded that at sufficiently low temperatures, the rate of
thermally activated processes becomes vanishingly small.

3.4 Conclusion

Sliding systems in cryogenic environments are present in a wide variety of technical
applications ranging from turbo pumps in rocket engines to supporting and
insulating elements in applied superconductivity.

Many polymer materials maintain their favourable tribological properties in dry
sliding also at low temperatures. Therefore, they are extensively used in cryogenic
engineering where conventional lubrication by oil or grease is not possible. Com-
pared to RT, many polymers show lower friction and reduced wear under cryogenic
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conditions. Because of their chemical inertness, polymers are also appropriate for
operation in reactive media, such as hydrogen or oxygen.

As stick-slip is a major problem in the operation safety of superconducting
magnets, knowledge about the frictional behaviour of polymers used for electrical
insulation or as spacers must be gained.

Although friction and wear have been well studied since many decades, the
tribological behaviour of polymer materials doesn’t systematically follow theories
at very low temperatures. Due to the wide range of operating conditions in cryo-
genic applications, it is difficult to state general rules. Therefore, experimental
studies should be performed when new materials or requirements are demanded.
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Abstract High specific strength, stiffness, excellent environmental fatigue resis-
tance and low weight remain the winning alliance that impels fibrous composite
materials into new arenas, but other properties are also equally important. Fibrous
reinforced plastics (FRPs) offer good vibrational damping and a low coefficient of
thermal expansion, characteristics that can be engineered for specialized applications.
Commercial composites are used in large markets such as automotive components,
boats, consumer goods, and corrosion-resistant industrial parts. Advanced
composites, initially developed for military aerospace applications, offer perfor-
mance superior to that of conventional structural metals and now find applications
in satellites, aircraft, and sporting goods and in the energy sector in oil and gas
exploration and wind turbine constructions. Cryogenic applications of polymeric
fiber composites are mainly in superconductivity, space technology, and handling
of liquefied gases. By contrast, because of the heterogeneous nature and anisotropic
behavior of FRPs, a structural designer faces challenges in predicting the integrity
and durability of FRP laminates during service periods. Polymer composites soften,
creep, and distort when heated to high temperatures (>100 °C), accompanied by
collapse of free volume as the molecular adjustments take place. This can result in
buckling and failure of load-bearing composites structures. Severe environmental
exposure affects the physical and mechanical properties of polymeric composite
materials, resulting in an undesirable degradation and damage.

Cryogenic fuel tanks are the most common structural application of FRP at low
temperatures. Expose to cryogenic temperatures can cause microcracks as well as
delamination in the composites due to thermal residual stresses. These microcracks
provide a pathway for the ingress of moisture or corrosive chemicals and are a
possible pathway for loss of cryogenic fluids in the tanks. Matrix resins at low
temperatures are brittle and do not allow relaxation of residual stresses or stress
concentration to take place. At low temperatures, polymers are well below their
glass transition temperature and show little viscoelastic behavior. Molecular motion
of segments or side groups is still possible, but the degrees of freedom decrease with
decreasing temperature. This motion influences the damping behavior of the
polymers under cyclic mechanical load. If the temperature-dependent relaxation
time of molecular motion is equal to the time of external deformation, maximum
power dissipation occurs. Simultaneously, a change in the shear modulus is
observed. The goal of this chapter is to extensively study the in-plane mechanical
properties of FRP composites at cryogenic temperatures. The composites consid-
ered include carbon, glass, and Kevlar fiber-reinforced polymers with different
resin matrices.
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Abbreviations

AFM Atomic force microscope
CFRP Carbon fiber-reinforced plastic
FRP Fibrous reinforced plastic
FTIR Fourier transform infrared spectroscopy
GFRP Glass fiber-reinforced plastic
ILSS Interlaminar shear strength
IPN Interpenetrating network

PMC Polymer matrix composites
SEM Scanning electron microscope
T, Glass transition temperature

TMDSC Temperature-modulated differential scanning calorimetry

4.1 Introduction

4.1.1 Status and Strength

During the last few decades, composite materials have become an interesting topic
to engineers and manufacturers. The first appearance of composites dates back to
1500 Bc when Mesopotamians and Egyptian settlers made their strong and durable
homes with a mixture of mud and straw. Straw acts as reinforcement and fulfills all
the optimum properties. The major categories of composites are metal matrix
composite (MMC), ceramic matrix composite (CMC), and polymer matrix com-
posite (PMC). The material applications and degradation characteristics are very
specific to the composite material. This chapter focuses mostly on PMCs, with
special emphasis on performance at low temperatures.

The term “composite” covers a very broad class of materials made of several
(at least two) components. In contrast to alloys, the composite constituents are
generally distinct at the macroscopic level. However, composite materials are often
engineered for specific requirements. Commercial composites are used in large
markets such as automotive components, boats, consumer goods, and corrosion-
resistance industrial parts. Advanced composites, initially developed for military
aerospace applications, offer performance superior to that of conventional structural
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metals and now find applications in satellites, aircraft, and sporting goods and in the
energy sector in oil and gas exploration and wind turbine construction. Aircraft doors,
fairings, and interior panels are perfect for FRP technology. Other potential
applications could include the horizontal tail leading edge, pylon stub fairing, and
engine cowl panel troop door deflector. The large Airbus A380 has 11 times greater
length and over 1,000 times the weight of the Wright’s 1903 Flyer, this super-jumbo
will be the first airliner to have a carbon fiber composite (CFRP) centre-wing box. In
addition, the rear pressure bulkhead, crucial for passenger safety, will be of CFRP, as
will the entire rear fuselage aft of the bulkhead. This is one of the largest carbon fiber
parts yet produced by Airbus. The composite A500 carbon Aero from Adam Aircraft
flew successfully in mid-2003. Composite materials are being used in several crucial
parts of helicopters such as the Boeing-Sikorsky Comanche helicopter and Bell-
Boeing V22 Osprey. The parts include exhaust doors, shrouds for transmission, and
tail rotor blades. The composite deck is expected to last for more than 50 years with
less maintenance. Currently, a car manufacturer is using composite materials in car
metal bumpers, radiator end tanks, door handles, and front and rear ends [1, 2]. The
world’s oldest composite industry was founded in Russia. Looking to the future,
Russians will be fighting against the constraints of gravity with composite
applications and there will be some exploring opportunities available. Russia has a
very comprehensive and extensive rail and road network, with major cities having
underground transport systems. As more and more cargo is exported and more people
travel by rail, refurbishment of rolling stocks is strongly needed. The temperature in
winter is very cold and as a result the coaches and wagons face severe corrosion
problems. Composite materials seem to be the best choice for refurbishment of old
systems. A recent example for this is the Bridge-in-a-Backpack for the 2014 Winter
Olympics in Russia. This is an innovative inflatable composite-concrete arch bridge
developed to reduce construction time and cost, increase in lifespan, reduce mainte-
nance costs, and reduce the carbon footprint of bridge construction.

Polymer matrix is mainly used for the hull bottom of V24 racing powerboats.
Here, the hull bottom is designed to both minimize the wetted area as the boat rises
in the water at speed and to help aerate the water’s surface layer for providing a
more forgiving ride. Windmill blades made up of FRP are exposed to a large
number of sustained and occasional environmental loads such as bending, vibra-
tion, UV, cold and heat, moisture, and also impact loading. Such loads combined
with large dimensions perfectly illustrate the challenge of durability assessment of
composite materials.

At cryogenic temperatures (i.e., below —150 °C), fibrous polymeric composites
undergo inelastic deformation and damage when subjected to mechanical loading.
Despite such a restriction, the field of polymer composites still remains broad. The
nature and geometry of the material constituents define the response of the com-
posite to external mechanical and environmental loads to a large extent. At low
temperatures, the material might have some nucleating cracks and delaminated
areas, possibly by misfit strains at the interface region due to differences in the
coefficient of thermal expansion (CTE). Also, matrix resin is brittle at low
temperatures unless modified by a modifier agent to increase its toughness value
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and retaining its strain capabilities. However, at low temperatures the performance
of fiber has not been well evaluated and characterized. Unless and until a complete
and comprehensive study of the constituents (fiber, matrix resin, and interphase) of
FRP composites has been made and assessed, the full potential of these material
may not be fully utilized for cryogenic applications.

4.1.2 Prospects and Problems

Structures like the “Benghazi Dome”, an advanced roof in Dubai Airport, and the
roof of London’s Covent Garden Flower Market show the long-term durability and
integrity of composite materials. A church spire made up of GFRP-reinforced
materials stands near Birmingham, UK, erected in 1961 and still in service. There
are many instances where composites have been added to pilot or demonstration
projects but where better care should have been taken in their design and imple-
mentation. Boeing has awarded a project for developing damage tolerant design.
A marine engineer will be designing a propeller in which the plastics are strong
enough to serve the requirement. Many ships have propellers made of metal, which
are corroded easily in sea water and set up galvanic action. To overcome these
problems, plastics can play a vital role. Resin Systems (Edmonton, Canada) is
launching a range of composite hockey stick shafts that are urethane-based com-
posite resins with fiber replacement technology. This type of hockey stick has better
cut resistance and impact resistance as compared to other competitive products.
Most polymer matrices are characterized by the presence of amorphous phases. Due
to this non-equilibrium state, polymer composites are particularly sensitive to
environmental factors such as temperature, time, and exposure to liquids, gases,
electrical fields, and radiation. Static and dynamic mechanical loads can interact
with the environmental parameters and accelerate the degradation process. Defects
along the matrix and reinforcement interface further amplify the action of environ-
mental factors. In this chapter, we investigate the effects of low temperature on the
structural integrity of PMC.

Hydrogen technology is progressing rapidly. Liquid hydrogen vessels for vehicles
will be made with lightweight materials of high specific strength and fatigue resis-
tance and low thermal conductivity. Wind tunnels yield much higher Reynolds
numbers when operated at cryogenic temperatures. CFRPs are prime candidates
due to their high specific strength and high fatigue endurance limit for this applica-
tion. The maximum use of FRP composites in large structural applications requires a
better understanding of interdependent thermal and mechanical responses when
subjected to elevated and high temperature. The thermo-mechanical behavior of
FRP composites mainly depends on the polymer resin used [3-6, 8]. For better
application of fibrous composites, a comprehensive understanding of the mechanisms
of aging and environmental degradation is needed. Environmental attack can degrade
the fiber—matrix interface mostly by mechanochemical processes. The thermal aging
behavior of epoxy resins is important because of their expanding use for structural
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applications, where increased temperatures are a common environmental condition.
A material that exhibits ductile behavior at room temperature may become brittle at
low temperatures or may soften and creep at elevated temperatures [7]. With these
temperature fluctuations, changes in strength and/or stiffness are observed. The effect
of the combination of thermal and mechanical stresses may cause a change in location
of failure as well as a change in the threshold load factor needed to cause failure. It is
very difficult to generalize the effect of changes in temperature. Matrix-dominated
properties such as compressive, flexural, shear, and transverse properties are mostly
affected by the temperature of the matrix. Thermal conditioning imparts better
adhesion and, thus, an improved interlaminar shear strength (ILSS) value, especially
for lower conditioning times . Considering the dependency on temperature for the
physical properties of many polymeric materials, various relaxation effects are
extremely important. Thermal degradation of resin involves chemical reaction and
physical changes. Chemical reaction is represented by oxidation, further crosslinking
and reaction of unreacted monomers, whereas physical change is represented by the
viscoelastic behavior. The viscoelastic yield behavior generally depends upon the
temperature and loading rate. At the macromolecular scale, chain scission and
crosslinking affect the polymer network and, thus, alter the mechanical properties
of the oxidized layer [8]. At the macroscopic level, the hindered shrinkage of the
oxidized layer induces a stress gradient that is susceptible to the initiation and
propagation of cracks [1]. Thermal conditioning behaviors of glass/epoxy and carbon/
epoxy composites are in huge demand because of their expanding use for structural
applications where increased temperatures are a common environmental condition.
The fracture processes of polymers are strongly influenced by deformation or yielding
processes, which depend on temperature and time. At very low temperatures, no
yielding is possible and fracture is brittle. At high temperatures, two characteristic
phenomena occur after the yield point: strain softening and strain hardening [8]. The
specimens tested at a lower temperature are characterized by a greater level of
microcracking and delamination. These effects are believed to be due to higher
thermal residual stresses. Due to the heterogeneous nature of the fiber and matrix,
there are large thermal expansion and contraction mismatches, which generates
thermal stresses. This weakens the fiber—matrix interface and, as a result, their ILSS
values deteriorate progressively.

4.2 Architecture and Character of Synthetic Fibers
and Chemistry of Matrix Resins

A large choices of synthetic fibers is currently available for tailoring the FRPs to meet
the needs of a wide spectrum of applications, from casual to supercritical range.
Glass, carbon, and Kevlar fibers are the major classes of reinforcement for advanced
composites. Glass is an amorphous material (i.e., non-equilibrium) in nature. Glass
has been used for various purposes for thousands of years. There are different grades
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of glass fibers: E-glass (E for electrical) is based on CaO-Al,03-SiO,. Its excellent
process ability enables the drawing of long fibers at relatively low cost. S-glass on the
other hand is based on SiO,—Al,03;—Mg and exhibits a higher stiffness and strength.
Unfortunately, the higher temperature resistance of S-glass also translates into more
difficult fiber manufacturing processes, yielding higher fabrication costs. Carbon
fibers are generally used in more advanced applications. Carbon fibers can be
developed from different precursors such as rayon, cellulose, and polyacrylonitrile
(PAN). Manufacturing processes are generally complex and details kept proprietary.
The price of carbon fibers still remains high and their use is generally confined to key
components where the high stiffness-to-weight ratio enables significant cost
reductions. For calculation purposes, it might also be meaningful to classify
composites with respect to their reinforcement geometries. Multiple reinforcement
geometries exist, including continuous fiber reinforcement, fabrics, short (mat) rein-
forcement, particulate reinforcement, and (occasionally) 3D reinforcement.
Depending on the application, such reinforcements can be included in various
composite structures such as single layers, laminated structures, or sandwich
composites.

Aramid fiber is used to make a variety of clothing, accessories, and safety
equipment. It is lightweight and extraordinarily strong, with five times the strength
of steel on an equal-weight basis. Best known for its use in ballistic- and stab-resistant
body armor, Kevlar brand aramid fiber has shown its own heroism in helping to save
the lives of thousands of people around the world.

4.2.1 Glass Fiber

Glass fibers are widely used in all types of polymer composite. It is used in aircrafts,
civil infrastructures, and sports goods [9-12]. A well-known application is the hull
of yachts. This is ideal use of fabric with polyester resin and glass fiber in a marine
environment, giving freedom from corrosion. The nonmagnetic nature of glass fiber
is an excellent choice for minesweeper hulls, instead of magnetic steel with its
disadvantages. In Germany during World War I, glass fibers (replacing asbestos)
were produced by touching a heat-softened glass rod to a spinning wheel [13].

4.2.1.1 Structure and Properties of Glass Fiber

After World War II, glass fibers entered the market in a greater volume for
reinforcement of polymers. Various types of glass fiber exist, but the chemical
composition is mostly based on silica (SiO,) with addition of oxides of alumina,
sodium, magnesium, and calcium. Fibers can be produced in either a continuous
filament or staple form. The molten glass is extruded through a hole of 1 or 2 mm
diameter in a spinner jet. The fiber diameter usually lies between 5 and 15 pm and is
greatly influenced by the winding speed and viscosity of the molten glass.
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The composition of E-glass fiber is: SiO; 52.4%, Al,03 14.8%, Fe,05 14.4%, CaO
17.5%, MgO 4.5% and B,03 8.0% by weight [10].

The important features of GFRP composite are good corrosion resistance,
lightweight, high toughness, high absolute and specific strength values, and process
and shape freedom. From a micromechanics point of view, crucial points are a glass
fiber that transfers the load from fiber to fiber properly and the selection of matrix
resin [14].

In response to the numerous and diverse range of GFRP, thermosetting polymer
resins are more reliable. Generally, high strength curing systems are more durable
and environmentally friendly.

4.2.1.2 Silane Treatment of Glass Fibers

Over the last three decades, glass fibers have played a dominant role in various
composite applications. This is partly due to the development of silane coupling
agents that can act as a protective layer for glass fibers and as a coupling agent to
endorse adhesion with the polymer matrix resin. The polyhedron network structure
of sodium silicate glass is schematically shown in Fig. 4.1. Each polyhedron can be
seen to be a combination of oxygen atoms around a silicon atom, bonded together
by covalent bonds [15]. Here, the sodium ions are linked with charged oxygen
atoms by ionic bonds but are not linked to the network. This 3D network of glass
exhibits isotropic properties.

In the case of carbon and Kevlar, the network shows anisotropic properties. The
unique characteristic of glass fiber is that the elastic modulus along the fiber axis is
same as that in the transverse direction [7]. The physical and mechanical properties
of glass fiber are: diameter 5-25 pm, density 2.54 kg/m>, elastic modulus at 25°C
7,700 kg/mmz, tensile strength 2.4 GPa, Young’s modulus 72.4 GPa, and CTE
5x107° °C [10].

To explain the interfacial bonding mechanisms of silane coupling agents with
the fiber surface, several theories have been proposed. Chemical bonding is widely
spread [16, 17]. Silane mostly contains organofunctional groups for different resin
chemistries. The structure of organosilanes is X3-Si—R. This acts as a siloxane
bridge between the resin and the glass fiber by forming a chemical bond. This
multifunctional molecule reacts at one end with the glass fiber surface and the other
end with polymer surface. The R group generally reacts with the matrix resin and
the X group, which can hydrolyze to form a silanol group in an aqueous solution,
reacts with the hydroxyl group of the glass surface.

The thickness and orientation of the fiber are determined by conditions of
deposition, topography of glass fiber surface, concentration of solution, and treat-
ment duration [18].

The microstructure of the coupling agent depends upon various factors. The
coupling agent-resin matrix interface is a diffusion boundary where intermixing
takes place due to penetration of the resin into the chemisorbed silanes layers and
the migration of the physisorbed silane molecules into the matrix phase [19].
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Fig. 4.1 Two-dimensional polyhedron network structure of sodium silicate glass. http://www.
tech.plym.ac.uk/sme/mats324/mats324c1%?2ofibers.htm

The interphase material tends to have a lower glass transition temperature (T), higher
modulus and tensile strength, and lower fracture toughness than the bulk matrix [20].

Apart from mechanical properties, the characteristic of silane treatment is its
ability to provide the glass fiber with a water-resistant bond. The degradation of
untreated glass fiber—resin matrix interface is more affected by water. The water
penetrates into the interface region by diffusion along the fibers and is eventually
absorbed by the glass fiber. The water molecules form weak hydrogen bonds with
the oxide groups of the glass fiber. This hydrolyzes the existing bond and thus
weakens the adhesion level, which tends to degrade the mechanical properties [20].

The glass fiber shows four different types of fracture surfaces. These regions
include a smooth mirror region, a mist region with some radial ridges, a hackle
region consisting of big ridges, and branching of crack propagation.

Silane agents are intended to act as a protective coating for the glass fiber
surface and as a coupling agent to promote adhesion with the polymer matrix. The
silane agents are applied to the glass fiber surface as a size along with other
components. Use of a silane coupling agent for improving the bond quality is
common and a wide variety of organofunctional silanes have been developed. In
chemical bonding theory, the bifunctional silane molecules act as a link between
the resin and the glass by forming a chemical bond with the surface of the glass
through a siloxane bridge, while its functional groups bond to the polymer resin.
The general chemical formula is shown as XaSi-R, i.e., multifunctional molecules
that react at one end with the glass fiber surface and at the other end with the
polymer phase. R is a group that can react with the resin, and X is a group that can
hydrolyze to form a silanol group in aqueous solution and thus react with a
hydroxyl group of the glass surface (as shown in Fig. 4.2). The R group may be
vinyl, aminopropyl, methacryloxypropyl, etc.; the X group may be chloro,
methoxy, ethoxy, etc.
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Fig. 4.2 Functions of coupling agents at the interface region between glass fibers and bulk epoxy
region

The subject of silane chemistry and its interaction with both glass surface and
polymer resin have been studied extensively. The following points should be noted:

1. The chemical reactivity of the organofunctional group of the silane to form
covalent bonds with the polymer matrix

2. The primary or secondary chemical bond formation at the glass interface

3. The ability of the polymer matrix to diffuse into the siloxane interphase to form a
rigid, tough, water-resistant interpenetrating polymer network (IPN) as a transi-
tion zone between the bulk matrix and the glass reinforcement [18]

An IPN is layer of silane agent that usually does not produce an optimum
mechanical strength, and there must be other important mechanisms taking place
at the interface region.

The presence of a stiff fiber mitigates the effect of a soft interphase, increasing
the effective modulus of the interphase beyond that of the bulk matrix in close
vicinity of the fiber [21, 22]. As stated above, FTIR and other spectroscopic
techniques have been used to quantify the rates of interdiffusion and chemical
reaction between silanes and polymeric matrices (as shown in Fig. 4.3). Generally,
it may be concluded that the formation of IPNs contributes to an increase in
interfacial adhesion and that the conditions under which the silanes are applied
has a significant effect on the mechanical properties of the resulting composites
[23, 24].
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4.2.2 Carbon Fiber

Carbon fibers make up a significant volume fraction of modern structural airframes.
Embedded into polymer matrices, they provide significant strength and stiffness
gains by unit weight compared with competing structural materials [25]. In the last
few decades, vast improvements in the carbon fibers have been obtained. In large
part, these improvements were accelerated in the field of aerospace, space, and
various industries in response to higher strain-to-failure fibers. Higher strain, higher
modulus carbon fibers merge with the resin matrix to provide optimum properties
(i.e., load-bearing capacity) in various applications [26].

This evolving carbon fiber is manufactured from organic fibers (precursors) by
treating with heat to obtain an ordered carbon structure. The precursors are mainly
PAN and pitch [7]. Scanning tunneling microscopy (STM) reveals a systematic
change in the surface profile as a function of oxidative fiber surface treatment. The
topography of PAN-based carbon fibers consists of graphitic platelets of
dimensions 30 x 20 x 100 nm. The adhesion between fiber and matrix is a
function of surface treatment. If the amount of oxidation is high, then there is
decline in interfacial bond strength [27].

PAN-based fibers can be divided into different categories: (1) high strength,
(2) high modulus, and (3) ultrahigh modulus [1]. PAN fiber is a long-chain linear
polymer composed of a carbon backbone with attached carbonitrile groups. By
treatment of this fiber in an oxidizing atmosphere at temperatures of 200-300 °C,
we obtain carbon fibers (shown in Fig. 4.4) [28]. The properties of PAN-based
carbon fiber are: tensile strength 2,300 MPa, tensile modulus 145 GPa, compression
strength 1,600 MPa, compression modulus 135 GPa, and short beam shear stress
120 MPa [1].

The strength of a carbon fiber depends on the type of precursor fiber used. Its
heat treatment temperature along with presence of flaws or defects has a great
impact on the durability of the fiber [29]. With increasing the heat treatment
temperature to about 1,000 °C, the strength is increased [30, 31].
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Fig. 4.4 Drawing of a 3D model of a carbon fiber [62]
4.2.2.1 Surface Treatments of Carbon Fibers

CFRPs have poor shear strength. In particular, the lack of shear strength of polymers
reinforced with high modulus fibers is generally attributed to a lack of bonding at the
fiber—matrix interface [32]. The mechanisms of bonding between carbon fibers and
polymer matrices are as complex as those of glass fibers, and there are more
complications associated with the carbon fiber surface because it is highly active
and readily absorbs gases. A schematic model for the chemical reaction between
oxidized fibers and epoxy resin has been presented as shown in Fig. 4.4 and the change
in chemistry at the carbon fiber—epoxy interface by sizing well illustrated [20].

Chemical bonding due to the presence of functional groups changes the energet-
ics of the carbon fiber surface considerably [33]. However, there is a limit to the
improvement in bond strength by surface treatment alone. A decrease in bond
strength and other deteriorating effects are expected to occur if the surface treat-
ment is excessive, leading to severe damage of the fiber.

4.2.2.2 Effect of Surface Treatment on Composite Properties

The ILSS, flexural strength, and tensile strength are increased as the principal effects
of fiber surface treatment on composite properties. The enhancement of these strength
properties depends on the fiber elastic modulus, the degree of surface treatment, and
the types of resin and curing agent used. The largest improvement in ILSS is obtained
for high modulus fibers. Enhancement of the interfacial bond strength changes the
failure mode from “interface-dominated” to “matrix-dominated,” which is mainly
responsible for the increase in interlaminar fracture toughness [34].

The longitudinal tensile strength of the composite is found to be increased with
interfacial bond shear strength. When the interface bond strength is very high, the
failure location changes from the interface to the surrounding matrix and the
composite become brittle. With increasing interface bond strength, the compressive
strength is also enhanced to a greater extent than the tensile strength.
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4.2.3 Aramid Fiber

Aramid fiber is a generic term for aromatic polyamide fibers with 85% of amide
linkage linked directly to two aromatic rings [35]. At present and in the foreseeable
future, the principle aramid fiber for composite reinforcement of high performance
composites is Kevlar. It is available in four categories: Kevlar, Kevlar 29, Kevlar
49, and Kevlar 149. More recently, the next-generation fiber DuPont Kevlar AP has
been developed for advanced performance of composite materials. It increases the
design flexibility and durability of various structures. DuPont Kevlar K29 AP and
Kevlar K49 AP are the future prospects for commercially available fibers. Due to
their high strength, stiffness, and low density, aramid fibers have been widely used
in aerospace composites, aircraft, and for military applications. In addition, the
longitudinal failure mode of these fibers makes them applicable for the ballistic
resistance of composite materials.

An increasing use of Kevlar fibers is in low thermal expansion composite circuit
boards, which leads to negative CTE. The strong covalent bonds in the fiber axis
direction provide high longitudinal strength, whereas the weak hydrogen bonds in
the transverse direction result in low transverse strength [36].

4.2.3.1 Surface Chemistry

Aramid fibers exhibit skin and core structures with distinct physical properties. The
surface consists of an oxidized hydrocarbon with approximately twice the oxygen
content and half of the nitrogen content of the bulk. Figure 4.5 presents a schematic
diagram of Kevlar 49, which exhibits higher surface oxygen content than Kevlar 29.
With the help of X-ray photoelectron spectroscopy (XPS), it is observed that the
oxide primarily consists of hydroxyl and ether linkages, with a similar amount of
carboxyl and carbonyl groups [37, 38]. The thickness of the oxide layer is of the
order of 20 A. From a morphological point of view, the fiber consists of extended
chains, which are highly oriented in the fiber direction. Hydrogen-bonded sheets of
these chains exist in the fiber direction [39].

Properties of Kevlar fiber at 23 °C are: tensile strength 3,024 MPa, tensile
elongation 2.48%, tensile modulus 121.9 GPa, and tensile strain 2.5% [1].

When Kevlar 49 fibers are placed under compression along the longitudinal axis,
they buckle and form kink bands. Both the weak lateral H-bonding of Kevlar
49 fibers and the presence of residual impurities in the interfibrillar regions contrib-
ute to the buckling susceptibility of the fiber.

Kevlar 49 epoxy composites fail in tension by axially splitting 20-50 times the
diameter of the fiber along their length [1]. Depending on temperature, Kevlar fiber
loses its mechanical properties with increasing temperature, but at low temperature
there is essentially no loss in mechanical properties [1]. At 200 °C, there is a 20%
loss in strength modulus and 25-40% loss in tensile strength [1, 40—42].
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Fig. 4.5 Scheme of Kevlar 49 (aramid fiber)
4.2.3.2 Environmental Liability

Kevlar 49 is hygroscopic in nature and can sorb up to 3.5-4.5 wt% in ambient
temperature at 100% relative humidity [43]. Moisture sorption from humid air
occurs rapidly. Equilibrium moisture content is attained in 16-36 h [44]. At ambient
temperature, no swelling is observe in Kevlar fiber when moisture is absorbed over
a long duration of time. However, above 100 °C the superheated steam is the prime
reason for permanent structural damage, which leads to 10 wt% moisture gain [42].
The unique chemistry and morphology of Kevlar polyaramid is also manifested in
the behavior of its composites. It is assumed that the adhesion strength between
Kevlar fiber and epoxy is excellent due to intermolecular forces and that covalent
bonds exist between the Kevlar fiber and the matrix region.

4.2.4 Unsaturated Polyesters

Unsaturated polyesters are very unique polymers for polymer fiber reinforced
composites. A good balance between mechanical properties and chemical resistance
is required at room and moderate temperatures. Unsaturated polyesters show high
shrinkage on curing and absorb water under certain conditions. These polymers are
made by a reaction of a glycol such as propylene glycol with an unsaturated acid and
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crosslinking the resulting polymer with unsaturated monomer. This polyester alkyd is
blended with styrene monomer in the ratio of about two parts alkyd and one part
styrene. The poor impact resistance, limited shelf life and high curing shrinkage make
the polymer utilized in high performance applications [45]. The notable areas of
application for fibrous polyesters include appliances, business equipment, sporting
goods, construction, and transportation. In contrast, polyester resins undergo net
shrinkage after long exposure to water [46]. Three processes (hydrolysis, hydrophi-
lization, and migration of low molecular weight electrolytes) predominate at different
stages of water sorption behavior in composites. It was observed that composites are
more susceptible to damage and/or debonding by thermal fatigue compared to epoxy
resin matrix composites [3-06, 47].

4.2.5 Vinyl Esters

Vinyl esters are a mixture of unsaturated carboxylic acids and epoxide resin. The
C=C double bond is formed only at the end of a vinyl ester molecule and therefore
crosslinking can take place. Figure 4.6 presents the preparation of vinyl ester resin
from a mixture of unsaturated carboxylic acids and epoxide resin [48]. Due to less
crosslinkages, it is more flexible and has higher toughness than polyester resin. The
volume shrinkage (5-10%) of vinyl ester resins, although lower than that of
polyester resins, is higher than that of the epoxy resin. It can be used in polymer
composites as pipes, storage tanks, and scrubbers.

Over the last few decades, high quality fiberglass vinyl ester swimming pools
have come on the market, first manufactured in the USA. However, vinyl ester is
more sensitive to moisture, temperature, and mix ratio (with catalyst). Due to the
low ester content and low vinyl functionality, it has greater resistance to hydrolysis
and is therefore preferred in applications requiring chemical resistance [49].

4.2.6 Epoxy Resins

Epoxy resins are the most common material for high performance advanced fibrous
polymeric composites, but they are inherently brittle because of their high degree of
crosslinking. The densely crosslinked structures are the basis of superior mechanical
properties such as high modulus, high fracture strength, and solvent resistance [50].
However, these materials are irreversibly damaged by high stress due to the forma-
tion and propagation of cracks. At cryogenic temperatures, the mechanical properties
of polymer composite are influenced by matrix failure or propagation of microcracks.
This is nucleated by the residual stress and strain in the matrix resin system [51]. At
low temperatures, the matrix becomes stiffer and stronger but less ductile (brittleness
is high). In alliance with very low or negative CTE fibers, more and more residual
stresses are generated on the matrix region. Because of this, few free stresses and
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Fig. 4.6 Preparation of epoxide groups
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Fig. 4.8 Curing of epoxy resin

strains are accessible for the external loading of composite material at cryogenic
temperatures. The low temperature shear strength of epoxy resins lies between
150 and 200 MPa at a temperature of about 77 K [52]. The most important epoxy
resins are characterized by the existence of the epoxy group, which is a three-
membered ring with two carbons and an oxygen atom (shown in Fig. 4.7).

Diglycidyl ethers of bisphenol are the most widely used epoxy resins. Epoxy
resins contain a three-membered ring with one oxygen and two carbons. This epoxy
group is helpful for the adhesion of reinforcement surface, which increases the
strength and durability of the composite material. Epoxy resins have enormous
applications as adhesives, bonding agents, and sealants. These resins easily react
with epoxies and have good thermal stability and greater crosslinking density.
Figure 4.8 shows the curing reaction of epoxy resin in a 3D network.

Usually, epoxy resins are used in conjunction with a curing agent to reduce curing
time and to activate desirable properties. Aerospace applications require highly
toughened epoxy resin to impart damage tolerance and necessary interlaminar frac-
ture toughness. Epoxy resin is more expensive than polyester resin but it is not as
suitable for elevated temperature use.
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4.2.7 Low Temperature Physics of Reinforcement Fibers,
Matrix Resins, and the Interphase Region

Composites have the advantage of the stiffness and strength of high performance
fibers by dispersing them in a matrix, which acts as a binder and also transfers forces
to the fibers across the fiber—matrix interface. Severe environmental exposure affects
the physical and mechanical properties of polymeric composite materials, resulting in
an undesirable degradation. As the material is intrinsically heterogeneous, damage
and degradation will therefore often be strongly influenced by local processes. The
anisotropy contributes to more complexity in the assessment of the damage
mechanisms and in their impact on the composite responses. Molecular motion of
the polymer matrix at low temperatures will be abysmal; molecular motion will be
small and re-orientation modes will be relatively simple. Many of the amorphous
polymers exhibit cryogenic relaxation peaks that are determined by intermolecular
forces [53]. At low temperatures, the intrinsic conductivity tensor of carbon fibers
becomes more isotropic. This is due to the fact that only long-wave phonons are
activated, which propagate in a similar mode as in transverse and longitudinal
directions of graphitized areas. In the case of Kevlar fiber, the mean transverse
stiffness is similar to that of isotropic polymer matrix resin at low temperatures.

In the interface region at low temperatures, the glass fiber contracts less than the
polymer matrix and, thus, the interfacial bond strength increases. For Kevlar fibers,
the transverse contraction of hydrogen-bonded molecules is more than that of the
isotropic polymer matrix resin. Thus, the interfacial bond strength and adhesion
decreases. However, the interfacial adhesion of carbon/epoxy composite shows
very tiny signs of temperature dependence [52].

4.3 Molecular Motion and Relaxation Behavior of
Matrix Resins

The chemistry of polymer matrix resin has a great impact on understanding the
potential of composite materials. The polymer matrix most used in advanced PMC
is thermosetting polymer matrix. Figure 4.9 shows the interface region between fiber
and matrix resin, with distinct layers. This region is the site of synergy in composite
materials and its influence on the overall mechanical properties is significant.
Although fiber serves as the load-carrying member, the matrix binds the fibers
together and therefore the mechanical properties are decisively dependent on the
resin matrix. Curing of amorphous resin leads to crosslinking, chain branching, and
chain extensions. It impacts high stiffness, high strength, and good thermal and
oxidative stability. As the curing proceeds, the glass transition temperature (T;) of
the growing chains increases as the network molecular weight increases. The low
temperature curing resins have T, as high as 120 °C. However, 120 °C curing glass/
epoxy composites have higher ILSS values as well as high flexural strength [54].
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Fig. 4.9 Representation of interphase region between fiber and matrix

The T, is measured by differential scanning calorimetry (DSC) in modulated mode. It
covers two time scales of measurement: fast (fixed by the modulation time period)
and slow (fixed by the average, underlying heating or cooling rate of the polymer
matrix resin) [55].

At low temperatures, several factors affect the polymer matrix and can be
modified to achieve its optimum properties. The main factor is its crosslinkage
density, which influences the mechanical properties. Water penetration in composite
materials of different interfacial strengths has been studied and explained as the result
of two parallel processes, i.e., diffusion through the polymer matrix and diffusion
through a network of microchannels formed along the imperfectly bonded
polymer—fiber interface. Such channels along the exterior of the loose fiber are
presumed to contribute mesoscopic “free volume” to the composite, which is condu-
cive to diffusion. An analytical method based on an adaptation of the free volume
theory approach has been proposed for estimating the incipient looseness and any
further interfacial relaxation caused by water absorption in composite material.

Upon a gradual temperature decrease, polymers (especially those with irregular
structure or composed of monomers fairly different in their structure and volume)
form a glassy state (i.e., undergo the glass transition). The T, is a function of
molecular architecture, monomer units, presence of impurities or low molecular
weight species, and the rate of temperature change. Normally, there is some free
space between polymer monomers even in melt. In general, one can distinguish
between the total volume and the occupied volume. The difference between these
two is considered to be a free volume. The amount of the free volume changes with
temperature.



4 Mechanical Behavior of Polymer Composites at Cryogenic Temperatures 77

Fig. 4.10 Movement of
amorphous polymer
molecules: /eft, tunneling;
right, potential barrier
jumping

4.3.1 Relaxation Behavior and T,

The shift of molecular chain and group with the unfreezing of molecular mobility
upon warming is the cause of appearance of the T,. At low and medium temperatures,
a limited mobility of molecular parts becomes active in a weak glass transition.
Amorphous polymers obey two types of position changes: tunneling and potential
barrier jumping.

These position changes can have a drastic effect on the mechanical properties of
the polymer matrix, which influences the properties of the composite material.
Figure 4.10 presents tunneling and potential movement of polymer molecules. The
tunneling and potential barrier jumping of molecules associated with time is known
as relaxation time. The mechanical behavior of the polymer matrix solely depends
upon the relaxation time of the matrix. In the absence of force, it follows the state of
thermal equilibrium position. When force is applied, it changes from their original
position with the relaxation time. In contrast to the applied load, relaxation time also
depends upon the temperature [56]. At low temperatures the relaxation time is longer,
whereas at very low temperatures the relaxation time is shorter because tunneling
transition plays the dominant role. At elevated temperatures, the potential barrier
jumping plays the major role, which is associated with a longer relaxation time.

4.3.2 Effect of T, on Mechanical Action

T, is used for evaluating the flexibility of a polymer molecule and the type of
response the polymeric material would exhibit to mechanical stress. Above their
T,, polymers will exhibit a delayed elastic response (viscoelasticity) and dimensional
stability. Chain flexibility, intermolecular forces, chain geometry, molecular weight,
and stiffness of the crosslinking chains are important factors for 7, but are not
important for free volume [57]. However, a change in T, value is directly related to
the molecular relaxation processes of the polymer matrix [32, 58]. General common-
sense indicates that the higher the T, the better are the mechanical properties. Above
the T, value, the polymer matrix resin tends to thermo-oxidative degradation. Fibers
are stable below T, but the mechanical properties of the interface region can undergo
degradation, which ultimately affects the durability of the composite material [59].
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The interphase material has a lower T, higher modulus and tensile strength, and
lower fracture toughness than the bulk matrix. Thermal conditioning is used to induce
further polymerization, with the development of a penetrating and/or semipenetrating
network at the fiber—matrix interface. The response of the fiber—matrix interface
within the composite plays an important role in determining the gross mechanical
performance, because it transmits the load from the matrix to the fibers, which
contributes the greater portion of the composite strength. The better the interfacial
bond, the better will be the ILSS, and resistance to delamination, fatigue and
corrosion.

4.3.3 Viscoelastic (Elastomer) Behavior at Low Temperature

At low temperatures, especially below T,, the polymer matrix resin shows tiny
viscoelastic behavior. The degree of freedom decreases with decrease in temperature
[60]. Due to the inclement climate of Russia, low-temperature studies of fibrous
composites have been vitally important for the successful development of industries
and transportation. The matrix resin undergoes a low rate of deformation and has low
rigidity, a large difference between shear modulus and bulk modulus, and significant
losses in mechanical energy in dynamic deformation. These unique properties are
realized in the temperature range close to room temperature. The low-temperature
resistance of the polymer gives the ability to preserve this set of unique mechanical
properties at decreased temperatures. The rates of formation of rubber-like deforma-
tion components are 100 times lower, even at high temperatures, and drop sharply as
temperature decreases.

Environmental attack can degrade the fiber—matrix interface mostly by mecha-
nochemical processes. The diffusion coefficient of a polymer chain has a strong
power-law dependence on the degree of polymerization. Polymers above their T,
will exhibit a delayed elastic response (viscoelasticity) and dimensional stability.
Chain flexibility, intermolecular forces, chain geometry, molecular weight, and
stiffness of the cross linking chains are important factors for T\.

4.4 Mechanical Properties of FRP Composites
at Low Temperature

The mechanical properties of composites are reflection of the properties of individ-
ual constituents without rule of mixture, but the temperature-induced integrity of
each phase of the composites should be critically considered for the evaluation and
prediction of properties at different temperatures.
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Temperature has an important role in changing the deformation behavior of the
materials, but its dominance differs from material to material. The deformation
behavior of a polymer is highly sensitive to fluctuations in temperature.

4.4.1 Deformation Characteristics of FRP at Different
Temperatures

The advantages of composite materials make them an exciting option for a wide
range of applications. A judicial selection of fiber reinforcement, polymer resin
matrix, and the interface/interphase offers unique physical and mechanical
properties. However, a proper and uniform load transfer across the interface region
between fiber and matrix has a big importance in composite materials. Environment
and temperature have an unfavorable effect on these valuable properties, leading to
premature failure and fracture of the material. These factors have a great effect on
the life span of the fiber-reinforced composites. A number of potential solutions
have been proposed to conquer these limitations.

Polymeric composites are susceptible to temperature and moisture when operating
in changing environmental conditions. Composites are ductile at room temperature,
brittle at low temperatures, and show viscoelastic behavior at elevated temperatures.
The thermal aging behavior of epoxy resin has a unique value, especially due to their
expanding use for structural applications where increased temperature is a common
environmental condition. However, the swing behavior of composite materials at
different temperatures alters the mechanical properties, which leads to failure. It is
very difficult to generalize the effect of a change in temperature. Matrix-dominated
properties such as compressive, flexural, shear, and transverse properties are those
most affected by the temperature dependence of the matrix [61]. Thermal condition-
ing often imparts better adhesion between the fiber—matrix interface [62—-65]. When
considering the temperature dependence of the mechanical and physical properties of
polymeric materials, various relaxation behaviors are critically important [57]. A
dynamic mechanical relaxation occurs in polymer molecules because of heat transfer
between the intermolecular mode (strain-sensitive mode) and the intramolecular
mode (strain-insensitive mode) [66]. Thermal degradation of the resin matrix involves
chemical reactions (such as oxidation and crosslinking) and physical changes (visco-
elastic behavior of matrix resin) [67]. The nature of the viscoelastic yield depends on
the time, temperature, and loading rate. At the macromolecular level, chain scission
and crosslinking affect the polymer network and thus alter the mechanical properties
of the oxidized layer. The hindered shrinkage of the oxidized layer induces a stress
gradient that is susceptible to the initiation and propagation of cracks [68]. Thermal
conditioning of fibrous composites is important because of their wide use for struc-
tural applications where increased temperatures are a common environmental condi-
tion. The fracture processes of polymers are strongly influenced by deformation or
yielding processes, which depend on temperature, time, and loading rate. At very
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low temperatures, no yielding is possible in the material and the fracture is brittle. At
high temperatures, two characteristic phenomena occur after the yield point: strain
softening and strain hardening [67]. The specimens tested at a lower temperature are
characterized by a greater level of microcracking and delamination. These effects are
due to higher thermal residual stresses [68]. The heterogeneous and anisotropic nature
of the fiber and matrix results in thermal expansion and contraction mismatch, which
generates thermal stresses.

When subjected to elevated and high temperatures, the mechanical properties of
FRP composites such as the E-modulus and viscosity experience significant changes.
At a certain temperature, a composite material can be considered as mixture of
materials that are in glassy, leathery, rubbery, or decomposed states [69, 70].
The mechanical properties of the mixture are determined by the content and the
property of each state. Thermal conditioning at above ambient temperature might
possibly improve adhesion level at the interfaces. The interphase is defined as a region
that is manifested as a result of bonding and reactions between the fiber and the
matrix. This region is the site of synergy in composite materials and it influences the
overall mechanical properties significantly [62, 64, 65]. It is generally recognized that
the bond strength variation at the interface greatly affects the integrity of composite
materials. The bond strength depends on the quality of interfacial adhesion. Adhesion
chemistry at the interface may be influenced by post-curing phenomena and this
effect is supposed to increase with more conditioning time, limited by some optimum
value [71]. Thermal conditioning causes matrix shrinkage due to loss of volatile
material and additional cure of matrix resin [72]. The fracture behavior of the CFRP
composites at different temperatures is complicated. Various fracture modes such as
fiber breakage, fiber—matrix interfacial fracture, and delamination occur between
adjacent plies of the laminates. ILSS values decrease nearly linearly with increasing
temperature of the material [73]. By contrast, GFRP composites lose their rigidity and
strength at room temperature and high temperatures [74]. Above the T,, polymer
composites are prone to thermo-oxidative degradation. Although the fibers are stable
below T, the matrix and especially the fiber—matrix interface can undergo degrada-
tion that affects the physical and mechanical properties of the composite structures
over time. Thermal conditioning induces further polymerization with the develop-
ment of a penetrating and/or semipenetrating network at the fiber—matrix interface.
The response of fiber—matrix interface within the composite plays an important role in
determining the gross mechanical performance because it transmits the load from
the matrix to the fibers, which contribute the greater portion of the composite
strength [59].

The polymer composites have a wide range of application at cryogenic
temperatures in space, superconducting magnet, and electronic technologies [75].
Potholing or localized surface degradation, delamination, and microcracking are
some of the more dramatic phenomena that can occur as a result of cryogenic cycling
[76]. Compressive residual stresses develop due to differential thermal contraction
and influence the overall thermo-mechanical properties of the composite. In some
cases, the resulting stresses are sufficient to initiate plastic deformation within the
matrix immediately around the fiber [77]. The thermal residual stresses can also be
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large enough to initiate material damage such as matrix microcracking. These
microcracks can reduce both the stiffness and the strength of the material, as well
as act as sites for environmental degradation and nucleation of macrocracks [78]. The
propensity for microcracking and the microcrack morphology depends on the type of
fiber and matrix used. At low temperatures, the crosslinked polymers show brittle
behavior and do not allow relaxation of the thermal residual stresses.

The mechanical and thermal properties of several types of epoxy systems were
designed on the basis of the chemical structure, network structure, and morphology
required for cryogenic application. Epoxy resins have been widely used as the
matrix of composites material due to their good electrical insulation, advantageous
mechanical properties, and ease of fabrication [79]. Additionally, the epoxy-based
composites have also been used for cryogenic applications. At low temperatures,
internal stress due to thermal contraction is generated in a matrix resin. Fracture of
the matrix is formed when the stress intensity factor exceeds the fracture toughness
of the resin [80]. It is, therefore, the fracture toughness of the epoxy resin that
improves even at cryogenic temperature. To attain the high performances of
polymers, it is necessary to control the molecular structure, i.e., the chemical and
network structure. To improve the fracture toughness of epoxy, a plasticizer is
usually added. The morphology, such as the sea-island structure and IPN, also
determine the physical properties of epoxy [81]. When the morphology is
optimized, a modified toughened polymer can be obtained showing high crack
resistance without degradation of other properties. Changing the types and amount
of modifier or the curing process can change the morphology. It is very important to
clarify how to control the molecular structure to obtain a high performance polymer
effectively and economically at cryogenic temperatures [82].

4.4.2 Implications of Hygrothermal Environment on Failures

As with any engineering material whilst in service, composites can be exposed to a
diverse range of environments and degrading factors, the severity of which depend
upon the particular application. Glass-fiber reinforced (GRP) composites are often
used in marine craft such as canoes, fishing trawlers, patrol boats, naval mine
hunting ships, in non-pressure hull casing, and for the sonar domes and masts of
submarines. The use of fiber-reinforced composites (FRPs) in aircraft structures is
increasing as new generations of aircraft take advantage of their attractive structural
properties. The weight change behavior of FRP composites in humid and thermal
environments appears to be a complex phenomenon. In particular, the fiber—-matrix
interface is highly prone to in-service degradation [62, 64, 65].

Several models have been put forward to address the issue of the state of water
molecules in epoxy resins. Zhou suggested two types of water molecules with either
single or double H bonds to epoxy networks [83], whereas Marechal supposed that
water molecules either establish two hydrogen bonds or do not establish any H bond
with their H atoms [84]. Liang et al., investigated whether two kinds of water
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molecules exist: one confined to relatively free water, and the other attributed to
bond water, forming a strong H bond with hydrophilic groups of epoxy networks
[85]. Maxwell and Pethrick studied whether the water could exist in clusters in
which it was relatively free or could be molecularly dispersed within the resin and
bond to it, probably by H bonding [86]. The absorption and diffusion of water in
polymeric materials such as epoxy systems is related to the free volume and the
polymer—water affinity [87]. Epoxy-based composite laminates absorb moisture
from the surrounding environment very quickly and attain equilibrium. The equi-
librium water content depends not only on the free volume in the matrix (related to
relatively free water) but also on how many H bonds are formed between water and
network polar groups [88]. With PALS and calculations, Zheng and Morgan found
that equilibrium water content is controlled by the free volume fraction at absolute
zero (0 K), which is decided by the amount of epoxy group before curing [89].
In other words, the polar groups at the inner surface of free volume provide the
bonding sites for water molecules, while the limited space of nanopores restricts
the formation of free water—water H bonding [90]. Therefore, water diffuses into
the composite material driven by the water gradient. Browning and colleagues
reported preferential paths of diffusion due to non-uniform swelling of the resin
through the thickness before equilibrium is reached [91]. Thus, it appears that a
moisture gradient exists in the composites before the resin becomes saturated with
moisture [92]. The effect of moisture on the matrix includes reversible processes,
such as hygroelasticity and swelling. The constituent that is most sensitivity to
moisture is the fiber—matrix interface and, therefore, moisture promotes damage
mechanisms that are controlled by the interfacial performance [93]. Moisture
wicking along the fiber—matrix interface degrades the fiber—matrix bond resulting
in loss of microstructural integrity. The net effect of moisture absorption is deterio-
ration of matrix-dominated properties such as compressive strength, ILSS, fatigue
resistance, and impact tolerance.

The properties of the fiber—matrix interphase in GRP composites can play a
dominant role in governing the overall composite performance. Understanding the
interactions occurring at the interphase and being able to tailor them to give desired
composite properties are of great importance. The sizing surface free energy and its
solubility in the matrix were shown to strongly affect interphase formation,
fiber—matrix adhesion, composite shear, and flexural strength.

In an outdoor environment, aircraft are subject to continuously varying tempera-
ture and relative humidity and, as a result, there will be periods of exposure that
produce moisture absorption and moisture desorption in an FRP laminate [94].
In diffusion theory, the rate of absorption is mainly a function of temperature, the
amount of moisture absorbed, and relative humidity [95]. However, epoxy resins will
absorb moisture from their surroundings (up to 3—4% of their original weight), which
causes a lowering of T,; 1% absorbed water reduces T, by 20 °C.

For a given brittle-fiber/brittle-matrix composite, high strength requires a strong
interfacial bond, but this may lead to low fracture energy absorption. However, by
proper control of the physical and mechanical properties of the fiber—matrix
interface, high strength characteristics can be combined with high toughness.
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In order to fully utilize the potential of such composites without introducing a
reduction in strength, it is necessary to understand the failure mechanisms leading
to eventual fracture. Transverse cracks are initiated at low loading levels in the first
vulnerable plies and continue to accumulate under increased loading conditions up
to a saturation crack density [83].

The durability of glass-fiber/polymer composites is dictated by their response to
moisture. Environmental attack by moisture can degrade the strength of the glass
fiber; plasticize, swell, or microcrack the resin; and degrade the fiber—matrix
interface by either chemical or mechanical attack.

4.4.3 Loading Rate Sensitivity of FRP at Low Temperatures

4.4.3.1 Mechanical Behavior

In addition to strength and modulus, another important property of a composite is its
resistance to fracture. A measure of fracture resistance of a material is given by the
specific work of fracture, or fracture toughness, and is defined here as the energy
required for creating a unit area of new transverse fracture surface of the composite
[96]. When a composite is loaded, widespread microscopic damage arises through-
out the body. Large damage can be sustained to a critical value at which failure
occurs by the propagation of cracks. These cracks are much more complex in nature
than are cracks in homogeneous materials. The failure of a composite involves the
fractures of the load-bearing fibers and the matrix as well as a complex combination
of cracks propagated along the interfaces. Therefore, the fracture toughness of a
composite depends not only on the properties of the constituents but significantly on
the efficiency of bonding across the interface. To understand the properties of the
interface and its role in controlling fracture, it is essential to know the mechanisms
of adhesion at the interface involved. Since the nature of bonding is dependent on
the atomic arrangement and chemical properties of the fiber as well as on the
molecular conformation of the matrix, it follows that the interface is specific to
each fiber-matrix system. The major mechanisms according to Hull [10] include
adsorption and wetting, interdiffusion, electrostatic attraction, chemical bonding,
and mechanical bonding. In addition, hydrogen bonding, van der Waals forces, and
other low energy bonds may also be involved.

4.4.4 Status of the Interface on Mechanical Behavior

The fiber—matrix interface of an FRP composite is highly inclined to in-service
degradation. The physicochemical and mechanical aspects of the interface are impor-
tant for the composite material. The adhesion and type of bonding play a great role in
obtaining optimal properties of interface region. Furthermore, characterization of the
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macroscopic, microscopic, and nanoscopic nature of the interface is required for best
use of an advanced polymer composite. The process of adhesion between the fiber
and the matrix and the mechanism of subsequent processes also have some impact on
absorption, wetting, and electrostatic attraction at the interface region. The nature of
bonding, which is crucial for the adhesion, is dependent not only on the molecular
arrangement, but also on the morphological and diffusivity properties of the fiber and
the matrix.

The strength of the interface region may be due to formation of inter-diffusion
bonds between the fiber and matrix. The bond strength in PMCs will depend on the
amount of molecular entanglement, the number of molecules involved, and the
strength of the bonding between the molecules [20]. IPN and inter-diffusion are
two examples for the explanation of the adhesion between fiber and the polymer
resin matrix.

We assume that the interphase region is in 3D form and acts as a softer phase
than the bulk matrix. The average modulus of the interphase of a thickness 500 nm
formed between a single carbon fiber and epoxy matrix is about one-quarter of that
in the bulk matrix. However, the presence of stiff fiber mitigates the effect of a soft
bulk matrix in close vicinity of the fiber [97].

4.4.5 Failure Revelations Through Microscopy
and Microanalysis

Fractography analysis of a failed polymer composite material is currently a chal-
lenging experience. PMC material shows a number of failure modes, which are the
root cause of degradation of a component. The failure may be due to environmental
factors or may be in-service degradation [98—100]. Thus, there is a need for failure
analysis through microscopy and microanalysis.

The currently available most powerful tools for the characterization of failure
components are: Fourier transform infrared spectroscopy (FTIR), atomic force
microscopy (AFM), scanning electron microscopy (SEM), and Auger electron
microscopy (AES). Each technique has some complexity, advantages, and
limitations. This section covers some microscopy techniques that are useful for
fractography analysis.

FTIR spectroscopy has been extensively used for surface characterization of the
polymer matrix surface, indication of various functional groups of the surface of the
material, and the chemical modification at the interface region. In the case of GFRP,
the reactivity of the silane coupling agent with the epoxy resin was found to vary
with the drying conditions of the silane coupling agent [101]. Infrared spectroscopy
gives information on molecular vibrations or, more precisely, on the transition
between irrational and rotational energy levels in molecules. When infrared light
of that frequency is incident on the molecule, energy is absorbed and the amplitude
of that vibration is increased. An infrared spectrum is obtained when the frequency
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of molecular vibration corresponds to the infrared radiation absorbed. The normal
range of an infrared spectrum used by an organic chemist for structural work
extends from 4,000 to 400 cm.

FTIR images are sequentially acquired during the curing time in the region of view
image, which includes the glass fiber—epoxy mixture interface. The mechanism of the
curing can follow two different but simultaneous paths. Figure 4.11 shows FTIR
spectra of an epoxy—amine mixture as a function of the curing process. The curing
process of an epoxy system at the interface formed with a silane coated glass fiber is
studied using FTIR imaging. Chemically specific images for OH and H-N-H within
the system are obtained. The analysis of these images suggests that there is a variation
in the chemical structure of the matrix from fiber to polymer bulk due to different
conversions arising from a gradient in the initial composition [102]. It was observed
that the rate of curing reaction changed depending on the distance to the glass fiber,
and that this change was also associated with changes in the stoichiometry. There are
certain limitations to refraction and reflection at the fiber surface in the spectroscopy
that will finally affect the FTIR spectra of glass/epoxy composites. Due to this, only a
small percentage of light reaches the detector. It is difficult to separate these optical
effects from the sample effects. However, these optical effects can be minimized by
taking FTIR spectra over the same region of the microcomposites. This is currently
the most advanced tool for the characterization of the composite material at the
nanometer scale. Application of AFM is growing rapidly as it is useful for observing
the surface topography of the composite material. This technique can be applied to
both conductive and non-conductive specimens. Depending on the situation, forces
that are measured in AFM include mechanical contraction force, van der Waals
forces, capillary forces, chemical bonding, electrostatic forces, and magnetic forces.
As well as force, additional quantities may simultaneously be measured through the
use of specialized types of probe. The CFRP composite in Fig. 4.12 shows height
image scans in tapping mode after hygrothermal treatment at different time intervals.
Thermal degradation of plastics involves chemical reaction and physical changes.
Chemical reaction is represented by oxidation, crosslinking, and further reaction of
unreacted monomers, whereas physical change is typical of viscoelastic behavior [67].

In temperature-modulated DSC (TMDSC), the rates of heating are varied by
overlapping the underlying linear heating rates with a sinusoidal temperature modu-
lation. This separates the reversible nature of thermal expansion from irreversible
deformation, which arises from creep under the applied load or changes in
dimensions due to relaxation of orientation. It helps in generating images based on
local changes in the thermal expansion of a specimen. The DSC measurements are
performed on a Mettler-Toledo 821 with intra-cooler, using the STAR software with
temperature DSC (ADSC) module. The temperature calibration and the determina-
tion of the time constant of the instrument are performed using standards of In and
Zn, and the heat flow calibrated using In. An underlying heating rate of 10 °C/min is
used. In order to calibrate the heat flow signal, a blank run with an empty pan on the
reference side and an empty pan plus a lid at the sample side is performed before the
sample measurements. However, a modulated temperature program (such as those
used in modulated temperature-differential scanning calorimetry, MT-DSC) is
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Fig. 4.11 (a) FTIR spectra of epoxy-amine mixtures as a function of time of the curing process.
(b) FITR spectra showing the presence of OH signal for the poly(aminopropylsiloxane) sample

employed rather than the conventional linear temperature ramp. It is then possible
to separate the temperature-dependent thermal expansion from the time- (and
temperature-)dependent creep or stress relaxation behavior. Figure 4.13 shows the
variation in T, values with different time intervals of hygrothermal treatment. T is
likely to increase with small duration of treatment time. This may be because of
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Fig. 4.12 (continued)

formation of double H-bonds. It appears that the change in T, as a function of the
conversion is directly related to the molecular relaxation processes [103]. During the
isothermal cure of an epoxy resin, the system changes from a viscous liquid to a
highly crosslinked network. The enthalpy and the volume of the system are expected
to decrease continuously during the curing until the vitrification process.
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Fig. 4.12 (a) Optical microscope and AFM micrographs of AS4/VRM34: optical micrograph
(1); height image of cross-section (2); phase image of cross-section (3); height image of interface
(4); and phase image of interface (5). (b) AFM topography images of same cross-section area of
AS4/VRM34 using the tapping mode (1) and contact mode (2). Both AFM images in different
mode exhibit equivalent surface profiles

Fibrous composites are increasingly being used in many applications owing to
various desirable properties including high specific strength, high specific stiffness,
and controlled anisotropy. But unfortunately, polymer composites are susceptible to
heat and moisture when operating in changing environmental conditions. The
structural integrity and lifetime performance of fibrous polymeric composites are
strongly dependent on the stability of the fiber—polymer interfacial region.
Plasticization induces plastic deformation in addition to lowering the T,, whereas
swelling is related to the differential strain, which is created by the expansion force
exerted by the liquid while stretching polymeric chains. It is generally believed that
the polymer is likely to be tough if homogeneous yielding occurs. Even brittle crack
propagation in polymers usually involves localized viscoelastic and plastic energy-
dissipating processes, which take place in the vicinity of the crack tip. The propa-
gation of the debonding cracks may involve breaking of the primary and secondary
bonds between the fiber and the polymer matrix. It should be noted that multiple
matrix cracking may represent a significant source of toughness.

The T, of matrix resin is a parameter of utmost importance for the design and
development of polymeric composites. The reliability and durability of FRPs are
critically dependent on it. Moisture and temperature are the environmental factors
that most adversely affect the structural integrity and mechanical performance of
FRPs. Moisture ingression and changing humidity along with change of tempera-
ture eventually change the T, of a polymer matrix [104]. The changes in tempera-
ture have to be measured with utmost accuracy and reproducibility by means of an
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Fig. 4.13 (a) Variation in T, with different time interval of hygrothermal treatment. (b) T, of
carbon/epoxy polymer composites. T, visibly increases with short treatment times. This may be
because of formation of double H-bond formation. The absorption and diffusion of water in
interface is related to the free volume and polymer—water affinity. The amount of free volume
depends on the molecular packing and is also affected by crosslink densities. The increase in T,
value is indicative of the increase in crosslink density
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advanced thermal analysis system like alternating DSC. The changes in chemistry
at the interphase due to moisture ingression need to be further assessed by FTIR
microscopy by selected area imaging. The stress transfer efficiency and consistency
are decisively controlled by the physical and chemical nature of the interphase area
[105]. An approach may be suggested here to evaluate the status and strength of the
phase by AFM. With more precise and critical analysis of the environmentally
induced health of the interphase, the better can the potential and promise of the
FRPs be realized and explored.

4.5 Possible Failure Modes of FRP Composites at Low
Temperatures

Fibrous composites are now have huge and widespread application in aircraft,
space shuttles, motor vehicles, sporting goods, and a wide range of military
equipment. They are extremely versatile materials. While we migrate from a
metal world to the FRP world, structural designers still face challenges when it
comes to the mechanical properties of FRP composites under various environmen-
tal conditions. Advanced polymer composites consist of polymer matrix reinforced
with high strength and high stiffness fibers. The effects of environment can dramat-
ically change the instantaneous response of the composite. In general, to achieve
optimum performance, composite designers strive for a volume fraction (V) of
60%, but it is generally about 55%. With 60% volume fiber content, unidirectional
CFRP shows transverse failure strain at only 0.7-0.9%, which is lower than the
5—6% strain of the pure anhydride cured DGEBA epoxy resin [106]. The classic
definition of the interface in the fiber composites is a boundary formed by
reinforcing fiber and matrix, which is crucial to the overall composite portrayal.
Too weak an interface gives low composite strength and stiffness, whereas too
strong an interface results in brittleness [107]. In addition, fracture surfaces and
fracture paths vary with the nature of the fiber—matrix interface and depend on the
environment and temperature. Understanding composite failure underpins the
development of failure criteria. Factors such as temperature, moisture, and loading
rate can have considerable effects on the fractography behavior. Fracture analysis is
complicated for polymers because, in addition to temperature and time dependence,
there are effects from plastification, chain orientation, and adiabatic temperature
rise of the matrix polymer [8].

A judicial control of the mechanical behavior of the interface region leads to
high toughness of the composite material. Brittle fiber/brittle matrix requires strong
interfacial adhesion, which leads to low fracture energy absorption [7]. Due to
thermal contraction, a tighter packing and thus higher bond strength at decreasing
temperature results. At very low temperatures, chain atoms have no thermal energy
for counteracting the binding potentials. Induced fracture processes are crazing,
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necking, or plastification. Due to the homogeneous nature of composites, stress
distributions leads to stress contraction, which reduces fracture strength.

At high temperatures, the matrix-dominated properties of CFRP will be
influenced by the softening of the matrix when the temperature reaches the value
of matrix T,. However, at low temperatures, polymer matrices are brittle. Fiber-
dominated properties and mechanical properties are generally unaffected by
temperature.

4.5.1 Matrix Deformation and Cracking

Thermosetting polymer matrices are amorphous in nature. They follow the state of
non-equilibrium, which is responsible for the sensitivity to various environmental
factors such as temperature, humidity, and moisture as well as to experimental
parameters and loading rate. Application of different loading rates may interact
with the above parameters and accelerate the failure and fracture of PMC materials.
Various failure modes seem to occur during degradation of composite materials.
The role of matrix in PMC has three major important aspects: it is used to protect
fibers against environmental attack; it serves as a load-transferring medium, and it
acts as an energy-dissipation outlet for arresting crack propagation. The properties
of matrix materials in FRP are extensive and varied. These thermosetting resins are
converted from low molecular weight polyfunctional monomers or oligomers with
low viscosity to 3D crosslinked networks that are rigid in nature and quite brittle.
The matrix materials usually have relatively low modulus and strength values and
comparable or higher ductility values [7]. Epoxy resins are generally used for high
performance fiber composites. In liquid state, they can be used as impregnation
material for the wet-layup technique. The mechanical properties of composites at
low temperatures are influenced by the matrix. At low temperatures, thermal pre-
stress is crucial. This reduces effective strain to failure and is the source of
microcracks in the matrix [8]. The various fracture strains of matrix at 4.2 K and
fibers are: epoxy resin 2%, fiber glass 3%, carbon fiber 1.2-2.2%, Kevlar fiber 2%,
and thermoplastic matrices 4% [8]. The author describes the fracture morphologies
associated with matrix-dominated fractures associated with epoxy-based PMCs
with glass, carbon, and Kevlar fiber reinforcement.

Figure 4.14 shows matrix microcracking and macrocracking of epoxy matrix
resin. Matrix microcracking is the source of damage in laminates and comprises
intralaminar or ply cracks that transverse the thickness of the ply and run parallel to
the fibers in that ply. Microcracks in carbon fiber/epoxy laminates always formed
instantaneously across the entire cross-sectional area of the 90° plies.

The first form of microcracks causes very mild effects in the thermomechanical
behavior of composites. With increasing the applied load and loading speed,
additional microcracks are generated and they are the incentive for failure of
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Fig. 4.14 SEM micrograph
shows (a) epoxy matrix
cracking at high temperature
and (b) multiple matrix
cracking (macrocracking)
with fiber pull-out at high
temperature
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PMCs. We can assume that microcrack density is a function of loading conditions
and applied load. After the initial phase, microcrack density typically increases very
rapidly with applied load. At high crack density, the saturation damage state is
approached. Most microcracking experiments have been conducted on laminates
under uniform stress such that the stress state in the 90° plies is uniform prior to
microcracking. As discussed for low temperatures, the matrix behaves like a brittle
material. Morphology such as riverline marking and texture microflow can be
observed in the resin. These failure marks shows the sign of local crack growth
directions. These marks are less apparent when the toughness of the matrix
increases.

Figure 4.15 shows a visible riverline marking with scarps, potholes, and
textured microflow of the matrix resin. We consider the riverline markings as
the most valuable feature for diagnosing crack growth direction. Other important
matrix features are scarps and ribbons. When multiple microcracks are formed
and begin to propagate in several planes, they subsequently converge into one
plane. When two crack planes converged, the boundary between these planes
shows a sharp step form. This is an example of the formation of scarps. The global
growth direction in Fig. 4.15b goes from top to bottom. It should be noted that the
local crack growth inferred from the textured microflow is from the fibers into the
surrounding resin. These are indications of the absorption of energy by local
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Fig. 4.15 Riverline marking
with (a) fiber imprint in epoxy
matrix resin and (b) scarps,
potholes, and textured
microflow in epoxy matrix
resin

deformation. Figure 4.15b shows four converging crack planes in a resin-rich
region within a glass/epoxy polymer composite at low temperature. Ribbon-like
structures also form with low temperature treatment. These developed if the crack
planes overlap before they coalesce to form scarp [107]. Considering the influence
of low temperature on the fracture micromechanism in composites; the matrix is
brittle and residual tensile stresses in the matrix are promoted. At very low
temperatures, resin embrittlement dominates the phenomena and thus composite
toughness decreases. As temperature increases very close to T, of the matrix, it
becomes ductile and behaves as a softer material. As shown in Fig. 4.16, at high
temperature fiber imprints are formed with stresses generated at the edge point.
The matrix behaves as softer, meaning that the process zone is spread over a large
depth, and the degree of bridging increases [107]. The matrix failure modes at
high as well as low temperatures are responsible for the integrity and durability of
PMCs. It is accepted that voids and porosity have prejudicial effects on the
composite performance. There are many factors responsible for formation of
these voids,. primarily trapping of volatile materials including air and inclusions.
These volatiles materials are either entrapped during fabrication or are the water
or residual solvents from the pre-pregging process (shown in Fig. 4.17). When the
matrix behaves as brittle, the energy of fracture is fairly low and there is little step
marking formed during failure, which is referred to as cleavage marking. The
characteristic feature of cleavage fracture is flat facets that generally are about
9.22-20.6 pm. Identification of the cause of fracture through fractography has
become a standard investigation procedure.
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Fig. 4.16 Thermally
conditioned GFRP composite
showing (a) fiber imprint
region in epoxy matrix and
(b) stresses generated at the
edge of the fiber in
microcomposites

4.5.2 Interfiber Fracture and Fiber Pull-Out

Fibers are of different forms, i.e., natural, regenerate, and synthetic. A polymer
composite consists of fibers embedded into a matrix with prominent interface (2D)
or interphase (3D) region. The fibers act as load-bearing members with high
strength and modulus. Due to this, the composites have an enormous number of
novel applications. Research in this area is very active at present. The most
commonly used fibers are glass fibers, carbon fibers, and Kevlar fibers. A key
feature of this interface bonding is due to formation of strong ionic and covalent
bonds. As the fibers are brittle in nature, their mechanical properties are controlled
by their fracture behavior. Thus, there is a need for a deeper grasp of this failure
mechanism of fiber fracture. The reinforcement fibers may be continuous,
filaments, chopped fibers, or whiskers. Advanced PMC are being used in many
sectors such as the automobile and aerospace industries. A superior combination of
high strength, stiffness, and density makes the carbon fiber eligible for these
advanced applications. Whereas research on glass fiber has seen an explosive
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Fig. 4.17 Scanning
micrograph shows (a)
cleavage marking of glass
epoxy prepreg composite
after cryogenic treatment and
(b) tiny bubbles in epoxy
matrix of glass epoxy prepreg
composite after cryogenic
treatment
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growth due to its application in areas requiring high tensile strength, in general,
highly oriented fibers such as aramid fail in a fibrillar fashion. The term fibrillar
fracture here signifies that the fracture surface is not transverse to the axis but runs
along a number of planes parallel to the fiber axis. Some of the failure modes of
discussed fiber-dominated morphologies are as follows: The bond strength of glass/
epoxy reinforced composites is reported to be around 33 MPa. E-glass/epoxy with
silane treatment has a bond strength of 49 MPa. The fiber—matrix interface is
usually quite poor and shows brittle failure at the end. The bond strength of
carbon/epoxy polymer composite is 57 MPa, and that of Kevlar/epoxy polymer
composite is about 38 MPa. In Fig. 4.18a, we can assume that the fibers tend to fail
homogenously with proper interfacial bonding. However, in Fig. 4.18b the fibers
tend to fracture independently at different points along their lengths. Fracture
surfaces seem to be flat. Carbon fiber and glass fibers are inevitably brittle
materials, so radial patterns appear at the fiber breaking end. Aramid family fibers
(Kevlar) exhibit different failure modes due to their non-brittleness.

Brittle fibers have low fracture strain and a low energy absorbing capability [7].
The flexure response of PMC is a complex phenomenon. The material behavior and
the loading condition may influence the behavior of energy-absorbing mechanisms
in composites.
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Fig. 4.18 SEM micrograph
showing (a) uniform failure
of fiber of GFRP composites
and (b) fiber pull-out and
brittle failure of fiber in GFRP
composite

Fiber pull-out appears when the fibers are embedded in a tough matrix. Fibers
can fracture early at the weak cross-section point, which is not necessarily the
direction of crack propagation. As the applied loading rate increases, the fracture
proceeds and the broken fibers will likely pull out from the matrix. This is the
reason for the mechanism of fiber pull-out in PMC composites. Figure 4.19a shows
fiber pull-out and the fiber fracture ends in hygrothermally treated GFRP composite
after 10 h. In Fig. 4.19b, a strong adhesive failure is expected to occur. This failure
is confirmed by the cohesive failure produced by the GFRP composite. The weak
boundary layer (WBL) is a region of low cohesive strength between fiber and
matrix regions. The WBL provides a weak interface bonding, promoting interface
debonding and fiber pull-out as shown in Fig. 4.19 [108].

Such a crack running parallel to the fibers through the entire thickness of a layer is
called an inter fiber fracture (IFF). IFF comprises both cohesive matrix fracture and
adhesive fracture of the fiber—matrix-interface. The crack itself does not grow slowly
but is generated spontaneously and stopped only by the fibers of the neighboring layers



4 Mechanical Behavior of Polymer Composites at Cryogenic Temperatures 97

Fig. 4.19 SEM micrograph
of hygrothermally treated
GFRP composite showing (a)
fiber pull-out and fiber
fracture and (b) strong
adhesion between the
interphase regions

of different fiber direction. Typically, at the tip of the IFF crack, small delaminated
zones can be observed. The cohesion between the broken and the neighboring layers is
affected locally but the integrity of the laminate is still preserved. It does not fall into
parts as would naturally be the case if the laminate consisted of layers with only one
fiber direction. Fibers are among the stiffest and strongest materials present in nature
or manufactured by man. They are used as structural components embedded in a
matrix that maintains the fibers oriented in the optimum direction, distributes the
concentrated loads, protects the fibers against wear or chemical attack from the
environment, and provides the transverse stiffness to avoid buckling in compression.
Figure 4.20 presents fracture of fibers during processing or in service, which is
generally an undesirable feature. In polymeric fibers, the fundamental processes
leading to failure are chain scission and/or chain sliding or a combination of both.
Service environment can be a major determining factor in the failure process of fibers.
In general, because of the high surface-to-volume ratio of fibers, the incidence of a
surface flaw leading to fracture is greater in fibers than in bulk materials. Fractography
is the study of the fracture surface of fibers and can be a useful technique for obtaining
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Fig. 4.20 Interfiber fracture

Fig. 421 Two compressive
failure modes: fiber
microbuckling of polymeric
chain (/eft) and misorientation
failure (right)

fracture parameters and for identifying the sources of failure. In general, the strength
of a fiber decreases as its diameter increases.

Rigid-rod polymeric fibers such as aramid fibers show very high strength under
axial tension. The failure in tension brings into play covalent bonding along the
axis, which ultimately leads to chain scission and/or chain sliding or a combination
of both. However, these fibers have poor properties under axial compression,
torsion, and in the transverse direction.

As the orientation of chains in a fiber become more parallel to its axis, its axial
tensile modules (F) increases but the shear modulus (G) decreases, i.e., the ratio £:G
increases rapidly. During failure involving compressive stresses, fibrillation occurs,
which results in a large degree of new surface area. This fibrillation process results
in high-energy absorption during the process of failure, which makes these fibers
useful for resistance against ballistic penetration [7].

Figure 4.21 shows two types of compressive failure modes that are important for
failure and fracture of polymer composites: first, microbuckling or fiber orientation of
polymeric chains and, second, kink band formation. Microbuckling includes closely
spaced chains in a small region of fiber and this may be the reason for the formation
of kink band failure under compressive loading.

Environmental factors such as humidity, temperature, ultraviolet radiation, and
microorganisms can affect the strength and the fracture process in polymeric fibers.
Figure 4.22 shows various failure modes such as fiber—matrix debonding, fiber
fracture, resin-rich region, and brittle failure of fibers that play dominant roles in
affecting the mechanical behavior and durability of the polymer composite material.
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Fig. 4.22 Various failure modes: (a) fiber matrix debonding, (b) fiber fracture, (c¢) resin-rich
region, and (d) brittle failure of fiber

4.5.3 Delamination

Delamination is a critical failure mode in PMCs. Interfacial debonding (delamina-
tion) may cause premature buckling of the laminate. It occurs due to excessive
moisture absorption, loss of fatigue life, or decrease in stiffness of the composite. In
many practical situations, this problem can be overcome by finite element methods
(FEM). Research on this failure mode is very extensive and growing rapidly. In the
short-term, delamination causes damage growth and premature failure. However,
in the long-term, it leads to load-bearing layers for different environmental factors
[107]. Delamination of a laminate occurs when the transverse shear force resultant
exceeds a threshold value [7]. Low interfacial shear strength may be the reason for
initiation and propagation of delamination. It was reported that fatigue delamina-
tion growth rate at 77 K and at 4 K is lower than that of room temperature. The
delamination rate at 4 K is higher than that at 77 K [109].

Delamination is the life-limiting failure process in a composite material. It
induces great loss of stiffness, local stress concentration, and buckling failure of
polymer composites. Figure 4.23 reveals delamination of fiber-reinforced
composites. This failure mode arises due to interlaminar stresses from impact or
shear loading, foreign particles, or some discontinuities in the structure.
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Fig. 4.23 Scanning
micrographs showing (a)
delamination and fiber pull-
out of fiber reinforced
composite and (b)
delamination of fiber-
reinforced composite

The difference in CTE between the fiber and the matrix may be the cause of
residual thermal stress that develops in the material when worked at various
temperatures. However, moisture absorption and desorption are the reason behind
the formation of residual stress. This would modify the local stress threshold
required for interfacial debonding, a potential precursor to delamination nucleation.

Causes of delamination include the high interlaminar stresses at the free edge,
impacts, and fabrication defects. Low velocity impact of foreign objects is consid-
ered one of the most important causes of delamination. Delamination appears at
several interfaces through the thickness away from the point of impact and signifi-
cantly reduces the compressive strength. Blistering is an example of delamination
under load (local stress concentration); under compressive loading the initial void
area can spread rapidly, which tends to produce buckling. The strain energy
required to separate the bonded layers is nucleation of delamination. The boundary
between two plies of different orientation which the region of delamination where
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Fig. 4.24 Failure modes during thermal treatment of polymer composites: (a) matrix roller in
toughened epoxy matrix, (b) fiber matrix failure in FRP, (c¢) weak interface region in FRP, and
(d) toughened epoxy matrix region

shear deformation forms. This occurs preferentially along the axis of the fiber, since
it is the source of least resistance [110]. However, at low temperatures under mode
II loading a hackle pattern on the fracture surface is highlighted and delamination
occurs due to fiber—matrix debonding [111].

4.5.4 Interfacial Damage and Debonding

The polymer composite is assumed to have excellent bond strength between fiber
and matrix. When it is treated at low temperatures, the original bond strength of the
matrix is of very little importance since it is increased by shrinkage of the matrix
onto the fiber surface. Carbon and Kevlar fibers have high transverse thermal
expansion due to which they have very less shrinkage effect [8].

Figure 4.24 shows matrix roller (Fig. 4.24a) and fiber—matrix failure
(Fig. 4.24b) during thermal treatment of polymer composite. We can assume
that various failure modes are formed due to inclusion of small defects. During
the crack propagation, large transverse tensile stress and interfacial shear stress
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Fig. 4.25 Scanning
micrograph showing fiber
pull-out and matrix cracking

can cause fiber—matrix interfacial debonding, delamination, and interfacial crack-
ing slightly ahead of the crack tip. The energy imposed on a composite can be
absorbed by two mechanisms: elastic and plastic deformation of the material.
Plastic deformation mechanisms such as shear yielding can be promoted by
various techniques to toughen the epoxy matrix. The energy absorbing capability
or toughness of a material can be enhanced by increasing either the total area of
new surfaces created or the material deformation capability. Near the crack tip
region, a matrix plastic deformation zone occurs. Immediately behind the crack
tip, the broken fibers can pull out of the matrix. Weak interface strength can
promote extensive debonding, leading to an increase in impact energy. Figure 4.24
shows a weak interface region (Fig. 4.24c) and toughened matrix (Fig. 4.24d) of
the fiber—matrix interface region. From a macroscopic point of view, poor
fiber—matrix bond strength is associated with brush-like failure. This means that
there is a lack of matrix on the fiber surface. Factors such as excessive exposure to
moisture, temperature, or humidity can contribute to the weak fiber—matrix
interface strength. In this state, load transfer between the fiber and matrix is
reduced [112]. At high temperatures, fiber—matrix debonding and matrix ductility
plays the dominant role and the residual stress effects are negligible. If the
fiber—matrix interface strength is high, the degree of fiber debonding will be
limited before the fiber failure occurs and cracks propagate across the fibers.
This will lead to a flat and relatively smooth surface and is often referred to as
brittle failure. If the interface strength is weak, the degree of fiber debonding will
be extensive before fiber failure occurs. This leads to broom-like failure.

Figure 4.25 shows matrix cracking as well as fiber pull-out of the polymer matrix
material. Delamination and microcracking are some of the most frequently
observed damage phenomena that may develop in polymer composites exposed
to cryogenic temperatures. The mechanical performances of FRPs are strongly
dependent upon the quality of fiber—matrix adhesion. Cryogenic hardening may
modify the local threshold required for breaking of adhesion bondage at the
fiber-matrix interface. Most polymers lose their ductile properties below their T.
Cooperative chain motions involving main chain bond rotation become extremely
restricted.
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4.6 Issues Concerning the Interface, Matrix, and Fibers of FRP
Composites at Low Temperatures

4.6.1 Experimental Explorations

Composite materials are tailored from fiber reinforcement and a resin matrix, which
are significantly different in their physical and chemical properties [113]. They
have distinct macroscopic or microscopic scales of structure. The fibers of high
strength and stiffness are dispersed in a matrix material, which acts as a trimmer and
transfers the load across the interphase region. The interphase in composites is the
region that forms in the vicinity of the fiber surface and possesses distinct properties
to those of the bulk resin [7]. One mechanism of interphase formation, based
on thermodynamic considerations, predicts that small monomers preferentially
segregate to the fiber surface [114]. Previous investigations have shown that the
interphase has a significant effect on composite properties such as strength,
toughness, ballistic resistance, and durability. Modification of the interphase
could lead to improvements and a balance of properties required for a given
application; therefore, significant efforts are directed at developing a fundamental
understanding of the role of the interphase.

These composites are modern engineering materials that have wide applications
in a range of areas from aerospace, automobiles, and boats to cryogenic equipment
such as cryogenic fuel tanks, cryogenic fuel delivery lines, cryogenic wind tunnels,
and parts of the cryogenic side of turbo-pumps because of their ease of handling,
low fabrication cost, and excellent mechanical properties [114]. When the temper-
ature is decreased down to cryogenic temperatures, internal stresses are generated
in the epoxy matrix due to thermal contraction. The fracture toughness of the matrix
at cryogenic temperatures can be improved by controlling the chemical structure,
network structure, and morphology. Delamination and matrix microcracking are
the two common failure modes observed at cryogenic temperatures. The amount or
density of microcracking depends mainly on the tensile modulus of the fibers and
the properties of the matrix used in the composite. Addition of toughening agents in
the matrix decreases the microcracking propensity of these laminates [78]. Glass
fibers and epoxy resins are known to be highly sensitive to loading rate [115]. The
mechanical properties of glass-reinforced epoxy composites are found to be rate
sensitive even at low strain rates. CFRP structural components used in aircrafts can
suffer high and low velocity impact at cryogenic temperatures. Fiber reinforcement
architecture and stacking sequence play an essential role in the behavior of
composites under such thermal and loading conditions [116]. At lower speeds,
there will be more deterioration in the matrix because more time is available for
failure to take place, resulting in lower ILSS values, which increase with the
crosshead speed. At higher loading rates, the reduction in ILSS values may be
due to the restriction and minimization of relaxation processes at the crack tip,
leading to the growth of stress-induced cracks without blunting. The matrix is
unable to transfer the load properly due to less availability of time at higher speeds,
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i.e., the load on the matrix is like an impact [117]. Several damage mechanisms may
appear, such as fiber fracture, matrix cracking, fiber pull-out, and delamination.
Hence, it can be concluded that the laminate requires an optimum time to transfer
load effectively through the interface.

These interphases posses unique properties that are different to those of the bulk
matrix [118]. The matrix can include impurities, unreacted polymer components,
non-polymerized additives etc. The thickness and properties of the interphase have
crucial impact on the composite properties. The interphase not only allows load
transfer between fibers through matrix but also provides a matching of chemical and
thermal compatibility between the constituents. A thin rigid interphase leads to alow
fracture resistance, whereas a thick soft interface results in a better fracture resis-
tance but a lower composite stiffness [30]. Epoxy resin and E-glass fiber are reported
to be sensitive to loading rate. The ductility of a matrix resin may become a limiting
factor for composite strength at high strain rate. Epoxy resin is more ductile than its
composite at low strain rate [119]. The cryogenic conditioning causes differential
contraction and increases the resistance to debonding by mechanical keying factors
[3—6]. When cooling from the curing temperature, differences in thermal contraction
between the matrix and fiber will generate shear stresses in the resin. When a stress is
applied, shear stresses greater than the shear strength of the resin are readily
generated and failure of the resin phase will result. When the composite is stressed
further by cooling and loading in the cold state, it is likely that there will be
resin—fiber debonding. A plastic deformation zone ahead of the crack tip region
may possibly be formed by matrix deformation and microcracking. A weak inter-
facial bond may result in a low flexural strength of the laminate [120].
The deteriorated integrity can cause low strength at high loading.

Although the mechanical strength of most polymers increases or remains the
same as temperature is decreased, the elongation to failure decreases to extremely
low values at cryogenic temperatures. This behavior restricts the use of most
polymeric materials at low temperatures. It has been proposed that the local
intermolecular rearrangement results in relaxation at the low temperature region.
The relaxation phenomena indicate a considerable dependence on the morphology
of the polymer. There appears to be no definite relationship between the chemical
structure of a polymer and its cryogenic behavior. Polymers that are able to change
their main chain bond angles seem to excel in cryogenic properties. These polymers
are flexible and may undergo deformation even when their segmental motions are
frozen at cryogenic temperatures. The mechanical properties of E-glass/epoxy
composites are ratesensitive at a low range of strain rate. It seems that the greater
the strain rate and the loading velocity, the greater the stiffness and ultimate
strength of the composite material [121]. The failure strength of glass/epoxy
composites increases manifold, and failure strain reduces sharply at a high range
of strain rate. Loading rate sensitivity seems to be controlled by the area of interface
and the percentage of polymer matrix phase present in the composite [122]. The
interphase is defined as a region that is manifested as a result of bonding and
reactions between the fiber and the matrix. This region is the site of synergy in
composite materials and it has an influence on the overall mechanical properties.
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Environmental attack can degrade the fiber—matrix interface mostly by mechano-
chemical processes.

Figure 4.26 shows the effect of thermal shock on the modulus of Kevlar and
polyester samples when treated with thermal and cryogenic temperatures. The
toughness value increases with increased period of time at the cryogenic tempera-
ture due to the greater amount of shrinkage compressive stress.

The higher ILSS values for cryogenically conditioned samples is attributed to an
enhanced mechanical keying factor by the generation of cryogenic compressive
stresses, which enhance the friction at the interface due to contraction of epoxy
matrix at low temperature. The composite laminate needs an optimum time to
transfer load effectively through the interface [123, 124]. There is an increase in
T, after cryogenic conditioning of the laminates, which may be due to incomplete
reversibility of molecular chain mobility resulting in reduced chain flexibility.

4.6.2 Deformation of the Resin Matrix and the Mechanical
Behavior of FRP Composites

New technologies demand new materials. The spectrum of composite end-users is
very broad and encompasses nearly all industrial fields. Polymer composites with
their wide range of possible fillers and polymers open the way to an enormous range
of materials with differing chemical, physical, and mechanical properties. While
good energy absorption, light weight, and design flexibility (function integration)
are positive points in favor of polymer composites, problem with mass
manufacturing and surface finish still hinder the widespread use of composite
materials as structural elements. These matrix materials are characterized by a
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constant molecular motion in the amorphous state, even under static loads. The
re-arrangement rate is a function of many parameters including stress level, length
of macromolecules, and temperature. As the material is intrinsically heterogeneous,
damage and degradation in the material will therefore often be strongly influenced
by local processes. The anisotropy contributes to more complexity in the assess-
ment of the damage mechanisms and in their impact on the composite responses
[119]. The use of composites will continue to grow in coming years with emerging
applications in large bridge structures, offshore platforms, engine machinery,
computer hardware, and biomedical devices. This wide variety of applications is
due to the many outstanding physical, thermal, chemical, and mechanical properties
of the composites. However, application is plagued by problems such as low
through-thickness mechanical properties, poor impact damage tolerance, and
anisotropic properties. Polymer composites soften, creep, and distort when heated
to high temperatures (above 100-200 °C), which can result in buckling and failure
of load-bearing composite structures.

All structural materials exhibit some degree of viscoelasticity, and the extent of
such behavior often depends on environmental conditions such as temperature.
Polymeric materials are viscoelastic at room temperature, and this effect become
stronger as the temperature approaches T,. Viscoelastic effects in PMCs are most
pronounced in the matrix-dominated response to off-axis or shear loading. This
deformation and plastic deformation are similar in that both are driven by shear
stress [114].

This deformation process is slow and depends on many factors, but it is also
known to alter the physico-mechanical, dielectric, and diffusion characteristics of
polymers in the glassy state. At the molecular level, this drive towards equilibrium
takes place via molecular relaxations and, in some instances, molecular
rearrangements. The rearrangements are envisioned as a form of morphological
changes (e.g., ordering).

During thermal fatigue, additional chemical reactions may occur (further
crosslinking) between unreacted groups, leading to variations in crosslink density
that in turn lead to an increase in stiffness and viscosity of the composites.

Temperature effects on performance and fracture morphology are usually appar-
ent only when the temperature approaches the T, of the material. Below T, physical
aging occurs in a polymer and this aging process changes the viscoelastic response
of the material during a long-term test. In a short-term test, where the test duration is
much less than the aging time, no significant aging occurs during the test. Physical
aging in polymers is associated with a slow loss of free volume that has been
trapped in the polymer microstructure after cooling below T,. As the temperature of
a polymer increases, its total volume consists of V; (the volume occupied by the
polymer molecules) and Vg (the free volume between the molecules). When it is
cooled to room temperature, a significant amount of free volume is “locked in.”
This is a thermodynamically unstable condition because the polymer will slowly
give up free volume with time to approach a more stable thermodynamic condition.
When polymer free volume is given up, the chain mobility decreases and the
relaxation times increases, thus reducing the speed of the relaxation or creep.
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Fiber—matrix interfacial adhesion plays an important role in determining the
mechanical properties of polymer composites. The time dependency of the matrix
material is much more significant than that of the fiber, so the fiber modulus can be
assumed to be elastic, and the time dependency of E(¢) is governed by E,(¢) alone.

A strong interface displays an exemplary strength and stiffness, but it is very brittle
in nature with easy crack propagation through the interface. A weak interface reduces
the stress transmissibility and consequently decreases the strength and stiffness. Here,
a crack is more likely to deviate and grow at the weak interface resulting debonding
and/or fiber pull-out and contributes to improved fracture toughness.

Residual stresses play an important role in the microcracking process of
laminates. In addition to residual stresses due to thermal shrinkage, the presence
of moisture can induce residual stresses that influence microcracking. Delamination
or interlaminar fracture is a very important failure mode in composite laminates.
This provides one of the few examples of self-similar crack growth in laminates.

Assessment of resistance to delamination is generally considered to be synony-
mous with characterization of interlaminar fracture toughness. The short beam shear
test is commonly used to measure the ILSS of composites. Here, the specimen could
fail by fiber rupture, microbuckling or interlaminar shear cracking, or a combination
of fracture modes. In the case of the four-point bending test, the failure occurs by
matrix shear yielding, interfacial debonding, or some combination of both.

4.7 Conclusion

Failure is a detour, not a dead-end street. The structural integrity and durability of
fibrous composites more than compensate for their disadvantages. Composites, the
preamble to a lighter world, have an enormous number of applications from
ground-based materials to the space shuttle. In contrast, a significant mismatch in
the environmentally induced degradation of matrix and fiber leads to the evolution
of localized stress and strain fields in the FRP composites. The hygroscopic nature
of polymeric composites necessitates a complete understanding of the interaction
between structural integrity and hygrothermal environments. Composites absorb
moisture in humid environments and undergo dilational expansion. Hygrothermal
exposure reduces the T, of polymers and also causes plasticization, resulting in a
reduction in mechanical properties. The presence of moisture and stresses associated
with moisture-induced expansion may cause lowered damage tolerance and structural
durability. Mechanical properties of material depend not only on the substrate strength
but also on the interface strength. However, moisture absorption and desorption are
also the reason behind the formation of residual stress. This modifies the local stress
threshold required for interfacial debonding, a potential precursor to delamination
nucleation. Interfacial debonding (delamination) may cause premature buckling of
the laminate. Composites are available that incorporate increasingly diverse material
forms and are manufactured by an extensive array of molding and forming processes
They are poised to take the spotlight in manufacturing arenas throughout the world.
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In the future, composite technology will play an important role for the development of
energy-saving vehicles and technologies for environment and climate protection.
Carbon fiber-reinforced composite is one of the potential materials for replacing the
pre-stressed steel tendons at low temperatures (—27 °C) in Canada. Both in the
aeronautic and the automotive industry, composites are more and more used for
crash structures. Advantages of FRP structures for crash applications are their ability
to absorb energy by means of numerous available absorbing sites. The mechanical
properties of composites at low temperatures are influenced by the matrix. At these
temperatures, thermal pre-stress is crucial. This reduces the effective strain to failure
and is the source of microcracks in the matrix. The first formation of microcracks
causes very mild effects in the thermo-mechanical behavior of composites. Consider-
ing the influence of low temperatures on the fracture micromechanisms in composites,
the matrix is brittle and residual tensile stresses in the matrix are promoted. At very
low temperatures, resin embrittlement dominates the phenomena and thus composite
toughness decreases. As the temperature increases very close to the T, of the matrix, it
becomes ductile and behaves as a softer material. Composites at low temperatures,
despite their decades of development, are young by comparison and are therefore not
as well known by design and manufacturing engineers. The implication thus far is that
composites at low temperature must adapt to meet the full potential of their inherent
properties.
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Abstract This chapter describes the results of our studies on the interlaminar
delamination fracture and fatigue of woven glass fiber reinforced polymer compos-
ite laminates under Mode I, Mode II, and Mode III loadings at cryogenic
temperatures. Delamination fracture tests were carried out at cryogenic
temperatures, and the critical energy release rate at the onset of delamination
propagation, i.e., fracture toughness, was evaluated based on a finite element
analysis coupled with damage. In addition, cryogenic fatigue delamination tests
were performed, in order to obtain the delamination growth rate as a function of the
range of the energy release rate. After the tests, fractographic observations were
made to assess the delamination mechanisms at cryogenic temperatures.
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5.1 Introduction

Woven composite materials have been used in many kinds of engineering
applications because of their unique architectural features, ease of handling, low
fabrication cost, and excellent mechanical properties [1]. In particular,
superconducting magnets of cryogenic power systems, such as the International
Thermonuclear Experimental Reactor (ITER), may use large quantities of woven
glass fiber reinforced polymer (GFRP) composite laminates as electrical and
thermal insulation, and structural support [2]. Hybrid materials consisting of
woven GFRP composites and electrical barrier materials, such as polyimide films,
have been considered as the ITER candidate insulation systems [3]. The demand for
lightweight structures in reusable launch vehicles (RLVs) may also result in the use
of carbon fiber reinforced polymer (CFRP) composites in the design of cryogenic
storage tanks [4], and woven CFRP materials have been identified as possible
candidates for such systems [5]. For successful application of woven composites
in cryogenic systems, a thorough understanding of their performance in a variety of
conditions is of great importance.

Several review articles were published which summarize the research work on
the physical and mechanical properties of fiber reinforced composites at cryogenic
temperatures [6—8]. Also, our research group has extensively investigated the
cryogenic behavior of woven composite laminates. For woven GFRP composite
laminates, the interlaminar shear [9, 10], tensile [11, 12] and compressive [13]
responses at cryogenic temperatures were investigated. Studies on the interlaminar
shear failure of hybrid composite laminates at cryogenic temperatures were also
conducted [14, 15]. In addition, the cryogenic translaminar crack behavior in woven
GFRP laminates was characterized [16]. With regard to the composite response to
cyclic loading at cryogenic temperatures, the tensile fatigue behavior of woven
GFRP laminates was studied [17]. The cryogenic translaminar fatigue crack growth
in woven GFRP laminates was also examined [18].

In fiber reinforced composite materials, there are several failure modes: fiber
breakage, matrix cracking, fiber/matrix debonding, fiber pull-out, interlaminar
delamination, etc. Among these failure modes, interlaminar delamination is one
of the major failure modes in laminated composites because such composites lack
through-thickness reinforcement. Furthermore, delamination in composites often
results in the loss of their stiffness and strength, which may lead to safety and
reliability problems. Therefore, understanding of the delamination behaviors in
woven composite laminates under static and cyclic loadings at cryogenic
temperatures is very useful for the design of cryogenic composite structures and
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future material development. However, the majority of studies on delamination in
composite laminates has been concerned with the room temperature behaviors,
and as a result, the knowledge of the cryogenic delamination behaviors is very
limited.

Using fracture mechanics to characterize the onset and growth of delamination
has become a generally accepted practice [19-21]. In general, there are three modes
of fracture: opening Mode I, sliding shear Mode 1II, and scissoring shear Mode III.
All three modes may be present at the delamination front in practical composite
structures. Thus, the complete understanding requires the investigation of delami-
nation behaviors under Mode I, Mode II, and Mode III conditions and combinations
of these modes. The delamination fracture of woven GFRP laminates under com-
bined Mode I and Mode II loading at cryogenic temperatures was examined
experimentally and numerically [22, 23]. The mixed-mode I/II fatigue delamination
growth behavior in woven GFRP laminates at cryogenic temperatures was also
characterized [24].

In this chapter, we present our research findings on the delamination fracture and
fatigue of woven GFRP composite laminates under Mode I, Mode II, and Mode I11
loadings at cryogenic temperatures. Cryogenic delamination fracture tests were
performed on the composite specimens, and a finite element analysis coupled with
damage was used to determine the critical energy release rate at the onset of
delamination propagation, i.e., fracture toughness. Cryogenic fatigue tests were
also conducted to obtain the delamination growth rate data for woven GFRP
laminates under cyclic loadings. In addition, the delamination mechanisms at
cryogenic temperatures were discussed based on fractographic observations.

5.2 Interlaminar Delamination Fracture

5.2.1 Mode I Fracture

In this section, we report the results on the delamination fracture behavior of woven
GFRP composite laminates subjected to Mode I loading at cryogenic temperatures.
The temperature dependence of the delamination fracture toughness of woven
GFRP laminates, designated SL-E (Nitto Shinko Corporation, Japan), for Mode 1
was investigated by performing the double cantilever beam (DCB) test and the
three-dimensional finite element analysis [25]. The DCB test has emerged as the
preferred configuration for measuring the Mode I delamination fracture toughness
of fiber reinforced composite materials [26-28]. The DCB specimen geometry is
shown in Fig. 5.1. The woven GFRP panel for the specimens was of 3.5 mm
thickness. The specimen length and width were 70 mm and 22 mm, respectively.
A nonadhesive insert, i.e., a polymer film, was placed at the specimen midplane
which serves as a delamination initiator. To produce an initial delamination, each
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specimen was precracked. The initial delamination length ao was about 20 mm.
Aluminum end blocks were adhesively bonded to the specimens to enable load
application. The DCB tests were performed under displacement control at room
temperature, liquid nitrogen temperature (77 K), and liquid helium temperature
(4 K). The delamination opening displacement was measured from the testing
machine’s displacement. A three-dimensional finite element analysis was also
carried out to evaluate the Mode I delamination fracture toughness of the woven
GFRP laminates. The delamination fracture toughness increased between room
temperature and 77 K, further cooling to 4 K produced a toughness decrease due
to the suppression of molecular motion of polymer resins at 4 K [29].

It is well known that composites undergo damage when subjected to mechanical
loads, especially at cryogenic temperatures. The effect of damage on the Mode I
delamination fracture properties of woven GFRP laminates at cryogenic
temperatures was examined numerically [30]. A damage analysis based on a finite
element method was conducted to predict the initiation and growth of damage in the
DCB specimens. Damage in the woven GFRP laminates was addressed using
failure criteria and stiffness degradation technique. The energy release rate was
slightly affected by the damage near the delamination front.

5.2.2 Mode II Fracture

The three-point bend end-notched flexure (3ENF) test has been used for the
determination of the Mode II delamination fracture toughness of laminated
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composites [28]. However, the drawback of the 3ENF test is that delamination
growth is unstable. The delamination fracture of woven GFRP composite
laminates under Mode II loading at cryogenic temperatures was examined by
both 3ENF test and three-dimensional finite element method [31]. The Mode 11
delamination fracture and damage behavior of woven GFRP laminates at cryo-
genic temperatures was also investigated using a finite element analysis of the
3ENF specimen [32].

As a modified version of the 3ENF test, the four-point bend end-notched flexure
(4ENF) test has been introduced [33]. The 4ENF test has certain advantages over
the 3ENF test and appears to be gaining in popularity [34, 35]. Unlike the 3ENF
test, delamination growth is stable in the 4ENF test. Here, we describe 4ENF test
and analysis on woven GFRP laminates, designated G-11 (Arisawa Mfg. Co., Ltd.,
Japan), under cryogenic conditions [36]. A G-11 type product is fabricated to meet
performance criteria established by the National Electrical Manufacturers Associa-
tion (NEMA).

The 4ENF test setup is shown in Fig. 5.2. The composite specimen contained a
polymer film delamination starter at the specimen midplane and was precracked to
an initial delamination length a, of about 18 mm. The specimen length, width, and
thickness were 90 mm, 20 mm, and 3.65 mm, respectively. The 4ENF uses a four-
point bend configuration where the supports comprise the outer span and the inner
span consists of the loading noses. The outer span length and the inner span length
were, respectively, 65 mm and 32.5 mm. The specimens were tested under dis-
placement control at room temperature, 77, and 4 K. The testing machine trans-
ducer was used to record the displacement of the center of the inner span. In
addition, using a finite element analysis coupled with damage, the initiation and
growth of damage in the specimens were predicted, and the Mode II delamination
fracture toughness of the woven GFRP laminates was evaluated. Matrix
microcracking developed on the upper delamination surface and underneath the
load point on the bottom surface of the specimen, and the fiber-dominated failure
occurred near the delamination front. The predicted damage pattern was consistent
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Fig. 5.3 Schematic
representation of modified
SCB test
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with the observed damage zone in the tested specimens. It was also found that the
Mode II delamination fracture toughness increased with decreasing temperature
from room temperature down to cryogenic temperatures.

5.2.3 Mode III Fracture

The determination of the delamination fracture toughness of laminated
composites under Mode III conditions remains a difficult task. Several test
techniques have been proposed for characterizing Mode III delamination fracture
[37], and the two most mature methods are likely the edge crack torsion (ECT)
[38] and modified split cantilever beam (SCB) [39] tests. Of the two methods, the
modified SCB test would seem to hold promise because the test specimens are
similar to those used for existing Mode I and Mode II tests and are fairly simple
to manufacture. Our effort in Mode III delamination fracture of G-11 woven
GFRP composite laminates at cryogenic temperatures is presented here, using the
modified SCB test technique [40].

Figure 5.3 presents a schematic representation of the modified SCB test geome-
try. The specimen length was 70 mm; the width was 10 mm; and the thickness was
3.2 mm. A polymer film was inserted at the specimen midplane to provide a starter
delamination. A precrack was used to extend the delamination length and the initial
delamination length ay was about 45 mm. Loads of P, and P, were applied to each
arm of the specimen. The fracture tests on the SCB specimens were carried out
under displacement control at room temperature, 77 K, liquid hydrogen temperature
(20 K), and 4 K. The displacement was measured by the testing machine’s dis-
placement. A three-dimensional finite element analysis was also performed to
determine the critical Mode III energy release rate at the onset of delamination
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Fig. 5.4 Mode I fatigue
fracture surface at 4 K

growth, i.e., Mode III fracture toughness. The delamination fracture toughness
increased between room temperature and 20 K. Further cooling to 4 K was
characterized by a toughness decrease.

5.3 Interlaminar Delamination Fatigue

5.3.1 Mode I Fatigue

In this section, we present our investigation on the delamination growth behavior in
woven GFRP composite laminates, designated SL-EC (Nitto Shinko Corporation,
Japan), subjected to Mode I fatigue loading at cryogenic temperatures [41]. The
configuration of a DCB specimen, as shown in Fig. 5.1, was used for the
experiments. Mode I fatigue delamination tests were performed under load control
with constant amplitude at room temperature, 77, and 4 K. The load cycle was
sinusoidal and the ratio of the minimum applied load P.y;, to the maximum applied
load P,,.x (load ratio) was equal to 0.1. The applied load was measured by the
testing machine load cell. Also, the cyclic frequency was 2 Hz. The range of the
Mode I energy release rate during cyclic loading was calculated from a three-
dimensional finite element analysis, and the delamination growth rate data were
expressed in terms of the energy release rate range.

The fatigue results showed that higher resistance to fatigue delamination growth was
obtained for cryogenic conditions and the delamination growth rate at 77 K was lower
than that at 4 K. In addition, the dominant fatigue delamination growth mechanisms
were different at room temperature and cryogenic temperatures. At room temperature,
fiber/matrix debonding was the main mechanisms. On the other hand, at cryogenic
temperatures, both fiber/matrix debonding and brittle fracture of polymer matrix were
the dominant fatigue delamination growth mechanisms (see Fig. 5.4).
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5.3.2 Mode II Fatigue

This section presents the characterization of the cryogenic fatigue delamination
growth behavior in G-11 woven GFRP composite laminates under Mode II
loading [42]. Mode II fatigue delamination tests were conducted at room temper-
ature, 77, and 4 K using the 4ENF test setup (see Fig. 5.2). The composite
specimen was loaded cyclically under displacement control at a frequency of
2 Hz and a displacement ratio of 0.1. The displacement ratio is defined as O,/
Omax> Where dpnax and O, are the maximum and minimum applied displacements,
respectively. The applied displacement was measured by the testing machine’s
displacement. The Mode II energy release rate range was determined by a three-
dimensional finite element method.

The delamination growth rate appeared to decrease as the temperature decreased
from room temperature to 4 K. The fatigue fracture surfaces were characterized by
the presence of hackles and fiber/matrix debonding. Hackles are formed by
microcracking in the resin material just ahead of the delamination front [43—-45].
The dependence of the delamination growth rate on the temperature can be
explained by the decrease in the hackle spacing (defined in Fig. 5.5) with decreasing
temperature.

5.3.3 Mode III Fatigue

This section describes a study on the Mode III fatigue delamination growth in G-11
woven GFRP composite laminates at cryogenic temperatures [46]. The modified
SCB test geometry, as shown in Fig. 5.3, was employed and the composite
specimens were tested at room temperature, 77, and 4 K. All fatigue tests were
performed in displacement control at a test frequency of 5 Hz and a constant
displacement ratio, i.e., ratio of the minimum applied displacement J,,;, to the
maximum applied displacement &, of 0.1. The applied displacement was
measured by the testing machine’s displacement. A three-dimensional finite ele-
ment analysis was also conducted to determine the Mode III energy release rate
range.

The delamination growth rates at 77 and 4 K were lower than that at room
temperature. It was also noticed that the delamination growth rate at 4 K was higher
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Fig. 5.6 Mode III fatigue
fracture surface at 4 K

than that at 77 K. In addition, matrix resin debris was the significant feature of the
fatigue fracture surface, as shown in Fig. 5.6, and the size of the resin debris
decreased as the temperature decreased.

5.4 Conclusions

Contributions of our research group are summarized in this chapter, focusing on the
interlaminar delamination fracture and fatigue of woven GFRP composite
laminates under Mode I, Mode II, and Mode III conditions at cryogenic
temperatures. It was found that delamination behaviors in woven GFRP laminates
under static and cyclic loadings were strongly dependent on temperature. The
observed trend was an increase in the resistance to delamination fracture and
fatigue as temperature decreased from room temperature to cryogenic temperatures.
Furthermore, fractographic observations showed the profound difference in the
cryogenic delamination mechanisms between the three modes. Our studies provide
some basic insights into delamination characteristics in woven GFRP laminates at
cryogenic temperatures. Such knowledge for composite materials is essential to
establish design allowable and damage tolerance guidelines for cryogenic compos-
ite structures.
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Abstract Dielectrics is ubiquitous in all electrical systems. In this chapter we introduce
many aspects in a systematic manner in order for the reader to be able to follow it in a
sequence. Firstly, the various media and the salient features of each are discussed. The
media range from vacuum to highly compressed gases, liquids, and solids. The basic
mechanism of dielectric behavior is discussed in each different case when subject to
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electric field. The imposed electric field can be of different forms such as steady-state AC
and DC voltages. It can also be due to transients in the system brought about by
switching operations or they could be due to naturally occurring phenomena namely
lightning. The configuration of electrode geometries and the polarity of the electrodes
bring about phenomena within the media that need to be understood in order to design
electrical systems for a variety of applications. We also focus our attention particularly
when the media are at cryogenic temperatures. The electronic and ionic reaction
mechanics change drastically at low temperatures. In the early part of this chapter the
discussion is centered around the basics such as partial discharge, electrical breakdown,
dielectric losses, and permittivity. This is followed by applications of power cable design
and operation at or near the boiling point of liquid helium. The reader is directed to some
real life experiences of such cable systems. Once again the emphasis here has been on the
dielectric aspects and the role that materials play in enabling such technology. With the
advent of high temperature superconductors (HTS) the outlook was more promising as
superconductivity could be achieved at around the boiling point of liquid nitrogen (77 K).

Most dielectric systems were designed with the cryogen playing a dual role of
being the cooling medium and also being an integral part of the dielectric. As HTS
became more widespread cold compressed gaseous helium is now considered viable
for some special applications. Advances in the development of polymeric materials
for cryogenic applications have largely kept up with HTS technology. However,
there are problems that have to be overcome, in particular mechanical strength at low
temperatures. Another problem inherent to devices such as cables and coils is
winding gaps and inclusions. This presents opportunities for partial discharges to
start and if not avoided leads to aging of the device and finally failure. Important
dielectric properties such as permittivity and loss tangent have been discussed at
some length. The measurement of these parameters not only gives their numerical
values but also provides insight into the behavior of the material properties in a
general sense. Composites is another area that is being actively pursued and this topic
is discussed in particular the differences between micro- and nano-fillers in polymer
resins. The large increase in surface area with the reduction in particle size to the
nano-scale has opened up great opportunities for advancement. The interfacial
region is one that holds the key to future advancement in this technology. Cryogenic
nanocomposites are a fascinating technology that has opened up new horizons, and
many laboratories are making great progress in understanding the behavior of these
materials both theoretically and with experiments.

Keywords Dielectric « Cryogenic * Polymer « Nanoparticles « Electrical break-
down e Partial discharge

6.1 Introduction

Dielectrics or electrical insulation spans the whole of electrical engineering. In this
chapter the author refers to the subject material as dielectric and electrical insula-
tion interchangeably to mean the same thing. The area of dielectrics takes many
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forms, namely vacuum, gases, liquids, and solids. Where any one of the above or a
combination is to be used depends on the application. In this chapter the main focus
will be on the application of dielectrics in electrical systems. The parameters of
importance for the study of dielectrics are (a) the availability of free electrons,
(b) the electric field configuration and its magnitude and the medium in which the
activity takes place. In the vast majority of cases that one encounters in electrical
engineering, the field configuration is nonuniform. The degree of nonuniformity
will depend to a large extent on the application. So gaining an understanding of the
electric field configuration is of the utmost importance. Understanding the underly-
ing basic physics of how the electric field could occur is critical. The mechanics of
the various processes that occur within a given medium will be dependent on the
medium itself, temperature, pressure electrode material, current, and voltage. The
discussion here will be confined to solid polymeric materials operating at low
temperature. However, one has to have a thorough understanding of the various
means by which these low temperatures can be achieved, and what part they play in
the overall dielectric system. Some areas where cryogenic materials find usage are
listed below:

(a) Cables

(b) Capacitors

(c) Transformers

(d) Motors

(e) Magnets

(f) Coils

(g) Fault current limiters

The most commonly used cryogenic fluid is liquid nitrogen. Liquid helium has
high dielectric strength; however, it is not widely used in the electric power industry
due to its high cost in comparison to liquid nitrogen, and the difficulties of handling.
More importantly with the advent of high temperature superconductivity (HTS) the
need to operate at or near the boiling point of liquid helium, 4.2 K, has largely
diminished.

6.2 Cryogenic Applications

The cryogenic media most commonly used in many electrical engineering
applications are liquid and compressed gas. Often the cryogen in addition to
being the cooling medium forms an integral part of the dielectric system, examples
being:

(a) Liquid nitrogen and liquid helium
(b) Gaseous helium cold and compressed

Generally the dielectric medium is rendered useless after a fault. However,
media such as vacuum, gases, and some liquids are self-healing. Self-healing
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Fig. 6.1 Illustration of the formation of an electron avalanche which leads to ionization of the
medium and finally dielectric breakdown [23]

media can fail in the future due to contamination of the medium and electrode
damage.

On the other hand solid dielectrics fall into the first category, where the failure is
irreversible.

Let us turn our attention to the basic mechanics of dielectric failure in general. In
order for dielectric failure to occur in any medium two fundamental parameters
have to be present:

(a) Availability of free electrons
(b) An electric field sufficiently large to accelerate these free electrons

Figure 6.1 shows the sequence of events that leads to dielectric breakdown.

In the gas phase, the nascent stage of discharge is due to corona which leads to
streamers and finally leaders.

In the liquid phase, the initiation is similar but it is dominated by streamers.

In the solid phase, the onset is triggered by partial discharge due to voids in the
solid. The electric field is higher in the void (gas) than in the solid as often the
relative permittivity of the gas is lower than that of the solid. Partial discharge,
which is essentially corona, eventually leads to failure of the insulation—damage is
permanent.

For a solid material to be useful as a dielectric the operating voltage must be less
than the voltage at which partial discharge begins.

In vacuum depending on how high the vacuum is, the medium for any activity
that can trigger an electrical discharge is absent. Hence although there will be a
sufficiently large electric field, the mean free path for collision with other atoms and
molecules can be very long. As the voltage of the high voltage electrode is raised,
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Fig. 6.2 Field configurations encountered in high voltage engineering

the work function of the electrode material will be exceeded which gives rise to
emissions from the electrode; therefore a medium is created. The processes that
ensue are now similar to those with other media which gives rise to collisions with
free electrons leading to electrical breakdown of the vacuum gap.

Since the scope of this chapter does not extend to a full-scale discussion of
vacuum breakdown, the reader is directed to a few references which will be useful
[24, 35].

6.3 Field Configurations

It is not usual to encounter purely uniform field conditions in the practice of high
voltage engineering. Figure 6.2 gives some commonly used electrode geometries.

6.4 Polarity Effects

6.4.1 Positive Polarity

In a nonuniform field electrode geometry when the high voltage electrode has
positive polarity, as shown in Fig. 6.3, electrons are attracted towards the point
electrode. Since the mobility of electrons is much greater than that of the positive
and negative ions, the ion cloud behind the electrons forms a space charge field
[1, 14, 38].
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Fig. 6.3 (a) Space charge build-up in positive point—plane gap. (b) Field distortion by space
charge [34]
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This space charge field combines with the applied field leading to enhancement
further out into the gap. This facilitates increased ionization which eventually leads
to breakdown of the gap.

6.4.2 Negative Polarity

For negative polarity as shown in Fig. 6.4, the electrons are repelled away from the
high voltage electrode, which forms a space charge cloud around it. The only way
for breakdown of the gap to occur is by increasing the electric field which is
achieved by increasing the voltage [8, 43—46, 49, 53, 60].

For nonuniform field geometries negative polarity breakdown is higher than
positive polarity.

6.5 Dielectric Losses

When an insulator is subjected to an electric field, as is the case with a capacitor,
losses occur due to the passage of current. The current consists of:

(a) Conduction current
(b) Displacement current

In a good insulator under DC electric fields the conduction current is very small
and hence the losses are also small.

However, under AC electric field conditions there is an appreciable component
of the field in phase with the applied electric field. This gives rise to dielectric losses
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Fig. 6.4 (a) Space charge build-up in negative point—plane gap. (b) Field distortion by space
charge [34]

in the form of heat. The losses are dependent on the frequency of the applied field.
Thus the permittivity of the medium (dielectric) which is a measure of the polari-
zation of the medium becomes a complex quantity.

The following analysis is well known from Maxwell’s equations and is given
here for the sake of completion.

oD
V xH=J+— =0FE + jweE

ot
where, ¢ is the permittivity.
Hence
V x H = oE + jo(¢' — j¢")E
Here

e=¢ —je'
£ = real part or lossless part of &
¢’ = imaginary or the lossy part of ¢.

V x H = [(6 + we") + joe'|E
= (¢ + jwe )E

where
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6 = 6 + we” = equivalent conductance
V X H == JlotalE

The total current density Jyo is the vector sum of conduction current density
(¢’ 4+ jwe")E which is in quadrature with the displacement current density joe'E.
Thus the dielectric loss is given by

/

(o2
tan § = —
we

where tan § is called the loss tangent of the dielectric.
The conduction current gives the energy loss in the dielectric and the displace-
ment current represents the energy storage capacity.

6.5.1 Method Used for Dielectric Loss Measurement

The Schering bridge circuit [29, 34] is one that is used widely in high voltage
laboratories. In the modern version of this circuit the detector and the low voltage
arms are incorporated into a single instrument so that the high voltage transformer,
the standard discharge free capacitor, and the test object are placed in an enclosure.
Instrument cables from the enclosure are terminated at the detector. The instrument
is self-adjusting and reads the dielectric loss (tan &) and the capacitance of the test
object simultaneously. It can be used at power frequencies typically 50-60 Hz. The
bridge is sensitive to the fundamental frequency of operation.

6.6 Partial Discharge in Solids

6.6.1 Electrical Breakdown in Solids

The electrical breakdown in solids is almost always preceded by partial discharge
activity. Partial discharge is a complex process involving many physical aspects.
The scope of this chapter does not extend to a full-scale discussion of partial
discharge. Here the discussion is confined to the most fundamental details.

In the fabrication of any solid insulation in high voltage applications it is
inevitable that manufacturing imperfections would find their way into the final
product. The most common of these are voids in the solid material [29, 30]. Many
devices such as transformers, cables, and capacitors use solid insulation in addition
to liquids and gases. In general the solid is the strongest dielectric and as the voltage
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Fig. 6.5 Partial discharge measurement system

is increased partial discharge begins in either a void within the solid or at a triple
point within the device, which eventually leads to dielectric breakdown.

6.6.2 Measurement of Partial Discharge

The measurement of partial discharge is conducted within a well-constructed
Faraday enclosure. Figure 6.5 shows a schematic of the partial discharge measure-
ment system. It is important that this enclosure has an entirely separate grounding
system to all other activities in the laboratory situation. In addition all power inputs
into the equipment within the Faraday enclosure must be filtered for extraneous
signals and harmonics of higher order. The reasons for such elaborate precautions
are that the charge levels that have to be detected are in the pico-Coulomb (pC)
range and of course one has to ensure that the signals detected by the equipment
within the enclosure can only come from the activities that take place in the object
under test. The voltage levels in many of these activities are typically in the kV or
higher ranges.

It is generally accepted that the partial discharge inception voltage of test objects
subject to high voltage is reached when the level is ~10 pC. It is critically important
that the equipment to be used in a high voltage application must be operated at a
voltage below this threshold of the inception voltage for partial discharge.

6.7 Cryogenic Dielectrics

The most commonly used cryogenic liquid that is used today is liquid nitrogen
(LNy); this is specially true with the advent of HTS. However, there are limitations
of using liquid nitrogen at atmospheric pressure. The advantage of LN, is that it
forms part of the dielectric system and by itself is a strong dielectric. In addition it is
abundant and relatively inexpensive. Another cryogenic fluid that is used widely
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and not without limitations is liquid helium (LHe). Beginning around 1970 and for a
decade or so after there were serious efforts at using low temperature materials
cooled by LHe for transmission of electric power. Liquid helium is the coldest of all
the cryogenic fluids known, boiling at 4.2 K under atmospheric conditions. It is also
quite a strong dielectric both in the liquid and high density gaseous state [2, 9, 12,
19, 20, 40, 54]. The dielectric properties of liquid helium are as good as transformer
oil [18] as the density of gaseous helium goes up the dielectric properties improve
significantly [18]. However, it is relatively expensive. A third cryogen that has been
considered is liquid hydrogen. However, it is not used in the electric power industry
as it requires very special handling. Liquid neon which has a boiling point of 27 K
has been considered from time to time. It is not a serious candidate as it is rare and
very expensive; additionally it is not a strong dielectric. In the gaseous state its
dielectric strength weakens considerably with even trace quantities of other gases
such as Argon [38]. Liquid helium is used widely in low temperature
superconducting systems such as magnetic resonance imaging (MRI).

The use of gaseous helium at high pressure and temperatures where HTS
becomes viable is being pursued actively in some specialized applications of
power transmission, such as on board ships [21, 48].

6.8 Polymeric Dielectrics

Some of the early attempts of harnessing the advantages of superconductivity for
transmission of electric power were carried out in the early 1970s and the following
decade or so. There was a concerted effort at Brook Haven National Laboratory
in the United States towards implementing AC high voltage transmission lines [11].
In this work the temperature of operation of the cables was near the boiling point
of LHe (4.2 K). The insulating materials used were plastics whose dielectric
strengths were of the order of 10 kV/mm. They had tested several short length
model cables for dielectric integrity. Figure 6.6 shows an isometric view of the
cable construction.

The dielectric loss factor of the material that was used for this cable was
2 x 107°. Minimizing the dielectric loss is an important aspect of cable design as
this loss manifests itself in the form of heat which has to be removed. Thus the
refrigeration costs increase, which if not tightly controlled results in making the
operation unviable.

The work at Brook Haven resulted in a cable being fabricated. The cable was
designed with a view of operating under AC voltage at 138 kV. One of the most
important factors in the implementation of this cable was to ensure that it was free
of partial discharge at the operating voltage. Helium gas is by far the weakest link in
this system; the gas gets trapped in the winding gaps of the insulation tape.
The polymeric dielectric material typically had a relative permittivity (e;) in the
range of 2.2, whereas gaseous helium has an &, of about 1.0 so due to this the
electric field is enhanced in the gas which results in the gas partially breaking down
electrically.
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Fig. 6.6 Isometric view of flexible superconducting coaxial cable [10]

In the early 1980s there were attempts at building DC cables that were to operate
at 100 kV DC at Los Alamos National Laboratory [6, 7]. The cable was designed for
operating conditions of 1.38 MPa in supercritical helium at 12 K. DC was chosen as
the preferred voltage mode as at superconducting temperatures the materials used
have zero resistance and there are no AC losses due to frequency effects. Also under
steady-state conditions the cable is resistive and under transient conditions such as
during faults it is capacitive. These fault conditions can be due to lightning strikes,
and also switching the cable on and off can create conditions akin to faults. These
two conditions are the ones that are generally accepted for a superconducting cable.
However, due to the inevitable presence of harmonics on the lines which is a result
of converters at the ends of the cable, the voltage is not a pure DC. The harmonics
that travel on the cable form standing wave patterns with successive maxima and
minima [7]. These harmonic currents give rise to two types of losses: hysteresis
losses in the superconductor and resistive losses in the former which is made of
Copper. In the studies at Los Alamos they had studied over a dozen materials
ranging from Cellulose paper impregnated with oil to plastics such as Kapton and
Valeron.
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Rather an important concern of these studies had been the formation of ice
crystals. The strength of ice had been studied prior to these studies [32, 39]. The
work at Los Alamos [6] had studied the breakdown characteristics of many
materials under uniform field conditions in a cryostat under the same conditions
as given above before the final selection of suitable materials was made. It is
noteworthy that plastics such as Kapton and Mylar both exhibited breakdown
characteristics which were similar. This fact is important because under the right
conditions of operation failure of the dielectric could well be due to surface effects
than the dielectric being punctured. In recent work Graber et al. [21] have also
shown that dielectric breakdown of cryogenic cables can occur due to surface burns
on the dielectric material as against clear punctures. Also interesting is the fact that
at 1.38 MPa the variation of electric field as a function of the reciprocal of
temperature is linear [6].

6.8.1 Mechanical Properties

For superconducting cables designed to operate between 4.4 and 8 K under
pressures ranging from 0.4 to 1.5 MPa [11, 62] the dielectric materials were subject
to arduous mechanical stresses. These stresses usually result in the development of
cracks which gave rise to partial discharges. This only adds and compounds the
problems of partial discharge taking place in winding gaps which occur due to tape
insulation being wound on the conductors and the formers. The partial discharge
inception voltage is dependent on the polymeric material used [62]. This at first
seems counter intuitive; however it stands to reason when one considers the fact
that different materials have different coefficients of contraction. There is also an
effect which is dependent on the helium gas pressure in these cases together with
the material of the former on which the insulation is wound [27]. The aging of
insulation is attributed mainly to partial discharge development which occurs due to
gaps and bubbles being formed, this latter in particular where a liquid cryogen is
involved [4, 61, 63].

The coefficient of contraction for plastics used in these applications is greater
than for the metal of the former [62]. Thus the mechanical stresses give rise to
cracks once again. The glass transition temperatures for these plastics occur at
much higher temperatures than those at which the cables have to operate; hence the
mechanical properties of the materials are not robust enough leading to crack
propagation.

In addition to the above there are other factors contributing to degradation in
subcritical helium environment. Helium gas trapped in the winding gaps
experiences the same electric field as the insulating material lapped on the cable.
The gas being dielectrically weaker gives rise to partial discharge which over time
erodes the insulation which can eventually lead to electrical breakdown. Most of the
damage is brought about by the electrons and not the helium ions. Electron impact
on the insulation is the most likely source [17]. In an AC cable where the winding
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gaps can be thick in comparison to the insulation tape thickness so the chances of
high energy electrons being trapped is very real. If a sufficient number of these
electrons agglomerate in one location, then their density is increased. If this were to
be the case in the positive cycle of the AC wave, voltage reversal causes the
intrinsic strength of the polymer to be exceeded over a small thickness leading to
dielectric failure [62]. It has been shown that due to thermal effects on polymers the
covalent bonds get excited in the vibration mode and in the Van der Waals potential
[50]. Similar discussion of the thermal stresses within fiber—epoxy composites at
low temperatures has been given by Harrwig and Knaak [26] The asymmetries give
rise to negative and positive coefficients of expansion again leading to weakening
of the material mechanically. Other parameters such as surface finish of the formers
have bearing on solid dielectrics impregnated with both gas and liquid helium.

A material widely used in the electric power industry for insulation of power
cables is extruded polyethylene (PE). There have been attempts at using PE at
cryogenic temperatures [51]. It has been shown that the dielectric strength of PE
improves by a factor of 20 % from the value at room temperature [28]. Similar
results have been reported for other polymer materials [47]. While it is possible, and
indeed both the electrical and mechanical strengths are significantly enhanced at
cryogenic temperatures, extremely careful handling is very important. The model
cables that were used for tests have shown that the cooling rate for short sample
lengths of 20 cm had to be of the order of 0.3 K/min [51]. The contraction of the PE
was similar for comparable short lengths of model cables. Once again it has to be
borne in mind that the metal of the former does not contact as much as the dielectric
which is wound on it. This situation almost always leads to cracking of the
dielectric. The situation is of course exacerbated when the length of the cable is
increased.

In spite of these drawbacks there are some real gains to be achieved by using PE
at cryogenic temperatures such as the voltage at which dendrite formation begins.
The voltage at which this phenomenon occurs is increased by a factor of 6 [33]. In
addition it has been reported that the loss tangent of PE at cryogenic temperatures
gets reduced by half when compared to room temperature [51].

Some of the most important factors to consider in longer lengths of cable
systems are the bending radii and notches that are invariably present in the
semiconducting layers together with drill holes. All these factors have real potential
to cause the insulation to develop cracks.

6.9 Composite Dielectrics

6.9.1 Introduction

A composite material is defined as one that has two or more components. For
dielectric materials this generally is the addition of some nonconducting ceramic or
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clay compound to a host resin. The additive material is in the form of spheres, tubes,
rods, or planes. The type of application largely determines the shape and composi-
tion of the additive. In the present discussion we will confine ourselves to spherical
particles whose dimensions are in the pm and nm scale. The term nanodielectrics
was coined by Lewis [36] in a seminal paper where he delved into the beneficial
aspects of adding filler materials whose dimensions were in the nanometric scale to
a host polymer. As can be gathered this area of nanodielectrics is a young and
emerging technology. The usage and study of nanodielectrics under cryogenic
conditions is even more recent. However, there seems great promise for this area
of expertise to grow, in particular with advances in HTS. The electrical power
industry seems to indicate an interest in this area for the promise it holds for future
transmission of power [55]. It has been shown that even if the host material such as
Kraft paper is impregnated with polypropylene, although in this case the result is
not a composite as no particles are embedded in the original paper, the resulting
material performs very well at 77 K for DC power transmission [3]. In addition
superconductors find usage in electrical motors, generators, cables, transformers,
and magnets. In all these devices a common aspect is insulation. So it stands to
reason to concentrate on making materials which can be used in these many areas of
activity.

6.9.2 The role of Nanomaterial in the Composite

The enhancement of a variety of properties has been achieved by the addition of
foreign materials into a host. For the records the earliest such examples can be
found in artifacts dating back to several centuries [22]. In the present discussion we
confine ourselves to the beneficial aspects of the resulting materials with respect to
electrical power. The enhanced properties that are sought after in a new dielectric
material for cryogenic applications are enhanced dielectric breakdown strength [58,
59], pliability, mechanical strength [31], and decrease of relative permittivity [42].
It has been shown that as the particle size is reduced there is substantial
improvements to be gained in breakdown electric field strength and the onset of
electroluminescence [41]. Their studies have shown that there is an optimum limit
of 10 wt.% of both nano- and micro-size with regard to breakdown field enhance-
ment of the composites. However, the nanocomposite has a significantly higher
breakdown field strength. Electroluminescence studies conducted using highly
nonuniform field of point plane geometry have shown once again that the
nanocomposite has an initiation field strength of twice that for the microcomposite
and the host resin [41]. A study on electroluminescence on an epoxy resin under
both uniform and nonuniform field conditions has shown that the polarity of the
excitation voltage has very little bearing on the level of light intensity [25]. An
explanation of possible mechanisms of this electroluminescence advanced by the
authors is that the emissions are due to the existence of hot carriers that can be
accelerated to high kinetic energies or by bipolar injection from anode and cathode,
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charge migration, and the formation of recombination domains (Griseri et al.).
Alternatively, Nelson et al. [41] point to the mechanism for electroluminescence
to be from the downward transition of excited species formed by electron injection
in the high field tip. In this discussion it is quite evident that the large increase in
surface area as the particle size is decreased plays a vital role. The nanoparticles
have created a mechanism for electron scattering which will skew the energy
distribution with beneficial results, which means a higher voltage is required for
initiation of electroluminescence [41].

Nanocomposites have been shown to enhance the surface properties of the new
materials in addition to the improvements in the bulk [13]. In this work they had
examined the triple junction effect of a nanocomposite in an atmosphere of com-
pressed air at 5 bar. The geometry used was plane—point—plane. It has been shown
that the surface damage on the nanocomposite was negligible in comparison to the
damage suffered by the base resin under the same AC voltage conditions. This work
if extended will reveal many more interesting aspects of surface corona on
nanocomposites.

Although the nanomaterial forms a crucial part of the nanocomposite, it should
not be overlooked that the host resin is key in determining the dielectric properties
of the composite. The role of the host resin as to whether it is of polar or nonpolar
has very complex behavior with regard to the loss characteristics as a function of
frequency [64]. They studied the dielectric performance of two different sets
of composites made up with Alumina. One host resin was polar and the other
nonpolar. The particle size was of the order of 10 nm. Dielectric spectroscopy was
so complex that it was difficult to decipher the mechanisms underlying the
observations.

6.9.3 Dielectric Constant of a Composite

The very early attempts at calculating the effective dielectric constant of a two
component of a composite were done by Maxwell Garnett [16]. Since then others
have made useful contributions [15]. In this latter case the authors had taken the
approach that the additive material had an ellipsoidal shape distribution. It is argued
[37] that the model advanced by Gao and Gu does not take into account the finite
interfaces between the particles and the host matrix. The interface that is formed
within the composite is a highly complex region where many forces come into play
such as covalent bonding, charge transfer reactions and to account for polarization
due to dipoles Van der Waals forces [37].

6.9.4 Nanodielectrics Under Cryogenic Conditions

Nanodielectrics will be an important area of study in the superconductivity industry
in the not-too-distant future. There have already been considerable efforts at trying
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to understand the basic processes and mechanics of nanocomposites at cryogenic
temperatures [56, 57]. There is evidence that it is not only the particle size and the
base resin that determine the performance of the composite as a dielectric but also
the method of fabrication [58]. Again there are more problems that one encounters
such as particles fusing to give rise to agglomeration which contribute to the
lowering of desirable properties like enhancement of dielectric strength [58].
Work performed by using polyvinyl alcohol, which is water soluble, incorporating
additives of barium titanate and titanium dioxide has been shown to have increases
in both real and imaginary parts of the permittivity and correspondingly increase in
dielectric losses [57]. This however is not unexpected as the increase in permittivity
is associated with the bound water and interfacial polarization [57]. The role of
water in a two-component composite playing a significant role in increasing both
the value of permittivity and dielectric loss as a function of frequency at a fixed
temperature was reported by Sillars [52]. It is noteworthy that an insulator
containing a small quantity of a semiconducting material exhibits a higher conduc-
tivity under AC voltage than under DC voltage [52]. The energy loss being
attributed to dipole rotation at radio frequencies, but under DC voltage in the
same material is said to be due to some manifestation of ionic conduction [52].
The reduction of particle size from micrometer scale to nanometer scale once again
has shown that the polarization that occurs for the former due to moisture absorp-
tion is not present in the latter case, and the interfacial region is critical in the
mechanism of charge trapping [5]. Controlling the particle size in the composite is
critical for enhanced electrical and mechanical performance. It has been shown that
in situ precipitation of titanium dioxide particles in clear epoxy yielded good
uniform dispersion of nanoparticles. The method used was a drop casting technique
[44]. This method while giving desired results for particular applications may not
always be practical. The advantage of this method is that the nanocomposite can be
molded into any desired shape and is suitable for cryogenic applications.

6.10 Conclusions

Dielectrics in its many forms have been studied over a long period of time using a
variety of experimental and theoretical methods. However, we are yet to device
predictable models that could be used across even a narrow set of variables that
present themselves in an electrical system. In this chapter we have drawn attention
to polymeric materials under cryogenic conditions, which adds yet another dimen-
sion to an already complex situation. The rapid development of high temperature
superconductors and their potential application in the electric power industry makes
it even more important to embark into the area of dielectrics under cryogenic
conditions.
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Abstract Cryo-treatment of polymeric hydrogels, such as poly(vinyl alcohol)
cryogels (PVA-C), have long been developed for a variety of medical applications.
In the case of PVA-C the simplicity of its fabrication in its most basic form,
obtained through a series of freezing and thawing cycles from low to room
temperatures, along with its highly tailored microstructure, soft-tissue-like mechan-
ical properties, and excellent biocompatibility makes it one of the most promising
medical hydrogels researched today. In this chapter, we discuss the properties of
soft tissues, with an emphasis on human vasculature, as a preamble for our
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investigation of current techniques in PVA-C manufacturing. The mechanical
properties of PVA-C are then presented, outlining its behavior with varying cryo-
treatments and PV A concentrations. We then highlight an example of PVA-C used
for a coronary imaging phantom, and lastly provide brief examples of PVA-C and
its derivatives in a variety of biomedical applications.

Keywords Poly(vinyl alcohol) cryogel ¢ Vasculature elasticity ¢ Freeze—thaw
cycles ¢ Coronary phantoms ¢ Tissue scaffolds

7.1 Introduction

The improvement of clinical diagnostic technology, medical training, and surgical
solutions is critical to providing a more reliable and sustainable healthcare.
Advances in the former two especially contribute to the efficiency of primary health
care services and preventative medicine. Imaging phantoms—synthetic models that
mimic the geometry, imaging physical properties and/or mechanical behaviors of
organs—are frequently used to optimize current and leading-edge diagnostic imag-
ing modalities in ultrasound [1], magnetic resonance imaging (MRI) [2], and high-
resolution optical coherence tomography (OCT) [3] technologies. As for surgical
tools, the scarcity of organ donations [4], as well as difficulties in harvesting certain
allograft (human) and xenograft (animal) tissues such as coronary arteries [5], fuel
the necessity of scientific research into materials that harbor similar mechanical and
structural characteristics as their physiological counterparts. These tissues must be
suitable for surgical implantation and subsequent nascent cell adhesion, differenti-
ation, and protein proliferation in a non-cytotoxic and preferentially bio-absorbable
scaffold [6].

Biocompatible hydrogels are one of the most common scaffold materials used
today for tissue grafts and are prevalent in compliant phantoms [7]. Hydrogels are
rubber-like, viscoelastic polymers that are capable of absorbing much of their
weight in water. They are constructed from long-chain hydrophilic molecules that
form semicrystalline matrices. As living tissue largely consists of organized water-
imbibed cells within fibrous extracellular matrices, hydrogels are nearly optimal
solutions for organ replacement scaffolds [6]. Some current clinical examples
include hydrogels for skin wound dressing [8], vocal fold restoration [9], knee
and joint lubrication [10], and ocular implants. Modifying the imaging properties of
the hydrogels with inclusions can make them very suitable for optimizing emerging
medical image modalities [1].

One of the most promising hydrogels for several other clinical applications is
poly(vinyl alcohol) cryogel, or PVA-C. Unlike most compliant hydrogels which
are manufactured using potentially toxic chemical cross-linkers, biocompatible
PVA-C’s long-chain matrix network is formed by slowly rearranged hydrogen
bonds during thermal cycles of freezing and thawing. Not only is PVA-C
non-cytotoxic, but its matrix configuration, and thus its mechanical properties,
may also be easily tailored by adjusting the number of freeze—thaw cycles (FTCs)
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to which it is subjected [11]. The mechanical properties in question are PVA-C’s
hyperelastic (rubber-like) behavior, its viscoelasticity—hysteresis and time-
dependent stress—strain—and its fracture toughness.

In this chapter, we will discuss the methodology used to manufacture PVA
cryogels, with emphasis on their utility in the aforementioned medical applications.
An introduction to typical manufacturing processes of creating PVA-C will first be
presented. Afterwards, we provide a detailed analysis of a PVA-C mock coronary
atherosclerotic phantom with tailored mechanical properties used to improve cur-
rent imaging technologies and to validate numerical studies of diseased arterial
failure mechanisms. To demonstrate the relevance of PVA-C in this phantom, we
begin with a study of arterial composition and mechanical behavior. The chapter
ends with a discussion of relevant PVA-C literature and the cryogenic techniques
used to make them, along with future trends for PVA-C bio-implants.

7.2 Soft-Tissue Biomechanical Behavior

Soft tissues, as compared to hard tissues, are those that are capable of withstanding
significant strains prior to failure. The vast majority of organs in the human body,
with exception to bone and teeth, are classified as soft tissue and consist of two
principle components: structural proteins and cell content [12]. The organization,
interaction, and type of these basic components provide the framework for all soft
biological tissues and their mechanical behaviors. As our research applications of
PVA-C are primarily concerned with healthy and atherosclerotic (diseased) coro-
nary arteries, the following study of soft-tissue mechanics will be done with regard
to vasculature. However, general principles revealed therein may be readily applied
to the biomechanics of all soft tissues.

7.2.1 Composition of a Normal Artery

Mammalian arteries are highly heterogeneous structures with three distinct layers
of organized cells and proteins: the innermost intimal layer, the media, and the
outermost adventitial layer. Figure 7.1 illustrates the various layers of the arterial
wall [13]. The intima is a mechanically weak layer essentially tasked with providing
a non-thrombogenic barrier between the intraluminal blood-flow and the cell-and-
protein structure of the artery. It consists of an innermost endothelial cell layer
organized upon a basal elastic lamina. Around this is found the medial layer
consisting largely of vascular smooth-muscle cells (SMCs) within a helicoidally-
oriented network of elastic fibrils that provides a stabilizing matrix. Finally, the
adventitia is composed of the axially oriented tough protein, Type I collagen,
admixed with elastin, fibroblasts, nerves, as well as small off-shooting branches
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Fig. 7.1 Layered structure of the arterial wall, along with its constituents and their organization [13]

referred to as the vasa vasorum [5]. The adventitia prevents the artery from over-
distension under more severe physiological exertions and acts as a protective layer.

Globally, due to the water content of the vascular SMCs, arteries are composed
of nearly 70 % (wet weight when fully hydrated) and 45 % collagen and 20 %
elastin (dry weight when dehydrated) [5].

7.2.2 Mechanical Behavior of Arterial Tissue

Figure 7.2 depicts a typical loading response of arterial tissue under uniaxial stress
in the circumferential direction of a coronary artery. The most characteristic
mechanical behavior of arterial tissue is its J-shaped stress—strain curve. At rela-
tively low strains (typically below 5 %), the mechanical behavior of arterial tissue is
nearly linear, with a Young’s modulus on the order of 300 kPa. At higher strains,
the crimped fibers described above straighten in the direction of the tensile stress,
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Fig. 7.2 Stress—strain characteristics of bovine arterial (media) sample, exhibiting hysteresis, pre-
conditioning, and plasticity [13]

and the strength of the fibers—collagen has a Young’s modulus on the order of
1 GPa—is exhibited and strain stiffening occurs. This stress—strain response may be
expressed in the form of a strain-energy density function W, such as that proposed
by Mooney and Rivlin:

W =C\(I, = 3) + Ca(l, — 3) (7.1)

where C; and C, are material constants and /; and I, are the first and second strain
invariants of the right Cauchy-Green deformation tensor, C, with principal strains
j-l == 1, 2, 3

I = Trace(C) = (1) + (h)* + (43)° (7.2)

—

I = = (Trace(C?) — Trace(C)*) = (41)*(41)> + (A)*(4)* + (1)*(M)* (7.3)

2

For instance, for the left porcine coronary artery, the material constants are
Cio = 16.7 kPa and Cy; = 12.7 kPa [14].

Another salient feature of passive arterial tissue, from in vitro uniaxial or biaxial
testing, is the effect of softening (known as the Mullins effect) that occurs during
cyclic testing. Preconditioning is established when the elastic response no longer
changes with equivalent loading—unloading. The viscoelastic response of arterial
tissue is seen in the hysteresis unloading curves in each cycle. This is largely
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attributed to the SMC content of the artery. Note that arterial tissue is also nearly
incompressible (Poisson’s ratio 0.42 < v < 0.48) because of its large water content
[5]. Beyond strain point / in Fig. 7.2, at non-physiological strains such as those
experienced during angioplasty intervention, inelastic (plastic) deformations occur
[13].

Fracture toughness is another parameter of arterial tissue that has been seldom
investigated. Mechanical tissue rupture may be related to a variety of pathologies,
such as atherosclerotic plaque rupture, as well as aortic dissection and aneurysm
rupture. Tests by [15] determined the Mode [ fracture toughness of porcine aorta
tissue and obtained an average toughness of 300 J/m>.

7.3 Preparation of PVA-C and Its Salient Physical Properties

In this section, we present how various physical properties of arteries can be
replicated in PVA cryogels by tailoring their microstructure with cryo-treatment.

7.3.1 PVA-C Microstructure

PVA-C is a semi-crystalline polymer. Images of the PVA-C microstructure have
been obtained via scanning electron microscope (SEM) [16], such as that seen in
Fig. 7.3b.

The microstructure is formed by the cryogenic treatment of PVA in solution,
during which phase separation occurs and hydrogen bonding between hydroxyl
groups results in crystallization. Repeated freeze—thaw cycling results in further
inter and intramolecular bonding of the hydroxyl groups and a more complex
(dense) microstructure [17]. Indeed, we can observe these high-resolution topolog-
ical features, measured through the use of atomic force microscopy (AFM) in
Fig. 7.4, which are of importance to cellular adhesion in various tissue engineering
applications [17].

Generally, the crystallinity—related to the degree of cross-linking—is correlated
with the material stiffness of the PVA-C. Gupta et al. [11] performed swelling tests
on PVA-C samples of varying PVA concentration and demonstrated that higher
concentrations resulted in higher cross-linking, and thus higher moduli. More cross-
linking also results in lower swelling ratios, as per Fig. 7.5.

7.3.1.1 PVA-C Manufacturing

The solution of PVA used to make the cryogel is prepared in nearly the same
fashion across the literature: powdered PVA is incorporated into distilled or tap
water, which is subsequently heated to 80 °C with continuous stirring until the
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Fig. 7.3 Portrayal of semi-crystalline porous structure of PVA-C in (a) theoretical drawing form
[16], (b) from scanning electron microscope (SEM) [21]

Fig. 7.4 Atomic force microscopy (AFM) topological plots of 10 % PVA/weight cryogels after
(a) 15 cycles, (b) 30 cycles, and (c) 45 freeze—thaw cycles [17]
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Fig. 7.5 Swelling ratio (a) and cross-linking density (b) as a function of PVA concentration [11]

initially cloudy solution becomes colorless and transparent. Once the solution has
cooled and all trapped air bubbles have escaped, the solution is poured into a mould
and placed into a temperature-controlled cryo-chamber to prepare the desired
hydrogel shape. Typically, the PVA solution is gradually brought down to cold
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Fig. 7.6 Temperature profile that PVA is exposed to in order to prepare the PVA-C [14]

temperatures on the order of —20 °C, and then brought back to near-ambient
temperature (around 20 °C). Each freeze—thaw cryogenic cycle takes several
hours to complete, depending on the rate of temperature change. Figure 7.6 depicts
a typical freeze—thaw temperature profile used during cryogel formation.

According to Pazos et al. [1], the freezing ramp may be adjusted with little effect
to the overall mechanical behavior of the PVA-C: a reasonable freeze ramp is
0.333 °C/min. However, the thawing ramp may be optimized to obtain stiffer gels in
less time. Pazos states that a thaw ramp of 0.111 °C/min over 4 cycles results in a
similar stiffness as a gel exposed to a ramp of 0.333 °C/min over 5 cycles: the latter
providing the shorter cryo-treatment time [14]. Repeated freeze-thaw cycles may
then be performed to alter the properties of the cryogel. Two pertinent temperature
deviations occur at —8 °C, when crystallization occurs and the temperature drops
sharply to —1 °C, and at 0 °C during the thawing cycle as the ice in the PVA-C
begins to melt.

Disregarding the additives that some research groups have introduced into
PVA-C for various clinical applications [11, 18] there are three manners to change
the overall mechanical characteristics of the basic PVA-C hydrogel: change the
concentration of dissolved PVA powder, modify the temperature profile, and
increase the number of freeze—thaw cryo-treatments.

7.4 Examples of Tailoring PVA-C Through Cryo-Treatment
Variations

7.4.1 Tailoring Mechanical Behavior of PVA-C

As concerns the cryogenic processing of PVA-C, two articles provide adequate
fundamentals of tailoring PVA-C mechanical properties for soft tissue applications.



7 Medical Applications of Poly(vinyl alcohol) Cryogels 155

a
—

b T T T T T

120 *  Left artery

+ Rigth artery
100 b Gel 1
m—semseGel 2

- — — —fit left artery
L g} oo-fit right artery
w
w
2
@ ol
=
L
o
=
his

40 +

20+

Prtts
V1nr ol
D 1 1 1 1 1
1 1.1 1.2 1.3 1.4 15 1.6

Stretch ratio

Fig. 7.7 (a) Suture assembly for uniaxial testing of PVA-C tissue; (b) good correlation between
stress—strain curves of left and right porcine coronaries and the PVA cryogels prepared to mimic
them [14]

The first is a study of the uniaxial (tensile) properties of PVA-C [14] under various
cryo-treatment cycles (Fig. 7.6), mimicking porcine coronary tissue. Uniaxial tests
were performed using a Bose Enduratec Electroforce 3200 mechanical tester on
rectangular strips of both arterial and PVA tissues. Figure 7.7a depicts the sutures
used to pull the sample and obtain the stress—strain curves in Fig. 7.7b.

From Fig. 7.7b, there is obvious evidence of correlation between the mechanical
properties of passive porcine coronary arteries and the prepared PVA cryogels. The
coefficients of (7.1) for the PVA-C mimicking the left coronary artery, for instance,
are C; = 9.8 kPa and C, = 21.3 kPa. Within the strain range of Fig. 7.7b, we can
see that the low-strain Young’s modulus for the cryogel undershoots the modulus of
the artery, and vice versa at higher strain rates, as exemplified in the difference
between the coefficient values. These optimized cryogels were produced in accor-
dance with data on the cryo-treatment of PVA-C under different freeze—thaw
cycling (Fig. 7.8). Once again, monotonic increase of the J-shaped elasticity is
seen, where the tensile properties quickly stiffen with increasing cycles from 2 to 8,
and slowly increase afterwards.
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Fig. 7.8 Plots depicting an increase in elasticity with an increase in cryogel cycling [14]

Recent fracture testing performed by our group, using an in-house Mode I
fracture tester for the Enduratec 3200, has demonstrated that the fracture toughness
of PVA-C, after 4-6 cycles, correlates well with data previously obtained for
normal porcine aorta tissue gathered by [15].

The second study is that of Wang and Campbell, which investigates the com-
pressive properties of a PVA cryogel for supplementing lumbar intervertebral discs
[19]. Using a similar methodology for making the PVA solution as previously
described, this team prepared several samples of PVA-C with FTCs between one
and six and additionally by varying the PVA concentrations, ranging from 3 to 40 %
(w/w). The temperature range used for their samples was between —20 and 20 °C,
with a ramp of 0.1 °C/min in both the freezing and thawing cycles. Elastic modulus
values were obtained from unconfined compressive testing, and stress relaxation
and creep strain measurements were also acquired during mechanical testing to
determine the viscoelastic nature of the hydrogels. Monotonically increasing elas-
ticity was observed for increasing PVA concentration and FTCs, which is expected
as higher degrees of cross-linking occur as a result of both parameters [11].
However, as concerns the viscoelastic response, negligible differences in relaxation
rate were observed throughout the range of concentrations and cycles, with an
average stress relaxation percentage of 10 %. In all cases, hysteresis in loading and
unloading also indicates energy dissipation through heat losses, which resembles
that of native soft tissue.
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Fig. 7.9 (a) Intravascular ultrasound (IVUS) image of a two-layered PVA-C atherosclerotic
coronary phantom with trapped lipid pool visualized with cellulose scatterer [1], and (b) full
longitudinal (/eft) and cross-sectional (right) reconstruction of the phantom geometry with custom
Matlab code [22]

7.4.2 Modification of Imaging Properties of Coronary Phantom

For the purpose of using the mock PVA-C coronary as a deformable medical
imaging phantom, 1 % (w/w) cellulose is incorporated into the PVA solution
prior to cryo-treatment to act as an acoustic scatterer [1]. In Fig. 7.9 below, a
two-layered PVA-C coronary phantom with atherosclerotic lipid-pool inclusion is
imaged with intravascular ultrasound (IVUS) (Fig. 7.9a) and reconstructed along its
length using several IVUS cross-sectional photos (Fig. 7.9b).

7.5 Further PVA-C Applications

There are many other examples of PVA-C and its derivatives in biomedical
material literature. Kehoe et al. [20] review a variety of peripheral nerve conduits
to repair damaged nerve bundles one of which, Salubridge™ by Salumedica™
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L.C.C. uses a similar PVA-C cryo-treatment, with a PVA concentration of 20 %
(w/w) mixed with 0.9 % (w/w) sodium chloride. Dawson et al. [18] developed an
anisotropic PVA structure, more closely resembling soft fibrous tissue with
micropores on the order of 10-30 pm, by manufacturing a mould holding PVA
slurry of 5-10 % (w/w) PVA solution and slowly lowering it into a vat of liquid
nitrogen. Ice crystals formed during the extreme cooling process provide the
scaffold for the heterogeneous structure to form, as concentrated PVA networks
are trapped between the ice pillars.

Finally, a technique for manufacturing optically transparent cryogels, also suit-
able for cell incorporation during cyclic treatment, was developed by [11]. With a
freeze-thaw cycle consisting of 8 h of freezing at 0 °C and 16 h thawing at 37 °C for
15 cycles, it is thought that the cells would survive this temperature range and could
be embedded within the PVA-C matrix for subsequent cell proliferation and protein
diffusion for bio-implant applications.

7.6 Conclusions

This is merely a brief introduction into PVA-C manufacturing and biomedical rele-
vance. By optimizing the cryo-treatment of PVA solutions, highly complex anisotropic
cryogels can be tailored to meet ever-demanding clinical requirements. Although
current biocompatible PVA scaffolds are not biodegradable, it is hypothesized that
future research into PVA-C chemistry will improve upon the composition to allow for
improved viscoelastic properties while providing the appropriate degradation profile
necessitated by many bio-implants.
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Abstract Dielectric spectroscopy is a powerful method that allows the study of the
dynamics of polymers in a wide frequency range. The different regimes of the
dielectric function can be observed and the dynamics of the primary and secondary
relaxations can be found. In fact, to obtain a complete characterization, a large range
of frequencies and temperatures must be used. In this work, the investigation was
focused in poly(lactid acid), PLA, in two forms, industrial and purified. This polymer
is an aliphatic polyester, and one of the most important biocompatible and biode-
gradable material that has received increasing attention in the last 10 years. The
relaxation was observed between —150 and —30 °C, in frequency domain
measurements between 1 Hz and 100 kHz, and was assigned to the secondary
relaxation in the glassy state. The changes in the structure, which are connected
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with the water penetration in the polymer, directly affect that relaxation process.
Water molecules confined by the polymer chains and in the polymer networks itself
play an important role in the degradation of the material. We studied the evolution of
that degradation during 4 weeks, in a controlled humidity environment. It is accepted
that water preferentially enters in the amorphous zones, but also affects the crystalline
regions. It is observed a clear evolution of the relaxation activation energy during the
degradation of the polymer. The dielectric relaxation studies are complemented with
water permeability measurements during the degradation process with time.

Keywords Poly(lactic acid) * Dielectric relaxation ¢ Impedance spectroscopy ¢
Polymer degradability

8.1 Introduction

The strong industrial interest in electrical properties of polymers reflects the
growing use of these materials in electronic devices, optoelectronic switches, fuel
cells, batteries and printed board circuits. Dielectric spectroscopy presents good
performances that permit to investigate the fundamental aspects of those properties,
yielding a wealth of information about the molecular motions and relaxation
processes. In the case of polymers, this technique is particularly useful to study
the material, and frequently complemented by other measurement methods.

8.1.1 Theoretical Considerations

When an electric field, E, is applied to a material, the resulting polarization of the
medium, P, can be expressed by

P(w) = (¢"(@) — 1)eo E(w) (8.1)

where ¢" is the dielectric permittivity of the material, also known as dielectric
response, and g, the permittivity in vacuum [1]. In fact, the permittivity is a
complex entity,

& (w) = () — i (w) (8.2)

where both parts have a physical interpretation. The real part, ¢, represents the
energy stored in the material, and the imaginary part, £”, is the energy dissipated per
cycle [2]. The complex permittivity, & (@), can be related to the time-dependent
dielectric function, &(¢), using the one-sided Fourier transformation,

©de(t) _.
(@) = ex — J de(t) o -ior gy (8.3)
o dt

where e, is the dielectric constant at extremely high frequency.
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The simplest assumption is consider that, under the application of an electrical
field in a material, the change of the polarization is proportional to its actual value [3],
that is,

aP() 1
= po(z) (8.4)

where 74 is the characteristic relaxation time. Solving this equation, we conclude
that the current response to the application of a step function potential difference is
a decreasing exponential. This behaviour, known as Debye relaxation [4],
corresponds to a single relaxation time. In the frequency domain this is expressed
in the complex dielectric function as

& — €x

e(w) = e + 8.5)

1+ iwzyg

where ¢ is the static dielectric constant.

Only in very rare cases this behaviour is observed. In particular, in complex
systems, like polymers, the dielectric functions do not present a single relaxation
time, that is, the Debye model is not valid. Formally, this non-Debye relaxation can be
expressed by a superposition of Debye mechanisms with several relaxation times [5].
From a practical point of view, this can be empirically described by the Kohlrausch-
Williams-Watts function in the time domain [6], which in frequency domain can be
described by several empirical models [7].

One of the most used is the Cole—Cole model [8], described by

& — Ex

X 8.6
1+ (iwre) ™ (8.0

&(w) =ex +

where 7. is the characteristic relaxation time, and a a parameter (0 < a < 1) that
leads to a broadening for the relaxation function.
Other possibility, quite used in complex materials, is the Cole-Davidson model [9],

& — Ex

(W) =€ +——m—
(@) (1 + iwzeq)”

(8.7)

where again the exponent f reflects the broadening of the relaxation function
(0 < g <'1) and 74 the relaxation time.

A more general model function was introduced by Havriliak and Negami [10],
that is a combination of Cole—Cole and Cole-Davidson functions,

(@) = £0o + Lwﬁ (8.8)
(1 + (iwzp)' ™)

The particular case of @ = 0 and # = 1 leads to the Debye relaxation.
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8.1.2 Broadband Dielectric Spectroscopy

The dielectric response of a material, & (w) = ¢ (w) — i€ (w), can be measured in
the broad band frequency, from a few mHz to hundreds of GHz [11-13]. Neverthe-
less, to cover a so high frequency range, it is necessary to use different methods,
based on several measurement techniques. Low frequency measurements can be
made using bridges [14], oscilloscopes methods based on Lissajous figures [15] or
phase sensitive detection with lock-in amplifiers [16]. Impedance analysers and
transformer ratio arm bridges [17] have applicability at radio frequency
frequencies. For the microwave range it can be used network analysers with
resonant cavities, based on the small perturbation theory [18]. These methods
have advantages and limitations, but there are an answer to the increasing demand
of the industrial interest in dielectrics and electrical properties of materials. Sys-
tematic studies of systems are reported in several articles [19-25], but the use of
broadband dielectric spectroscopy to observe the temporal evolution of structures
have relatively recent origin.

In the early years, low frequency measurements were made, particularly in
semiconductors [26], using transient current methods. An important improvement
was done with the advent of radio frequency electronic devices, in the beginning of
twentieth century, increasing the frequency range of measurement up to MHz.
Finally, in the 1950s, methods including microwave frequencies measurements
were developed [27].

Usually, the electrical measurements are made in a neutral atmosphere using
electrodes applied to the sample. The general approach is to apply an electrical
stimulus and observe the response of the material. It is then assumed that the
properties of the electrode-material system are time invariant, which is an important
purpose to the measurement method [28].

Polymeric materials are very complex systems, when compared with low
molecular weight compounds. A large number of macromolecular chains are
responsible for a great number of conformations with consequences at the level
of chain flexibility. Temperature has an important influence in that flexibility, and
consequently this behaviour is reflected in the dielectric measurements by broad-
band dielectric spectroscopy. In fact, this technique allow us to understand the
polarization mechanisms present in polymers, that is, the charge migration and that
one due to the orientation of permanent dipoles.

From a practical point of view, dielectric spectroscopy can provide the measure-
ment of the complex permittivity, 8*((1)) = &(w) — i"(w), or derived quantities
related to it. The dielectric modulus [29], M = ¢~ ', a complex quantity M (w) =
M'(w) + iM"(w), is often used in more conducting materials. The macroscopic
properties, impedance Z () = Z'(w) — iZ"(w), or admittance, ¥ = Z~ !, that is,
Y (w) = Y'(w) + iY"(w) can also express the properties of a material.
The interrelations between these quantities are simple when it is known the shape
and size of the samples where the measurements are made.
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A

Lock-1n

Fig. 8.1 Lock-in amplifier method of measurement

8.2 Measurement Techniques

Different techniques can be used to characterize electrically materials, depending
on the type of excitation functions. When using a small amplitude sinusoidal signal
and considering the frequency as the independent variable, it is known as frequency
domain measurement. Other possibility is to work with time as independent vari-
able, that is, the signal is measured in time domain. In this chapter, only the first
technique is considered, presenting three different methods of measurement.

8.2.1 Frequency Domain Methods

8.2.1.1 Lock-in Amplifier Method

This technique can be used when it is necessary to make the detection of signals that
are occulted by high levels of noise. Essentially, a lock-in amplifier is a filter with a
narrow bandwidth, centred in the frequency of the signal to be measured. Moreover,
it can have a signal/noise ratio of the order of 10° [30]. It still possesses the
possibility to measure a signal with a particular difference of phase to the reference
signal, fact that is explored in the implementation of this method.

Figures 8.1 and 8.2 represent schematically the method of measure used for the
determination of the complex impedance of the sample [16].

A sinusoidal signal of amplitude V), is simultaneously used as reference and
applied signal to the association in series, consisting of the sample impedance, Z,
and the measuring impedance. This one is formed by a resistance of precision, R,
in parallel with the input impedance of the amplifier (C; and R;). The equivalent
circuit of the sample is considered a parallel RC. In a practical point of view, the
input impedance of the lock-in amplifier is very high, and then the precision
resistance doesn’t suffer the charge effect.
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Fig. 8.2 Lock-in amplifier method of measurement. R and C represent the equivalent circuit of the
sample, R, a precision resistance and R; and C; the input impedance of the amplifier

Measuring the in-phase, V¢, and the out-of-phase, V,, components of the sample
signal, V;,, it is possible to calculate the real and imaginary parts of the impedance,
using the expression [31],

e RVVo = VE—V2) — wCREV Ve
@) = o) i+ V2)

VaVoRi + oCIR} (ViVo — Vi = V)
B (1+w?CR2)(VE+V2)

(8.9)

where w is angular frequency. Using the known sample shape and dimensions, it is
usually possible to calculate the microscopic dielectric properties of the material.

The accuracy of this technique is highly dependent of the precision of the
resistance R, and then it must be guaranteed that this is maintained at constant
temperature and humidity. Also, it is important to eliminate noise sources, in
particular the capacitive and inductive coupling with the detector, ground loops
and microphone effects.

8.2.1.2 Impedance Analyser Method

This technique uses the auto balance method, with high range of applicability. The
signal is directly applied to the unknown impedance, Z, as shown in Fig. 8.3.

The point L, in the figure, is a virtual ground, and in the equilibrium, the detected
current must be null. That is, the gains A and B must be adjusted to obtain this
condition and then, as V. = AV + iBV,

v 4 R
Z'(w)=R— =R =
Vi AV+iBV  A+iB

(8.10)
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The accuracy of this technique is dependent of several parameters. The most
important are the zero detector resolution and the accuracy of the phase shifter.

8.2.1.3 Reflectometry Method

The circuit analysis models that are used at low frequencies are inadequate when the
circuit dimensions are of the same order of magnitude of the wavelength. Then,
the complex impedance can not be calculated using the complex currents and
voltages, but using the complex reflection factor, p*, that can be measured by a
reflectometer. This coefficient depends on the location of the measurement along the
line. For a line with length L,

p'(L) = p*(0) exp(2U(ar +if,)) (8.11)

where p"(0) is the reflection coefficient at the beginning of the line, a; the attenua-
tion and f, the propagation coefficients.

When a transmission line with characteristic impedance Z is ended by a sample
with impedance Z", as shown in Fig. 8.4,

1+p(L)
Z(0) = Zo——— (8.12)

(@) 1—p(L)

The accuracy of this technique depends on the quality of the transmission line
and to enhance it, sophisticated calibration procedures have to be done. The a, and
P, parameters must be homogeneous over the line and independent of temperature,
as the calibration usually can only be done at room temperature [32]. For the low
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Fig. 8.5 Real part of the complex permittivity for PEMA

temperature measurements, the cryostat must be close to the reflectometer, in order
to keep the waveguide as short as possible. Also important is to avoid ambiguous
reflections due to mismatched impedances in the measuring system.

8.2.2 Data Analysis

The dielectric response of great part of materials, in particular polymers, shows
multiple relaxation behaviour. Each relaxation process is then indicated by a peak
in the imaginary part of the complex permittivity, corresponding to an inflexion in
the real part. This particular frequency is then the relaxation frequency, and it
changes with temperature. The dielectric relaxation behaviour can also be measured
isochronally at a fixed frequency vs. temperature [33].

Figures 8.5 and 8.6 shows the real and imaginary parts of the dielectric permit-
tivity for poly-ethyl methacrylate, PEMA, where a relaxation process is visible.
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Fig. 8.6 Imaginary part of the complex permittivity for PEMA

This is one way to represent the dielectric data, that is, £ and £”, as a function of
frequency, for different temperatures. Then, using a particular model, expressed by
expressions (8.5), (8.6), (8.7) and (8.8), it is necessary to fit the data. Since a good
estimation of relaxation parameters is needed for a correct characterization of a
material, complex nonlinear least squares data fitting (CNLS) must be applied. Not
only CNLS fitting estimates the parameters of the model, but it also provides
estimates of their standard deviations, measures of how well they have been
determined by the data fit. These standard deviations are valuable in deciding
which parameters are crucial to the model and which are useless, or at least not
well determinable from the data [34].

A different way to present the results is the graphical representation, Cole—Cole
plot [8]. It consists in the graphic of £’ vs. €, where each point corresponds to a
measured frequency that increases in the counter-clockwise direction. The relaxa-
tion frequency, which corresponds to the maximum of &”, is easily identified. The
data points lie on a semicircle which intersects the &’ axis at £, and €. For the Debye
relaxation this semicircle is centred in the ¢ axis, but for the non-Debye models the
centre is below that axis. The number of arcs is the number of relaxation processes
in the system. Analogous representation can be made using M, Z or Y.

Figure 8.7 show the same results of the precedent figures, using the Cole—Cole
plot.

This representation is very useful, but it has a disadvantage to loss the informa-
tion about the frequency of measurement.

Figure 8.8 show the different models in the Cole—Cole plot. Debye relaxation is
represented by a perfect semicircle, centered in the ¢ axis. Cole—Cole model
presents a symmetric curve, but the centre is below that axis. Cole-Davidson
model corresponds to a deformed semicircle. The angles in the intersection are
related with the relaxation exponents of the (8.5), (8.6) and (8.7).
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Fig. 8.7 Cole—Cole plot for PEMA. Scales are different in the axis for a better view

Another possibility is to present the complex permittivity sweeping the temper-
ature, for different frequencies. In this representation, low temperatures correspond
to high frequencies, whereas high temperatures are related to lower motional
frequencies [35]. An example for such representation is shown in Fig. 8.9.

In this figure, we can observe two relaxation processes. That one, at lower
temperatures is occulted by that one at high temperatures. In the inset of the graphic
it is amplified allowing observing it. Both peaks in the imaginary part of the
complex permittivity are moving for higher temperatures, when the frequency
increases.

8.3 Following the Ageing of Polyesters Using Thermo-Dielectric
Measurements

In order to follow the ageing of poly(lactid acid), dielectric measurements were
made. Two relaxations processes were detected, in the frequency and temperature
ranges used in this study. The PLA films, industrial and purified, were conditioned
at controlled and constant temperature, 25 °C, and humidity, 78 %, during the
ageing time, that is, about 2 months. Complementary, other measurement
techniques were used to correlate the results.

8.3.1 The o (Cooperative) and  (Noncooperative)
Relaxations of PLA

Figure 8.10 shows the imaginary part of the complex permittivity of industrial
PLA, as a function of temperature.
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Fig. 8.9 Imaginary part of the complex permittivity, as a function of temperature, for three
different frequencies, for poly(lactid acid), PLA
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Fig. 8.10 Imaginary part of the complex permittivity, for industrial poly(lactid acid), PLA,
showing two relaxation processes

The peak at high temperatures is due to the a relaxation process. This primary
relaxation process is associated with the glass transition. It consists of cooperative
segmental motion and exhibits a non-Arrhenius temperature dependence.
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Fig. 8.11 Imaginary part of the complex permittivity, for industrial poly(lactid acid), at two
different temperatures. The calculated a, is far from 0, showing that the process is non-Debye

The extent of cooperativity can usually be described by a length scale, but this is a
topic of controversial discussion.

At lower temperatures the S relaxation process is observed, which arises from
localized rotational fluctuations. That is, fluctuations of localized parts of the main
chain or of side groups or parts of them. This relaxation is, in polymers, a non-
Debye process. Figure 8.11 shows this behaviour for the industrial PLA, at two
different temperatures. The calculated values for the a parameters of (8.6) are about
0.6, that is far from the single relaxation time that corresponds to @ = 0.

The temperature dependence of this S relaxation is found to be Arrhenius like,
that is,

E
fmax = Fexp (— k—T) (8.13)
where f,.« is the frequency of the peak in &”, that is the relaxation frequency, F is
the pre-exponential factor, E, the activation energy and & the Boltzmann constant.
Then,

E
Infrax = lnF—ﬁ (8.14)

Figure 8.12 shows the imaginary part of the complex permittivity, as a function
of temperature, at different frequencies for the industrial PLA. The peak, fiax,
moves to higher temperatures with the frequency increasing.
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Fig. 8.12 Imaginary part of the complex permittivity, as a function of temperature, at different
frequencies, for the industrial PLA [36]
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Fig. 8.13 1In f,,.« vs. 1,000/, at the beginning of the ageing process [36]

Figure 8.13 presents the graphic of In f;,,,x as a function of 1,000/, according to
(8.14), in order to calculate the activation energy, at the moment ¢ = 0, that is, in
the beginning of the ageing process.

This methodology was used to obtain the activation energy, for the industrial and
purified PLA, during the ageing time. In Fig. 8.14 these data are presented.
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Fig. 8.14 Activation energy as a function of ageing time, for the f relaxation process [36]

For the industrial PLA, it is possible to distinguish three zones. A first one, where
the activation energy decreases, very abruptly in the first day, and then more slowly
until about 14 days. This behaviour can be associated to the plastification of the
polymer by water. A second region presents an increasing of the activation energy,
until 35 days, due to the installation of water in the polar sites, corresponding to the
anti-plastification, or due to the restructuration of the polymer. The presence of
oligomers and water in the material permits that the macromolecular chains can be
rearranged. Finally, a small decreasing of the activation energy, which corresponds
to the progressive hydration of the polar functions lately formed by hydrolysis.

For the purified PLA, two regions can be distinguished. A first one, with
decrease of the activation energy, associated to the plastification of the polymer
by water. A second one, with a small oscillating decrease, due to the hydrolysis of
the macromolecular chains and to the material restructuration.

The higher activation energy for the industrial PLA can be explained by it higher
hydrophobicity.

8.3.2 Correlating Relaxation Parameters with Physical Properties

In order to correlate the dielectric properties results, described in the previous
subsection, with other properties, the permeability of the PLA films was measured.
Each film seals a cell, maintained at temperature 7 = 25 °C and water vapour
constant pressure, p = 18.6 mmHg. During the ageing of the material, it is possible
to measure the quantity of water vapour that crosses the film. The permeability
coefficient K of the membrane can be calculated, as
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Fig. 8.15 Cumulative weight of water vapour that crosses the films, in the first moments of the
ageing process

om Ap
= KA 7 (8.15)
where m is the mass of vapour crossing the film, A the area surface, Ap the gradient
of pressure and d the thickness. Figure 8.15 shows the cumulative mass, as a
function of the ageing time, for PLA films.

The industrial PLA presents, regarding the break between the two slopes, a
higher quantity of water diffusing in a longer amount of time, when compared with
the purified PLA. This observation confirms its higher absorbent character, with
lower permeability coefficient. Indeed, the lowest permeability is related to the
interactions between the polar functions in great number and the water molecules.
This confirms the dielectrics results, where the activation energy for § relaxation
decreases in the first day.

For longer times, the water vapour crossing the films is placed in the polar sites,
provoking gradually the hydrolysis and creating new polar sites by hydrolytic cut,
which will retain much more water. This phenomenon is more marked in the
industrial PLA, causing a lowering of the water vapour circulation. On the other
hand, the purified PLA undergoing less this phenomenon permits that water vapour
pass easily. This can be observed in Fig. 8.16, and is directly correlated with the
changes of the activation energy for f relaxation, during the ageing process.
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Fig. 8.16 Cumulative weight of water vapour that crosses the films
8.4 Conclusion

Dielectric spectroscopy is a powerful method of measurement, which made a new
contribution to the understanding the dynamics of degradation of PLA. Since the
capacitance of a dielectric sample is inversely proportional to its thickness, this
method is highly suitable for studies of thin films, in contrast with other techniques.

Dielectric relaxation results, in particular the f relaxation observed at low
temperatures, were used to follow the ageing of the polymers.

The plasticization of the material by water in the first days of contact with the
controlled atmosphere at constant temperature and humidity is indirectly observed
using the variations of the activation energy of the f relaxation, which is more
evident in the industrial PLA film. After this first period, a restructuring of the
material, favoured by the oligomers present in the film and by the progressive
penetration of the water in the ester sites, is observed by the increase of the
activation energy.

Relaxation studies were complemented by water vapour permeability that
confirms the explanations.
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Influence of Cryogenic Treatment on Mechanical
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Composite Laminate
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Abstract Composites are the modern trend materials replacing monolithic metals
and alloys in many industrial applications. It has also been widely used in many of
engineering applications where materials are subjected to very low temperatures.
Hence it finds essential to investigate its mechanical properties after cryogenic
treatment of composite materials and compare the results with behavior of materials
at ambient conditions. This chapter describes the preparation of glass/epoxy
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composites for different volume fraction. The developed specimens were subjected to
cryogenic treatment with the aid of liquid nitrogen. Mechanical properties such as
tensile, impact, and flexural behavior were presented separately of cryogenic treated
specimens and untreated specimens. The obtained results exhibited enhanced
mechanical properties.

Keywords Polymer matrix composites ¢ Cryogenic treatment ¢ Mechanical
behavior

9.1 Introduction

Cryogenics is the branch of science which deals with methods to obtain temperature
well below the room temperature and methods employed to measure it. The
developments of cryogenic begin with the Michael Faraday experiments of
liquefying gases such as CO, and NH;. Till today liquefaction of different types of
gases such as Hy, Nj, O, 3He—4He, and nuclear cooling stages have been attained.
The liquid nitrogen, hydrogen, oxygen, and helium are commonly used cryoliquids.
The cryogenic technology is utilized in wide range of applications from conservation
of food by freezing to advance scientific computing (quantum computing) [33]. In
general, cryogenic treatment of materials results in ductile to brittle transition.
Cryogenic treatment of materials indicates that change in material behavior at
temperatures well below the room temperature. Thus study of behavior of materials
at cryogenic temperature is quite significant. As compared to monolithic metals, the
study of behavior of composites is complex due to its heterogeneous nature.

Composites are special class of materials with combination of two or more
distinctly recognizable constituent materials. The bamboos reinforced in mud
which is used in ancient times as building materials is the best example of
composite applications in early days. Modern composites are designed to fulfill
the balanced properties requirement of engineering and industrial applications
[4]. When compared to single phase metallic materials, composites allow the
tailoring of properties which meets the requirements of specific applications.
Composites are made up of base matrix and stronger reinforcing materials.
Composites are specially utilized in applications where weight saving is an
important criteria such as aerospace and marine. They are also used in many
structural, automotive applications, and so on. From past few decades, polymers
composites are gaining wide scope in many engineering applications such as
navel applications, aerospace structures, spaceship structures, gears because of
high modulus and high toughness, resistance to corrosion, good tribological
properties, and so on [6, 8, 9].

Fiber-reinforced plastics (FRP) are in greater demand since from past few
decades because of their superior properties such as higher specific strength and
specific modulus, anti-corrosion, good range of operating temperatures, thermal
insulation. Some of the advantages are weight reduction, tailorable properties,
tolerable thermal expansion, redundant load paths, longer life are the primary



9 Influence of Cryogenic Treatment on Mechanical Behavior of Glass. . . 183

advantages of PMCs. Some of the disadvantages are—matrix is weak and low
toughness, reuse and disposable may be difficult, cost of raw materials and
fabrication is high, difficult to analysis. In recent years, reinforced FRPs have
become an integral part of many engineering and commercial applications.

Carbon fibers and E-glass fibers are common type of reinforcements found in
many of the engineering applications due to its best characteristics available. As
with resin development, the pace of fiber development has accelerated since the
1950s with the introduction of E glass, R glass, S glass, and special acid and
alkali-resistant glass. Glass fiber has been a major reinforcement for the FRP
industry, but the drive for lighter, stronger, and stiffer structures has seen the
introduction of carbon and poly-aramid fibers [10]. In case on thermoset poly-
meric matrices, epoxy are most widely as structural applications and also in other
industrial applications due to its high resistance to corrosion and chemicals, good
thermal, mechanical properties [5, 11]. The use of reinforcements in the resin
may provide increasing load withstanding capability, improved tribological
properties, better thermal properties, and increased mechanical strength [6].
Carbon fibers have good mechanical, thermal, and tribological properties than
glass fibers but the principal advantages of glass fibers are the low cost with high
strength. The challenge for the use of glass fiber-reinforced polymer composites
for primary structures is to avoid the damage propagation during its applications
[29]. Among FRPs, Glass fiber-reinforced plastic surfaced the industrial market
because of their low cost and excellent properties they enhance. They are also
being in demand for cryogenic applications such as cryogenic liquid storage
tanks, pressure vessels.

FRP are susceptible to mechanical damage, when subjected to tension,
compression, and flexural loads resulting in interlayer delamination. Paiva
et al. [29] have reported improving the toughness of the matrix materials can
enhance the mechanical properties, which may be due to interface between the
reinforcements and matrix. Aramide et al. [3] have obtained the results that
increase in fiber volume fraction can lead to increase in elastic modulus and
extension to break till certain threshold value and further increase in fiber
volume implies in decrease in the same properties. However hardness increases
with increase in fiber volume but strain decreases. Al-Hasani [2] has reported
that increasing the glass fiber content in the glass/epoxy composites increases its
tensile strength and also its hardness. Liu et al. [25] have worked on the
laminated epoxy composites and assembled composite plates, and have
estimated the perforation resistance offered by those under the impact testing
at room temperature. They have suggested that assembled composite plates
offer higher impact strength than these laminates. Thus mechanical properties
of PMCs depend on factors such as fiber volume fraction, interfacial bonding
strength between the reinforcement and matrix, types of fiber, orientation of
fiber, operating temperature, and so on. The present chapter is focused on the
study of mechanical behavior of GFRP when they are subjected to cryogenic
conditions.
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9.2 Fabrication of GFRP Composite Laminate

9.2.1 Matrix Material

Epoxy resins are widely used type of polymer matrices in GFRP laminates for
applications ranging from domestic to engineering applications. They possess several
advantages over other types of polymers. The principal advantages are listed below [16]:

¢ Inherently good adhesion property with variety of reinforcements (especially
with different types of fibers) and hence avoids the misalignment of fibers.

¢ It has low shrink rates, hence it helps to obtain better dimensional accuracy and
lowers the tendency of obtaining shear stresses between the matrix and
reinforcements.

* Good stiffness, high heat distortion temperature, resistance to water, and better
environmental degradation resistance properties.

» Low volatility during curing and minimum volatile by-products, which prevents
the voids and bubble formation in cured system.

e It suits good for different FRP processing techniques.

Besides epoxy resin systems represent some of the high performance resin
systems, which are available today in market. Generally two types of epoxy systems
are employed viz. diglycidyl ether of biphenol (DGEB) and the epoxy novolacs
(comprised of glycidyl ethers of cresol novolac or biphenol A novolac). Before
dealing with epoxy, an engineer should understand the fundamentals of epoxy resin
system. Hence the basic structure, curing temperature, curing time, and properties
obtained after curing are further discussed in this chapter. In the discussion,
attention is paid on the diglycidyl ether of biphenol A (DGEBA) type of epoxy
systems with amine curing. They are principal type of matrices, widely used
in FRPs [4].

9.2.1.1 Basic Chemical Structure of Epoxy

The basic chemical structure of epoxy consists of an oxygen atom bonded to two
atoms of carbon, which are already bonded. Such a structure is called epoxide group.
The molecules containing the epoxide group irrespective of other molecule present in
the structure is called epoxide. The epoxide group is represented as shown in Fig. 9.1.
The structure is called as “alpha-epoxy or 1,2 epoxy.” The basic structure is modified
by adding different other molecule for obtaining epoxy in rigid form, i.e., for harden-
ing and for tailoring the properties to suit the desired applications.

9.2.1.2 Curing of Epoxy

Curing is a process of polymerization, which is accomplished by adding curing
agents or/and catalysts to neat resin, with or without application of heat and
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Fig. 9.1 The epoxide group O
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Fig. 9.2 Epoxy/amine reactions

pressure, to obtain the extended network of cross-linked molecules by method of
chemical reaction. The curing agents are sometimes also called as “hardeners.” The
commonly used types of curing agents are aliphatic amines, aromatic amines, and
anhydrides. In other type of curing, small amount of catalysts such as Lewis acids or
Lewis base are added to achieve polymerization. The type of polymerization occurs
in such a case is homopolymerization (self-perpetuating cationic or anionic poly-
merization. However aliphatic amines are the most often used type of curing agents.
In amine curing method, the amine nitrogen has hydrogen, which is utilized to form
covalent bond with epoxide group during polymerization. A typical epoxy/amine
reaction is shown in Fig. 9.2. As shown there is one hydrogen, each hydrogen bond
with each epoxide, when there are two hydrogen available, each hydrogen bonds
with different epoxide groups. Thus forms a C—N bond between amine and epoxide
group. Hence the environmental resistance of cured epoxy system is good and
temperature dependence properties are primarily dependent on the adjacent
molecules in the structure [26].

Generally, curing of epoxy resins with amine curing agents can be accomplished
with varied temperature range of 25-200 °C. For domestic applications, it is generally
cured at ambient temperature, for industrial and elevated temperature applications,
elevated temperature is employed for curing. The aliphatic amine systems have low
viscosity and require room temperature for curing. Hence it can be used where
ambient conditions with low viscosity are desired during curing. The significant
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Table 9.1 Typical properties

‘ Property Values
of neat epoxy resin - -
Ultimate tensile strength 82.74 MPa
Specific gravity 1.1-1.28 g/cc
Young’s modulus 3.792 GPa
Table 9.2 Typical properties Property Values
of HY951 Hardener - -
(1,2-Fthanediamine, N'-bis Specific gravity 0.97-0.99 g/cc
(2-aminoehtyl)- Flash point 110-120°C
Triethylenetetramine) Viscosity at 25 °C 10-20 mPas
Vapor pressure at 25 °C 21.0 x 107 mbar
Color Colorless
Odor Ammonia
Physical state Liquid
Solubility in water Miscible
Decomposition temperature >200 °C (>392 °F)
pH 13
Percent volatile Nil

number of aliphatic rings in the chemical structure of aliphatic amine cured system,
results in lower T, value and lower rigidity. The T, value is significant because the
magnitude of the properties above T, is much lower than properties below T,. Hence it
is considered while designing any commercial applications. The design of commercial
applications is nothing but it is expected to be employed at elevated temperatures to
low temperatures. However aromatic amine cured systems can be used for elevated
temperature applications, but it requires high curing temperature. The typical
properties of neat epoxy resin such as ultimate tensile strength, specific gravity, and
young’s modulus have been presented in Table 9.1. The typical properties of HY951
hardener is also been presented in Table 9.2.

Another important factor considered while curing is gelation time or pot life. Pot
life can be defined as the time duration, during which epoxy resin/curing agent
formulation remain fluid. Since, once gelation is initiated, abrupt change in the
viscosity occurs. The pot lives vary with the type of curing agent used. For aliphatic
amine curing, the pot life is some minutes to few hours whereas for aromatic amine
curing it is about 24 h. The ASTM (American Society for Testing and Materials)
has described the standards as D2393 to measure the viscosity of epoxy resins and
related components and D2471 as the method for gel time and peak exothermic
temperature of reacting thermosetting resins.

9.2.2 Reinforcement Material

Glass fibers are widely used type of reinforcements from domestic to engineering
and industrial applications. The raw materials used for their production are natu-
rally available and virtually renewable materials [23]. They exhibit desirable fiber
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properties such as stiffness, strength, stability, chemical resistance, inertness, and so
on. Glass fibers are most common reinforcing fibers; they occupy the largest
volume fraction in a composite laminate and share the major portion of the load
acting on a composite structure. Glass fibers are used as reinforcing material due to
their principle advantages like low cost and high strength.

Glass fibers are of various types, viz. E-glass fiber, S-glass fibers, C-glass
fibers. E-glass fiber was designed for electrical applications. It is used in circuit
boards of computers to provide stiffness and electrical resistance. Because of
electrical resistance it is suited for applications where radio-signal transparency is
desired as in aircraft radomes and antenna. However, it is used for many other
purposes now, such as decorations and structural applications. E-glass has good
strength properties at low cost. S-glass fibers retain its strength at high tempera-
ture compared to E-glass due to its higher content of silica and has higher fatigue
strength. It is mainly used in aerospace applications. C-glass fibers are used in
chemical environments, such as storage tanks. Composites made from this mate-
rial exhibit very good electrical and thermal insulation properties. Glass fibers are
also transparent to radio frequency radiation and are used in radar antenna
applications [4].

9.2.3 Fabrication of GFRP

The different methods of fabrication of composite material are as follows:

¢ Hand layup method

¢ Filament winding

 Pultrusion

» Resin transfer molding

e Tape-laying and fiber placement systems
¢ Autoclave-based method

In this chapter deliberations are made on hand layup method. This is due to the
reason that it is the widely used laboratory scale process of fabricating GFRP. Hand
layup is the simplest and oldest molding of the composites fabrication process. It is
a low volume, labor intensive method suited especially for large components, such
as boat hulls. Glass or other reinforcing mat or woven fabric or roving is positioned
manually in the open mold, and the resin is poured, brushed, or sprayed over and
into the glass piles as shown in Fig. 9.3. Entrapped air is removed manually with
squeegees or rollers to complete the laminate structure. Room temperature curing
polyester and epoxies are the most commonly used matrix resins. Curing is initiated
by a catalyst in the resin system, which hardens the fiber-reinforced composites
without external heat for a high quality part surface; pigmented gel coat is first
applied to the mold surface [12]. Some of the real time products of FRP are shown
in Figs. 9.4, 9.5, and 9.6.
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Fig. 9.3 Schematic representation of hand layup technique

Fig. 9.4 Formula student car body developed by AFC in GFRP by hand layup technique

9.3 Cryogenic Treatment

9.3.1 Cryogenic Liquids

9.3.1.1 Liquid Oxygen

Liquid oxygen is a pale blue color liquid with specific gravity of 1.141 g/cc at its
boiling point. It freezing point is —222.65 °C, boiling point is —183 °C at 1 atm, and
critical temperature is —118.6 °C at 1 atm. (www.scienceclarified.com/Co-Di/
Cryogenics.html). In liquid oxygen, small amount of O, polymer forms. It requires
strict safety measures to handle it. It detonates when it comes in contact of
hydrocarbons. Contact of oils, fats, asphalt with liquid oxygen is prohibited.
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Fig. 9.5 FRP storage tanks (tradekey.com)

Fig. 9.6 FRP structural towers (Strombergarchitectural.com)
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It requires good structural and working materials, when design of materials and
development liquid oxygen equipments are considered [18]. However it finds wide
engineering and medical applications. Liquid oxygen is used as rocket fuel component
in rocket technology, in military aircrafts it is stored on board and lightweight source as
breathing gas for pilot [27]. Liquid oxygen was extensively used in making oxyliquit
explosives, but nowadays it is rarely used due to high rate of accidents and so on.

9.3.1.2 Liquid Hydrogen

At equilibrium, liquid hydrogen contains 99.8% para hydrogen and orthohydrogen.
The density of liquid hydrogen is 70.99 g/L (at 20 K) and has low volumetric energy
density but with high specific energy. The use of liquid hydrogen also needs strict
safety measures, because of the possibility of detonating mixture (solid oxygen and
liquid hydrogen enriched air) formation. Hence attention is paid towards the purity
of hydrogen and its composition balance. Liquid hydrogen finds many engineering
applications such as rocket fuel element, used in bubble chambers for experiments
on elementary particles, used in vehicle-borne electrochemical generators; nowa-
days it is considered as a promising fuel for transport facilities and has large
potential in near future and so on [18].

9.3.1.3 Liquid Helium

Liquid helium is odorless, colorless, inert, noncorrosive and nonflammable liquid,
being most interesting and widely used type of cryoliquid. There exists two stable
isotopes of helium viz. 3He (boson) and “He (fermion). The boiling point of *He is
3.2 K and of *He is 4.2 K and density at 0 K is 0.0823 and 0.146 g/cc, respectively.
Initially it was restricted to the small laboratory scale due to its low availability in
nature [24]. The Collins liquefier for the first time allowed for the production
separation of liquid helium in large scale from natural gas [13]. The concentration
of *He in natural gases is ~10~’ and of “He is ~10~° of the helium in the atmosphere.
The separation is very expensive. Hence *He is produced as by-product of tritium
production in nuclear reactors by beta decay (the half life is 12.26 years).
The diffusion process is employed for the separation of *He. The applications of
helium include wide range of engineering and pure science applications. It is used
for cooling superconducting devices, for catching infrared radiation of the stars,
whose temperature is about 3 K, superconducting magnet applications such as in
accelerators (particle physics) and other research facilities, magnetic resonance
imaging (MRI) systems in hospitals, and nuclear fusion facilities, and so on.

9.3.14 Liquid Nitrogen

Liquid nitrogen has become a standard refrigerant. Its boiling point is 77.4 K at
1 atm [33]. The major advantage is that, it can be obtained in large scale
at liquefication and separation plants. In addition, it can be stored and transported
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at low costs relatively and no toxicity. The leakage of nitrogen as gas also doesn’t
cause the global warming, since the atmosphere itself contains 70% nitrogen.
Hence it has gained wide variety of engineering and medical applications. It is
widely used in food preservation, cryopreservation of medical materials such as
blood, semen, stem cells and so on, cryosurgery, metallurgical applications, cryo-
genic machining [31]. To a point (about the temperature of liquid nitrogen), the
condensation of material is significantly used in industrial applications. An example
is the use of liquid nitrogen in the assembly of some automobile engines. In order to
get extremely tight fits when installing valve seats, for instance, the seats are cooled
to liquid nitrogen temperatures, whereupon they contract and are easily inserted in
the engine head. When they warm up, perfect fit results (www.scienceclarified.com/
Co-Di/Cryogenics.html). The major limitation is displacement of oxygen in an
enclosed volume. This chapter is focused on the application of liquid nitrogen
and its treatment on GFRP composite materials.

9.3.2 Cryogenic Treatment

Cryogenic treatment is a process of treating the work pieces to cryogenic
temperatures to modify physical properties such as to enhance mechanical properties
by removing residual stresses and enhance tribological properties and so on. Gener-
ally work pieces are treated with liquid nitrogen at temperature of 77 K in a chamber.
The chamber should be leak proof, since liquid nitrogen boils at 77 K. Hence before
the start of process, the chamber should be checked for any leakage. The temperature
of the material is slowly decreased to target temperature (77 K) and maintained at
that temperature for few hours to day. The time duration again depends on the
material and its cross-section (or thickness) to be treated. After maintaining at target
temperature for desired duration, temperature is increased slowly to reach room
temperature for completing the process (www.cryogenicsociety.org/resources/
cryo_central/cryogenic_treatment_of_materials/). This method of cryogenic treat-
ment is called deep cryogenic treatment. Another method of cryogenic treatment is
shallow cryogenic treatment (SCT) or subzero cryogenic treatment. In SCT, the
materials are placed in a freezer at 193 K and then they are exposed to room
temperature.

9.4 Mechanical Properties of GFRP Composite Laminate:
Before and After Cryogenic Treatment

In specific applications like marine and structural, composites are exposed to
environmental conditions such as freezing, moisture, temperature, solar radiation,
and chemical agents, which may cause its degradation and also reduce its service
life [1]. In aerospace applications also, the conventional metallic fuel tanks are
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Fig. 9.7 Tensile test specimen made by hand layup technique

replaced with the advanced composite materials. In spacecrafts, the fuels are at
cryogenic temperatures like liquid hydrogen. When materials are exposed to cryo-
genic temperature, the materials behavior becomes brittle [30]. Hence it finds
necessary to understand the mechanical behavior of composites at cryogenic
temperature. Further a case study on effect of cryogenic treatment on mechanical
properties of composites is discussed.

Epoxy resin (araldite LY-556) was used as the matrix material. Hardener used
for the epoxy resin is HY 951 as curing agent under ambient conditions. Glass fibers
were used as reinforcement, since it has good combination of low cost and high
mechanical properties. Laminates of composites are fabricated by hand layup
technique as reported elsewhere [7, 38]. After curing under ambient conditions
for 24 h, it was cut according to ASTM standards. The specimens were prepared
separately for the cryogenic treatment and exposed to liquid nitrogen environment
(77 K) for 1 h. To achieve uniform temperature throughout the thickness, it was
maintained for 1 h. From the previous studies [1, 14, 17, 19-22, 28, 30], for the
specimen thickness considered 1 h is sufficient to achieve the uniform temperature
throughout its thickness.

Tensile, impact, and flexural tests were carried out to investigate the mechanical
properties of the composites. Tensile test was done on the prepared specimen of
untreated and cryogenic treated according to ASTM D3039 standard. Impact Test
(Charpy) was done according to ASTM E 23. Flexural test was done in accordance
with ASTM D2344. The images of prepared sample specimen are shown in
Figs. 9.7, 9.8, and 9.9.
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Fig. 9.8 Charpy (impact) test specimen made by hand layup technique

Fig. 9.9 Bending test specimen made by hand layup technique

9.4.1 Tensile Strength

Stress—strain graph for untreated GFRP composites is as shown in Fig. 9.10a [32].
GFRP laminates having a volume fraction of 70:30 have more tensile strength
compared to other two volume fractions (65:35, 75:25). The tensile property mainly
depends on fiber volume percentage under similar processing and resin conditions.
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Fig. 9.10 Stress—strain curves of composites for the different volume fraction glass/epoxy and (a)
before cryogenic treatment and (b) after cryogenic treatment [32]. (¢) Tensile specimen after
testing

Figure 9.10b shows the stress—strain graph for the cryogenic treated GFRP
composites [32]. The maximum tensile strength was observed for the materials
with the volume fraction of 70:30, which is due to the balanced volume of fiber and
matrix. Greater order delamination was observed in the tested specimens. The
bonding strength between the matrix and fiber was good at the ratio of 70:30 and
decreases with the further increase in the volume fiber. Hence the tensile strength
decreases. Figure 9.10c shows the specimens after tensile testing.

The influence of cryogenic treatment on tensile strength and corresponding
Young’s modulus of tested specimens is tabulated in Table 9.3. It is observed that
the tensile strength increases for cryogenic treated GFRP specimens when com-
pared with untreated specimens. The enhanced tensile strength of 3% was exhibited
by cryogenic treated specimens with volume fraction 65:35 and 75:25 compared to
untreated specimens. Whereas for the specimens with volume fraction of 70:30, the
increase in tensile strength observed was 5%.
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Table 9.3 Tensile properties of GFRP composites (untreated vs. cryogenic treated) [32]

Ultimate tensile strength (MPa) Young’s modulus (GPa)
Before Before
Volume fraction cryogenic After cryogenic cryogenic After cryogenic
(%) fiber: matrix treatment treatment (77 K) treatment treatment (77 K)
Before After cryogenic Before After cryogenic
cryogenic treatment cryogenic treatment
treatment (77 K) treatment (77 K)
65:35 356.5 366.4 58.71 60.35
70:30 378.04 397.6 58.80 61.84
75:25 352.6 362.6 58.07 59.72

The tensile property mainly depends on strength of the fibers and fiber/matrix
interface. The cryogenic treatment of laminated fibers reinforced composites
increases mainly due to matrix hardening such that disentanglement is almost
absent [21]. The cryogenic treatment causes polymer structure to get more densely
packed and hence increases the resistance to debonding in GFRP composite
materials. The increase in strength at low temperature was also explained on the
basis of Weibull scale parameter, which is characterized by the increase in fiber
strength and shear strength of the interface at 77 K [15].

In stress—strain curve (Fig. 9.10a, b) it can be observed that initial strain value
is zero. The reason for the fact can be explained as follows. The composites are
prepared by hand layup technique. In the process, residual stress remain in the
composite after curing and in practical conditions residual stress induces during
clamping. Hence till stress reaches the total residual stress value which is
remained in the composite, displacement obtained is 0. When stress induced
due to applied load becomes greater than total residual stress, the displacement
is obtained.

9.4.2 Impact Strength

Figure 9.11a indicates increase in impact strength of cryogenic treated GFRP
composites. Figure 9.11b shows the specimens after impact testing [32]. The higher
impact strength was observed for the specimens with the volume fraction 75:25,
when the notch is formed across the laminates. Impact strength increases as the fiber
composition increases, due to the decrease of brittle matrix as the fiber composition
increases.

The impact strength of the cryogenic treated specimens with volume fraction
70:30 and 75:25 is increased by 0.5 times as compared with the results of untreated
specimens, whereas for the specimens with volume fraction 65:35 impact strength
was increased by 1.5 times. In the cryogenic conditioning, thermal and residual
stresses build up in the matrix material due to contraction and generate higher
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fracture toughness in the material [22]. Residual stress releases when the load is
applied. Therefore, it needs sufficient energy to release and to fracture. When the
stress intensity factor exceeds the limit of fracture toughness, material fails. The
cryogenic treatment of the composite materials results in the relaxation of
the internal stress causing the structural balance throughout the mass of the mate-
rial. This increases the brittleness, toughness, and durability hence the capacity to
absorb energy is increased.

9.4.3 Flexural Strength

Figure 9.12a indicates that there is an increase in flexural strength with the increase
in volume fraction for both untreated and cryogenic treated specimens. Figure 9.12b
shows the specimens after flexural testing [32]. The volume fraction 75:25 shows
the maximum increase in bending strength when compared with other two volume
fractions because of the increase of fiber content and hence increase in ductile
property of the composites.
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Fig. 9.12 (a) Comparison of the flexural strength of GFRP materials tested before cryogenic
treatment and after cryogenic treatment. (b) Flexural test specimen after testing

After undergoing cryogenic conditioning, the bending strength in GFRP
composites increases when compared with the untreated specimens. The compari-
son between the test results obtained form the cryogenic conditioned specimens
with the untreated specimens, shows that there is 6, 3, and 5% increase in bending
strength for the laminates with the volume fraction 65:35, 70:30, and 75:25
respectively. The breaking load is more for the cryogenically treated composite
materials than the untreated materials, which may be due to the cryogenic harden-
ing of the matrix phase at low temperature. The polymer chains get frozen due to
which the deformation process is reduced results in less polymer relaxation that is,
it gets hardened.
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Fig. 9.13 Variation of ILSS of glass-epoxy composites with crosshead speed at cryogenic
temperature (filled diamond), ambient temperature after cryogenic conditioning (filled square)
and ambient temperature (filled triangle) [20]

9.4.4 Interlaminar Shear Strength

Figure 9.13 illustrates that variation of ILSS of glass-epoxy composites with
crosshead speed at cryogenic temperature (filled diamond), ambient temperature
after cryogenic treatment (filled square), and ambient temperature (filled triangle).
It can be observed for specimen tested at ambient temperature after cryogenic
treatment and without cryogenic treatment that, at very low crosshead speed ILSS
was found to be lower, increase in crosshead speed above 50 mm/min, the ILSS was
also increased. However, furthermore ILSS was decreased with the increase in
crosshead speed. The variation of ILSS for specimen at cryogenic conditions was
less at lower level of crosshead speed to 102 mm/min. Further ILSS decreased with
increase in crosshead. It may be due to the fact that, at low crosshead speed more
time is available for the failure leading to more deterioration. Further increase at
102 mm/min very less time is available for failure of material and matrix may not
be able to transfer load to the fibers resulting in matrix cracking. Further increase in
crosshead speed might have caused in the increased rate of propagation of stress
induced cracks, hence ILSS was decreased. In addition, it can also be noticed that,
ILSS was found to be higher for specimens at cryogenic condition and cryogenic
treated specimen compared to untreated specimen. It may be due to the fact that,
matrix gets hardened at cryogenic condition and cryogenic condition causes differ-
ential contraction due to different thermal coefficients resulting in increased
debonding resistance. It is also evident from the Fig. 9.14 that, due to differential
contraction epoxy is trying to squeeze out. During cryogenic treatment, the differ-
ential contraction caused due to different thermal coefficients of matrix and fiber



9 Influence of Cryogenic Treatment on Mechanical Behavior of Glass. . . 199

Fig. 9.14 The scanning micrograph shows fiber/matrix debonding due to differential contraction
of cryogenically treated specimen [20]

results in the residual stress in the composites. The bonding is mainly influenced by
residual stresses remained in the material. Further the generated residual stresses
are relieved by viscoelastic flow of matrix. Thus matrix phase was found to be
squeezed out. The deformation of matrix may be resulted in the plastic deformation
zone near to crack tip and weaker interfacial bonding has caused low ILSS at high
loading speed.

9.5 Conclusion

In this chapter, the details of the influence of cryogenic material on mechanical
behavior of GFRP composited laminates have been explained. The procedure of
fabricating the GFRP specimens and its cryogenic treatment has been presented.
The mechanical behavior of developed specimens has been explored for evaluating
tensile, impact, flexural, and interlaminar shear strengths. The results of these
studies have been compared with before and after cryogenic treatment. From the
results, it can be inferred that the fiber volume fraction of 70:30 gives improved
ultimate strength with increase in 5% for cryogenic treated specimen when com-
pared at room temperature, than the other volume fraction due to the balanced
amount of fiber and matrix composition. The fiber volume fraction of 75:25 gives
the improved impact and flexural strength for cryogenic treated specimen when
compared at room temperature, than the other volume fraction due to the decrease
in the volume of brittle matrix material. The increase in the strengths of the GFRP
composite materials exposed to cryogenic temperature is due to the matrix harden-
ing in the materials when it is treated in cryogenic temperature (77 K).
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Abstract External tanks of the spacecrafts need not only efficient, but also safe
cryogenic insulation materials and the issues of their development are still urgent.
At present, polyurethane (PUR) or polyisocyanurate (PIR) foams’ cryogenic
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insulation is widely applied in the partially reusable launch systems. Factors
influencing the cryogenic resistance of external thermal insulation performed of
spray-on PUR or PIR foams are characterised based on a wide literature search.
They include chemical structure and macromolecules’ architecture of polymeric
matrix, physical and mechanical properties of foams, thermal stability and com-
bustibility, cellular structure of foams etc. Experimental data on physical and
mechanical properties at room and cryogenic temperatures are presented for IWC
developed PUR foams further named as IWC-Cryo. Technological processes of
spray-on PUR and PIR foams cryogenic insulation, cryo-pumping and the main
defects of external tank insulation are analysed as well as applications of foams’
insulation in space technologies (Space Shuttle, Ariane and Buran).

Keywords External tank < Cryogenic insulation ¢ Polyurethane foams
Polyisocyanurate foams ¢ Spray-on technology « Workability « Foams’ properties ¢
Thermal stresses and strains ¢ Insulation defects ¢ Cryo-pumping ¢ Space
technologies

10.1 Introduction

The use of liquefied hydrogen (LH,) and oxygen (LO,) in the field of power
industry in the twenty-first century should occupy a prominent place. Achievements
in this field are anticipated in aviation [1, 2] and motor transport [3]. Japan is
planning to implement a project for LH, transport in tankers with the capacity
200,000 m® in 2020 and the choice of the appropriate cryogenic material for this
large project is crucial [4]. The launching of space ships and satellites in the Earth
orbit, at least in the coming years, is unthinkable without the use of LH, as the most
efficient fuel.

Both oxygen and hydrogen exist as gases at standard temperature and pressure.
Since their density in this state is quite low, the amount of these substances required
by the e.g. Space Shuttle would take up an enormous volume. The only way to carry
sufficient propellant in a reasonable amount of space is to increase the density of the
gases by cooling and pressurising them until they become liquids. Cryogenics
considers very low temperatures: <123 K. LO, is cryogenically cooled to 89 K
while LHj is chilled to 20 K. These liquids must be kept at high pressure and very
low temperature or they will boil back to a gaseous state. Cryo-technologies enable
a significant increase of space launchers capability, when compared to storable
propellant solutions. However handling of cryogenic propellants in the warm
environment of launch pad, ascent and sun-exposed space flight requires the use
of thermal protections on tanks, lines or other equipment [5].

The cryogenic propellant tanks need an efficient thermal insulation over its outer
surface to prevent ice formation and avoid in-flight damage to the ceramic tile
thermal protection system (TPS) on the adjacent orbiter. At present, polyurethane
(PUR) or polyisocyanurate (PIR) foams’ cryogenic insulation is applied in
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the partially reusable launch system and orbital spacecraft Space Shuttle (USA)
[6-9] and the expandable launch system Ariane 5 (European Space Agency) [10].
In the former Soviet Union as well, in the space shuttle Buran equipped with the
carrier rocket “Energy”, the PUR foams Ripor 2 N [11], developed by the Latvian
State Institute of Wood Chemistry (LSI WC), had been used as a cryogenic
insulation material.

External tanks (ET) of the spacecrafts need not only efficient, but also safe
cryogenic insulation material, and the issues of its development are still urgent.
Minor faults in the properties of insulation materials or in their production technology
can cause an accident, e.g. a shiver of the ET cryogenic insulation material may smash
the thermal insulation plate of the orbital space station on its way to the Earth [12].

10.2 Workability of External Tank Cryogenic Insulation

The cryogenic resistance or workability of the ET cryogenic insulation performed
of spray-on PUR and PIR foams is determined mainly by the physical, mechanical
and thermal properties of the applied foams Fig. 10.1 [13]. The complex of these
properties is affected by the two basic factors: (1) Chemical structure and macro-
molecule architecture of the PUR foams’ polymeric matrix and (2) Parameters of
the foam’s cellular structure.

Functions of the layers of ET spray-on cryogenic insulation. Cryogenic resis-
tance of foams can be characterised as ability of material to withstand both thermal
stresses and strains in insulations’ cold and hot side. The spray-on foams layers of
external tank insulation (ETI) have different functions [9, 13].

The ETI SOFI upper layer (the hot side) performs mainly the heat protection
functions. Therefore, testing the ability of the ETI to resist heat fluxes, it is
preferable to cut out samples from the upper layer. The upper layer ETI is also
subjected to the action of in-plane compressive stresses therefore, samples for
compressive strength testing should be also cut out from the insulation’s upper
layer. While ascending the upper layer of ET can warm up to 450 °C in 5 min due to
heat fluxes.

The ETI SOFI middle layer during the flight should perform mainly the functions
of a good thermal insulation material; it should have a fine-cell structure, a high
content of closed cells and should be capable of a considerable resistance to cryo-
pumping processes. For determining the samples’ thermal conductivity and the
content of closed cells, it would be preferable to cut out samples from the ETI
block’s middle layer.

The functions of ETI SOFI bottom layer, adjacent to the ET surface (the cold
side) are especially important: this layer should be capable of resisting the in-plane
tensile thermal stresses and strains. Logically, it would be necessary to evaluate the
material’s ability to resist the thermal stresses and strains performing tensile and
compressive testing of the samples cut out from the foam’s layer adjacent to the ET
surface.
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Fig. 10.1 Factors influencing the cryogenic resistance (workability) of external tank spray-on
foams’ thermal insulation (SOFI)

Comparison of the thermal stresses with the strength values for the tested foams
showed that the in-plane stresses are more critical than out-of-plane stresses.

10.3 Influence of the Chemical Structure and Polymeric
Matrix Macromolecules’ Architecture on Workability
of Cryogenic PUR and PIR Foams

To evaluate the effect of the chemical structure of the foams’ polymeric matrix on
the mechanical and thermal properties of foams, the cohesion energy density (CED)
value is often used. This parameter characterises the level of the macromolecules
interaction. It is not possible to vary the CED of the PUR polymeric matrix in a
wide range, but its growth slightly increases the PUR foams’ tensile and compres-
sive strength properties. The growth of the CED values improves the thermal
strength of PUR, increases its glass transition temperature and decreases the linear
thermal expansion coefficient and tensile elongation [13, 14].

The CED itself is defined as the ratio of the energy of vaporisation to the molar
volume. The CED was calculated by the Fedors’ group contribution method [15],
Table 10.1. It can be concluded that high values of CED are characteristic for
urethane, ester and ether groups.
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Tabl}e 10.1 Cohesion Energy  Group Structure M (g/mol)  CED (J/cm®)
density (CED) of groups in
PUR structure Urethane -NH-C(O)O-  59.02 1,172
Ester -C(0)O 28.01 1,000
Ether -O- 16.00 882
Aromatic ring —CeHy— 76.09 636
Hydrocarbon —CH,— 14.03 307

Effect of the cohesion energy of the polymeric matrix of PUR and PIR foams on
their cryogenic resistance. The strength and deformation properties of linear
heterocyclic polymers have been studied extensively enough [16]. In particular, it
has been found that the best flexibility at cryogenic temperatures is typical for
polymers, containing aromatic rings and groups capable of forming hydrogen
bonds, e.g. polyamides, polycarbonates, polyamidoimides, polysulphones, in the
chain. Such polymers, upon elongation in the temperature range 4.2-77 K, do not
obey the Hooke’s law, i.e. feature a forced flexibility [17, 18]. It is prospective that
PUR and PIR foams having the polymer matrix with a high CED would have a high
cryogenic resistance.

The cyclic structures of the groups of polar nature are characterised by high
CED, and as these groups are purposefully incorporated of polyurethane main
chain, it is possible to obtain foams with a high tensile strength. It has been found
that it is desirable to incorporate more groups with high CED values in the
polymeric matrix structure of the PUR foams designed for cryogenic insulation,
than in conventional PUR foams [19].

Effect of molecular weight per branching unit on the PUR foams’ cryogenic
resistance. The macromolecules’ architecture can be characterised by the molecu-
lar weight per branching unit (M.) values [13, 14]. The index M. shows, how high
the molecular weight for one branching unit of the polymeric matrix of the PUR or
PIR foams is. Changes of this parameter are among the main instruments to regulate
the physical and mechanical properties of PUR or PIR foams. There is a wide range
of investigations of the effect of M. on the glass transition temperature of PUR
foams, as well as on the combined contribution of the chemical structure parameters
to this property [20, 21]. However, the available evidence of the influence of the
parameters of the chemical structure of the polymeric matrix as well as M, on
the physical and mechanical properties of the polymeric matrix, determined by
these factors, is not sufficient. Therefore, an empirical approach is mainly employed
when compiling the formulations of PUR foams.

Conventional PUR or PIR foams are not suitable for the cryogenic insulation of
LH, tanks, because they have low safety coefficient indices. The complex of
mechanical properties for these foams is commonly achieved by PUR or PIR
foams’ compositions having polymeric matrix M, indices in the range 300-600.
Such foams have high Young’s modulus and relatively low tensile elongation
indices [22].

Appropriate physical and mechanical properties for PUR foams designed for
cryogenic insulation at temperatures of 77 K and lower are achieved, if the M,
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values of the polymeric matrix are higher than 600. Such parameters of the
polymeric matrix are reached, using low functionality polyols [13].

Research carried out at the Latvian State Institute of Wood Chemistry [13]
confirmed the above-mentioned results: at the M values 600-900 of the polymeric
matrix, the obtained foams are characterised by high tensile strength and ultimate
tensile strains at 77 K. The ultimate tensile strain of the obtained PUR foams
reaches 4.0-5.9 % at 77 K, while values of the index Kg;, (10.4), are in the range
3.40-5.41. If the PUR or PIR foams’ polymeric matrix has a high cross-link density,
then it hampers the intermolecular action, respectively, the formation of physical
bonds and such foams have a worse complex of cryogenic properties.

Analysing the data on the cryogenic insulation of the Space Shuttle [7-9], it may
be concluded that no data on the parameters of the polymeric matrix of the PUR and
PIR foams is presented, although the fact that PIR foams are used permits to
conclude that the M. values of the NCFI 24-124 (North Carolina Industries)
polymeric matrix are not high. The ultimate strain indices of the used BX-265
closeout PUR foams are not high at 72 °F (22.2 °C): 0.132 in./in. and 0.028 in./in.
at —320 °F (—196 °C). It is pointed out that high functionality polyols should be
used for production of good cryogenic insulation materials.

The cryogenic resistance can be characterised as the ability of an insulation
material to withstand both thermal stresses and strains in the insulation’s cold and
hot sides. This important characteristic is influenced by the polymer matrix
parameters and the foams’ cellular structure. In its turn, the cell structure is
influenced by the technological parameters of SOFI production. The workability
of the ETI is influenced by several other parameters, considered in [7-9].

The foams’ suitability for cryogenic insulation can be estimated from the
elementary work dW to be exerted for its tensile rupture dW = o6(¢)de. As the
majority of the stress—strain curves of PUR foams at 77 K follow to the Hooke’s
law, work W can be calculated from the (10.1):

W=06"1xe"1/2, (10.1)

where ¢’ —foams’ tensile stress; €’ '—the corresponding strain.

However, it is difficult to apply these methods with an aim to increase the safety
coefficient of the cryogenic insulation, and this follows from the Barker’s equation,
(10.2), [23]:

E x &*"15N/(m? K?), (10.2)

where E—modulus of elasticity and o—CTE. Barker’s equation is valid in respect
to the linear polymers and shows that there is a correlation between the majority of
the elastic properties of polymers and their CTE. Equation (10.2) indicates that
polymers with a low CTE have high Young’s modulus values and vice versa.
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10.4 Technological Processes of Spray-On PUR and PIR
Foams’ Cryogenic Insulation Materials and Foams’
Cellular Structure

The insulation of ET by PUR or PIR foams can be performed consuming two basic
technologies: (a) Gluing of preliminary produced foams’ blocks on the ET walls
surface and (b) spray application of foams on the ET walls surface. PUR and PIR
foams blocks or shells are widely used in cryogenic technologies for requirements
of liquefied natural gas (LNG) or liquefied nitrogen (LN,) storage or transportation
systems.

Spray-on of SOFI on substrate surface. While spraying of the PUR or PIR foams
to the metal surface, the foaming process in different parts occurs in different
conditions. At the substrate surface, the PUR and PIR foams foaming occurs in
nonadiabatic (With heat losses) conditions. These conditions are more pronounced,
if the substrate heat capacity grows, and the environment and substrate temperature
is low. The SOFI material formation is a chemically-technological process, and
84 KJ/mol of heat is released as the OH-group reacts with the NCO-group, but
cyclotrimerisation of isocyanate groups occurs with a smaller heat release—
66.5 J/mol [24]. If a part of this heat is lost before the foams manage to rise (within
3-20 s), the PUR foams polymer matrix formation is hampered at the substrate
surface. If the foams’ formation at the substrate surface occurs in pronounced
nonadiabatic conditions, it can be anticipated that the foams density will grow at
the substrate surface and the conversion degree of the functional groups forming the
polymeric matrix will decrease. The latter circumstance can be the reason to the
formation of the foams with considerably impaired mechanical properties and a
poor adhesion to the substrate surface.

While foaming and hardening the core part of the foams layer is formed in
adiabatic conditions that facilitate a high conversion degree of polyols’ OH groups
and NCO groups of isocyanate. Thus appropriate physical and mechanical
properties of foams’ are ensured. The upper part is formed in quasi-adiabatic
conditions since the heat created by the reaction forming the urethane groups, is
partly channelled into the surrounding environment. Table 10.2 presents formula-
tion of the patented [25] SOFI material—PUR foams IWC-Cryo [13]. Data on
influence of the technological parameters on the cellular structure and properties of
these foams is presented further.

Manufacturing SOFI material samples. SOFI material IWC-Cryo were produced
by a high pressure spraying device Glass Craft. The following parameters were
controlled: A-component (polyol) temperature, B-component (polyisocyanate) tem-
perature, A and B components’ volume ratios, pressure A and B components’ supply
lines and room temperature, relative air moisture, cream time, overlap time after that
the next layer was sprayed and metal sheet temperature. The main technological
parameters for the SOFI material IWC-Cryo production are listed in Table 10.3 [13].

Influence of metal substrate temperature on cellular structure of SOFI (mono-
layer) PUR foams IWC-Cryo. The following factors were found to influence the
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Table 10.2 SOFI material
IWC-Cryo formulation

Table 10.3 Technological
parameters of spray-on PUR
foams IWC-Cryo

U. Stirna et al.

Ingredients pbw
Polyols

Polyether polyols 25
Polyester polyols 30
Reactive flame retardant 20
Chain extender 25
Additives

Blowing agent Solkane 365mfc/227ea 25-27
Silicone surfactant 1.5
Water 0.5
Catalyst package 3-5
Additive flame retardant 15
B-component

Crude MDI 150
Parameters IWC-Cryo
Characteristics of a component

Density—A-component (kg/m3 ) 1,230
Density—B-component (kg/m3) 1,230
Viscosity—A-component (mPa s) 133

Hand mixing

Cream time (s) 4

Gel time (s) 9

Tack free time (s) 11

Spray-on process

Mixing A/B volume ratio
A-component temperature (°C)
A-component mixing pressure (bar)
B-component mixing pressure (bar)
B-component temperature (°C)
Spray-on foams consumption (kg/m?)
Substrate temperature (°C)

Cream time (s)

Room temperature (°C)

Relative air moisture (%)

1.00/1.08-1.16
40-50
110-125
125-140
40-50

~2.7

205 27; 35

34

18-20

30-50

cellular structure of SOFI material [13]: (a) The temperature of the surface to be
insulated and A and B components of PUR foams formulation; (b) The thermal
capacity of the surface subjected to insulation; (c) The reactivity of PUR foams
composition in foaming process; (d) The ratio and concentration of blow and gel
catalysts and (e) The thickness of foaming layer.

The LSI WC developed spray-on PUR foams IWC-Cryo were investigated at the
environmental temperature 18-20 °C and the relative air humidity 30-50 %. The
effect of the temperature of aluminium sheets on the distribution of the density of
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Fig. 10.2 Density of the monolayer SOFI material IWC-Cryo in dependence of layer’s thickness
at different temperatures of aluminium sheet having thickness 4 mm, and components in foams’
formulation [13]

Fig. 10.3 SEM image of the
SOFI material IWC-Cryo,
aluminium sheet temperature
20°C

foams with different temperature of the components is shown in Fig. 10.2. As can
be concluded the increase of the metal sheet temperature from 20 to 35 °C decreases
the core density and the density of bottom layer as well.

The cellular structure of the SOFI material adjacent to the aluminium sheet has a
very fine structure, Figs. 10.3 and 10.4, and the cell sizes are similar both in the
foams’ rise direction and perpendicular to it. The foams’ structure has no large or
extended cells. SEM images for the monolayer SOFI material sample, spray-
applied in the thickness 60 mm on the metal sheet surface having temperature
27 °C are presented in Figs. 10.5 and 10.6.
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Fig. 10.4 SEM image of the
SOFI material IWC-Cryo,
aluminium sheet temperature
35°C

Fig. 10.5 SEM image of the
structure of the SOFI material
IWC-Cryo in direction
parallel to foams’ rise,
distance 1 cm from the metal
sheet surface

Fig. 10.6 SEM image of the
structure of the SOFI material
IWC-Cryo in direction
parallel to foams’ rise,
distance 3 cm from the metal
sheet surface

U. Stirna et al.
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SEM images reveal that the cellular structure of the SOFI material at the distance
about 1 cm from the metal surface can be characterised as isotropic; anisotropy
coefficient A =~ 1.10. The cell size distribution, calculated from the SEM images
for the foams at the distance 1 cm from the metal surface and in the middle part of
the block is shown in Figs. 10.7 and 10.8. This cellular structure is fine-porous; the
average cell diameter in directions parallel and perpendicular to foams’ rise is 0.148
and 0.134 mm, respectively. The 60 mm thick foams’ block middle layer cells have
a transversally isotropic structure. The foams cell anisotropy coefficient in this case
is high A ~ 1.51; the cell average sizes in directions parallel and perpendicular to
foams’ rise are 0.203 mm and 0.134 mm, respectively. The content of large cells in
direction parallel to foams’ rise is moderate—only several percents of the cells with
the size greater than 0.5 mm. With metal sheet surface temperature increasing from
20 to 35 °C, the cellular anisotropy coefficient of the sample’s middle layer SOFI
material grows from A = 1.30to A = 1.80. Thus, the SOFI production technology
influences the cellular structure essentially and the structure can be highly different
in different layers.
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Fig. 10.9 SEM image of the
cell structure of the two-layer
SOFI foams IWC-Cryo,
overlap time 15 s, 50%,
foams’ rise direction O3

Fig. 10.10 SEM image of the
cell structure of the two-layer
SOFI material IWC-Cryo

with the overlap time 24 h, . )
50x%, foams’ rise direction O3

TR

W)

Cellular structure of the two-layer SOFI material IWC-Cryo. An estimate of the
effect of the overlap time on the cell structure of the two-layer SOFI material can be
made by analysis of the knit line zone from the SEM images.

At the overlap time 15 s, nearly equal to the SOFI material’s tack time, the knit
line of the material IWC-Cryo is without any considerable defects, Fig. 10.9. Above
the knit line, individual extended cells are formed, although their size does not
exceed 0.8 mm.

If the overlap time is 24 h, Fig. 10.10, in the ~2 mm thick layer above the knit
line, there are mainly relatively large cells, with the diameters parallel to the foams’
rise direction ~0.5 mm. Specific cellular structures are formed in the SOFI layer,
which is spray-on to the surface of the same mechanically treated PUR foams after
72 h, Fig. 10.11. Because the air is adsorbed at the surface of the treated foams, the
formation of a structure of two different types is observed as the second layer is
spray-on. Above the knit line, the foams have fine cells, with a diameter of about
0.10 mm and large extended cell as well, which could be formed by the air adsorbed
at the surface during the foaming process. This transition zone is about 2 mm thick,
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Fig. 10.11 SEM image of the
cellular structure of the SOFI
material IWC-Cryo, the
overlap time 72 h, 50 %,
foams’ rise direction O3

(the bottom layer was
mechanically treated)

and the large cells have sizes 0.7-1.2 mm in direction parallel to foams’ rise. In
direction perpendicular to foams’ rise the cells’ sizes do not exceed 0.5 mm.

The obtained data permit to choose the optimal technological regime in the cases
of mono- and multilayer spray-on technologies. The investigation performed
reveals the considerable influence of the technological parameters on the PUR
class SOFI structure and properties that in turn influence the workability of the
cryogenic insulation.

10.5 Influence of Spray-On PUR and PIR Foams’ Cellular
Structure on Foams’ Properties

The main parameters of the foam’s cellular structure include the foam’s cell size,
content of open or closed cells, cell orientation and anisotropy coefficient A defined
as ratio of the cell’s dimension along foams’ rise direction to the dimension along
direction perpendicular to rise direction or as ratio As,° of strength values in
corresponding directions. With cell anisotropy coefficient of rigid PUR foams’
increasing from 1.0 to 2.0, the compressive strength along the cell’s elongation
direction increases approximately twice, and the linear thermal expansion coeffi-
cient decreases considerably [26]. In most cases, the anisotropy coefficient of
conventional spray-on foams insulations is approximately A = 1.5. The anisotropy
coefficient is influenced by both the properties of PUR foams compositions and the
parameters of the technological process for production of the foams. The purposeful
regulation of PUR foams’ anisotropy is quite a complicated process, and there is a
few data on this topic in scientific information sources.

The ET cryogenic insulation is subjected to the following main effects during the
flight or when filling/discharging the cryogenic agent into the ET: (a) thermal
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Table 10.4 Effect of the anisotropy coefficient of the cellular structure, the polymeric matrix’ M,
and CED of PUR foams on the mechanical, diffusion and thermal properties of ETI [13] at
temperatures 77 and 296 K

Anisotropy
coefficient A
M. (300-1.150)  CED (580-650) .0 <10
Properties® (g/mol) (I/em?) O (-
Mechanical properties, compression
03 3296C 77 ) M 77
o3¢ A ) Mo WY
o11 296c 27 t 27 M
[ 177c () ) 77 M
E\*c v A W om
E/c W A 27 M
Mechanical properties, tension
o M A W
on'’r M A 27 M
E\*r 17 A oo o
E/r W ) 27 M
€1 1296"1" M 7 M 77
€1 177T M v ™M W
Diffusion properties
Water absorbance ) N " ¥
Cryo-pumping () A A v
Thermal properties
Resistance against action of heat " N7 T
fluxes

Glass transition temperature N7 " Constant Constant
Coefficient of thermal expansion # \ N N7

#Arrows designate the parameters which influence the properties of the ETI cryogenic insulation:
(a) grey—improve; (b) black—impair and (c) double—influence is the most significant; direction
of arrow corresponds to the increase or decrease of the numerical value of the corresponding

property

stresses of tensile and compressive character, (b) heat fluxes and (c) cryo-pumping
effects. Table 10.4 analyses the effect of the CED of the polymeric matrix of PUR
foams M, and the foams’ cellular structure anisotropy on the mechanical, diffusion
and thermal properties of the external cryogenic insulation, where o;;—strength,
Ei—modulus of elasticity, g;—ultimate strain, i = 1, 2 and 3; O3—foams’ rise
direction; C—compression and T—tension.

Considering PUR foams with the isotropic cell structure or having the anisotropy
coefficient A ~ 1.0 it can be concluded that the foams: (a) will be less subjected to
the material’s erosion caused by heat fluxes, as well as diffusion and cryo-pumping
processes and (b) could have better resistance against thermal stresses both in the
ETI cold side (tension stresses) and in the hot side (compressive stresses).
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Table 10.5 Influence of technological parameters on the main properties of the IWC-Cryo foams;
monolayer block thickness 50-60 mm

Level of SOFT T Teomp P ax 107 e, 633296(; 611296(;

block “C) (O (kg/m3 y  (KThH (%) (MPa) (MPa) Ks

Bottom 20 40 65.8 4.75 4.00 0.20 0.26 3.90
Middle 20 40 422 5.81 4.66 0.24 0.19 3.72
Bottom 27 40 62.8 4.38 4.15 0.20 0.25 4.39
Middle 27 40 422 6.35 4.56 0.25 0.16 3.33
Bottom 27 50 62.8 5.32 3.81 0.22 0.25 3.31
Middle 27 50 40.8 6.61 5.81 0.28 0.16 4.07
Bottom 35 40 61.4 5.83 3.79 0.20 0.22 3.01
Middle 35 40 419 6.70 5.81 0.27 0.15 4.02
Bottom 20 50 67.4 5.32 3.59 0.22 0.26 3.12
Middle 20 50 47.2 5.56 5.59 0.28 0.16 4.49

With temperature of the aluminium sheet surface Ty, increasing from 20 to
35 °C, the anisotropy coefficient of the SOFI middle layer increases from A = 1.26
to A = 1.80, Table 10.5, where T,,.—temperature of the aluminium sheet, Tomz—
temperature of components in foams’ formulation.

These results agree with the results described earlier on the cell structure of these
foams. With metal sheet temperature increasing from 20 to 35 °C, the density of the
samples’ middle layer slightly changes and is in the range 40.8-47.2 kg/m’. The
density of the foams’ samples, cut out at the distance 1 cm from the metal sheet
surface, is in the range 61.4-67.4 kg/m> and tends to increase at lower temperatures
of the metal sheet. The CTE (Determined perpendicular to foams’ rise direction) is
smaller for the layer, cut out from the bottom zone. That has two reasons: the higher
foams’ density and the isotropic/orthotropic structure of the foams. Because the
samples middle part foams have a transversally isotropic structure, CTE has
relatively high values. The Kg; value is higher for the samples, cut out from the
middle part of a block. The Kg;, (10.4), for the samples adjacent to the metal surface
is in the range 3.0-4.5.

Properties of the monolayer SOFI material INC-Cryo. To perform the studies,
SOFI materials’ samples with the thickness from 35 to 80 mm were produced. All
samples for mechanical testing were cut out from the middle part of the blocks
(core). The control of apparent density was obligatory for each sample. The PUR
foams’ properties in compression were determined in directions parallel and
perpendicular to foams’ rise direction, the tensile properties were determined in
direction perpendicular to foams’ rise direction. Cylindrical samples 20 mm in
diameter and 22 mm in height were used for compression properties determi-
nation. Ring samples 13—14 mm in width with the inner diameter 43 mm and the
outer diameter 53 mm were used for tensile characteristics determination. Testing
speed of all samples was 10 %/min. Mechanical testing was performed on testing
machines Zwick/Roell 500 N and Zwick/Roell Z100 (sensor 1000 N). A compact
cryostat with mechanical testing appliances was used to carry out the low
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Fig. 10.13 Young modulus in tension E t vs. foams’ density for the SOFI material IWC-Cryo

temperature tests. Prior to testing, the samples were held in the cryostat at the
specified temperature for 15-20 min. As a rule, six samples on each experimental
point were tested. In the majority of cases, the coefficient of variation of foams
characteristics was within 6-15 %.

IWC-Cryo foams exhibit tensile properties acceptable for cryogenic applications
both at 296 and 77 K, Fig. 10.12. Samples for testing were cut out from different
zones of the block that results in their different densities, e.g. samples with the
density ~75 kg/m® were cut out from the zone adjacent to the substrate surface.
SOFI material IWC-Cryo has a low modulus of elasticity at 77 K when the foam’s
density is below 50 kg/m?, Fig. 10.13. Elongation at break, both at 296 and 77 K
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Fig. 10.14 Ultimate strain & 1 at tensile break vs. foams’ density for the SOFI material IWC-Cryo

Table 10.6 Effect of the thickness / of the spray-on monolayer SOFI material IWC-Cryo on the
foams’ properties in compression at 296 K

Core density Sample’s cut out 633 ¢ o611 ¢ Es ¢ E|c 633 ¢/
h (mm) (kg/m3 ) level (MPa) (MPa) (MPa) (MPa) 11 C
35 50 Middle 0.21 0.23 4.99 5.35 0.87
40 53 Middle 0.20 0.23 4.85 5.68 0.91
40 52 Middle 0.24 0.24 6.35 5.69 0.87
50 52 Middle 0.25 0.30 5.20 6.83 0.71
65 47 Bottom® 0.24 0.25 6.53 5.83 0.96
65 48 Bottom® 0.25 0.20 6.95 4.97 1.25
70 51 Bottom® 0.18 0.26 3.88 6.64 0.69
70 45 Upper 0.26 0.18 8.12 4.31 1.44
75 45 Bottom® 0.26 0.22 7.20 5.07 1.18
80 49 Bottom® 0.20 0.24 4.57 6.34 0.83
80 40 Middle 0.24 0.11 6.89 2.48 2.18
80 46 Upper 0.24 0.17 7.36 3.80 1.41

*Samples cut out at a distance 1 cm from the metal sheet surface

(Fig. 10.14), decreases with increasing samples’ density, and this agrees with the
generally accepted notion about the effect of the foams’ density on the tensile
properties.

Table 10.6 presents data on the mechanical properties of the monolayer SOFI
material IWC-Cryo samples with the thickness 35-80 mm. The spray-on of the
foams was carried out using a Glass Craft machine at the volume ratio of
components A/B = 0.93. The temperature of components A and B was 40 °C in
all cases.
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Table 10.7 Effect of the thickness of the spray-on layer 4 of the monolayer SOFI material
IWC-Cryo on the foams’ properties in tension

o1 v (MPa) E, v (MPa) eyt (%)

Samples’ cut out

h (mm) Density p (kg/m’) level 296K 77K 296K 77K 296K 77K
40 60 Middle 0.60 1.07 11.6 254 111 4.44
40 75 At the metal 0.78 1.20 173 388 114  3.08
50 47 Middle 0.57 0.71 9.4 134 183 5.66
50 54 Middle 056 - 9.4 - 18.3

65 65 At the metal 0.71 1.34 145 319 145 4.31
65 47 Middle 0.49 0.88 8.0 16.8 159 5.13
65 43 Upper 040  0.69 57 136 174 546
65 43 Upper 0.39 - 5.8 - 174 -
65 45 Middle 048 - 80 - 159 -
65 65 At the metal 0.68 - 14.5 - 14.1 -
80 39 Middle 039 - 57 - 179 -
85 75 At the metal 0.75 144 104 349 176 -
85 43 Upper 0.36 - 13.0 - - -

With thickness of the spray-on layer increasing from 35 to 80 mm, the core
density of the foams’ middle layer decreases from 53 to 40 kg/m>. For the SOFI
material, spray-on on the metal sheet and having 35—50 mm in thickness, anisotropy
coefficient A3;° is in the range 0.87-0.91. If the thickness of the spray-on layer is
approximately 80 mm, then the middle part of the foams block is characterised by
very high anisotropy coefficients. For all the foams samples, located at the distance
about 1 cm from the metal sheet, A3,° is in the range 0.69—1.25.

The results summarised in Table 10.7 testify that it is not appropriate to carry out
the ETI spray application in one layer with the thickness more than 60 mm, because
it favours the formation of a material with a very high foams anisotropy degree in
the block’s middle layer. Samples, cut out from the block’s middle layer, have a
high e;; v at 77 K: in the range 4.44-5.66 %. For the samples cut out from the layer
adjacent to the metal sheet surface, &1; 1 at 77 K is lower: 3.08—4.31 %. This could
be explained by the foams’ greater density for the layer formed in nonadiabatic
conditions as well as with the cell orthotropic structure. The closed cell content for
all monolayer SOFI material samples was high: 93-97 %. The SOFI material’s
contraction Al, 77_59¢ for the layer adjacent to the metal surface was in the range
1.112-1.136 %, but for the middle layer in the range 1.332—1.429 %. The average
strength of the samples of the foams IWC-Cryo with the shear strength 51.3 kg/m®
was 0.265 MPa.

The chemical structure of the SOFI material is evaluated from the FTIR spectra
for the samples cut out from the block’s middle layer and the zone adjacent to the
metal sheet. The absorption band corresponding to the H-bonded groups NHj, is
observed at 3,317 cm L. There is another absorption band at 3,450 cm ™! that is
typical of PUs, containing free (nonassociated) groups NHy. The degree of the
formation of NH,, groups was estimated from the value R, determined from the ratio
of absorption intensities NH,/NHg, [19].
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Table 10.8 Effect of the overlap time of the SOFI material IWC-Cryo on the mechanical
properties in compression and anisotropy of the foams in second layer, Ty, = 27 °C

I)el'lsitya P1 Density P3 033 C 011 C E3 el E] el

N Overlap time  (kg/m®) (kg/m®) (MPa) (MPa) (MPa) (MPa) A;°
1 155 46 45 0.27 0.17 6.49 3.60 1.59
2 30s 47 46 0.28 0.19 721 3.87 1.46
3 455 44 44 0.30 0.14 8.48 2.76 2.17
4 120s 46 43 0.27 0.17 7.42 3.44 1.63
5 300s 48 49 0.32 0.18 8.30 3.86 1.74
6 60 min 47 46 0.27 0.22 6.31 4.92 1.23
7 24h 48 46 0.25 0.22 6.10 5.05 1.15
8 72h treatment 53 50 0.25 0.23 6.50 5.41 1.13

®

p1 and p;—densities of samples for loading perpendicular (O1) and parallel to foams’ rise
direction (O3)

It is calculated from the FTIR spectra that the R value for the sample cut out from
the block’s middle layer is 1.92, but that for the sample from the outer part, this
index is smaller, namely, 1.54. The results testify that SOFI material’s spray
application in nonadiabatic conditions diminishes the possibility of the formation
of H-bonds. As a consequence, it has a decreased intermolecular interaction of
polymer chains in the foams’ polymeric matrix and, respectively, also smaller
strength indices. If the SOFI material’s foaming process occurs in nonadiabatic
conditions (farther than 1 cm from the metal sheet), then the flexibility of the
macromolecule chains during the process is sufficiently high, and the polymeric
matrix has a higher possibility of H-bonds formation.

Properties of the two-layer SOFI material IWC-Cryo. There are applications that
require multilayered foams as well. It is not always possible to spray PUR or PIR
foams in the necessary thickness applying the monolayer technology, two- and
multilayer technologies are often used. In this case it is necessary to determine the
influence of overlap time on the properties of SOFI materials. It was determined: if
the overlap time is 15-120 s interlayers breaking strength is in the limits
0.52-0.55 MPa and it is even bigger than the tensile strength of the core foams.
When the overlap time is 1 h the breaking strength is 0.23 MPa and at overlap time
24 h the breaking strength is only 0.14 MPa. The optimal overlap time is different
for each PUR and PIR foams formulation thus the recommended overlap time for
PIR foams NCFI 24-124 is 7-28 s [9].

As can be seen from Table 10.8, the density of the middle part of the second
layer foams is in the range 43-48 kg/m’, and the material has high compressive
strength values. The second layer foams have variable structural anisotropy indices,
and a material with the anisotropy coefficient A3, close to 1.0 is obtained only at
the overlap time 1 h or longer; A3,” defined as compressive strength ratio parallel
and perpendicular to foams’ rise direction O3:

A31” =o3c/onc, A’ =AR°. (10.3)
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Fig. 10.15 Density of the SOFI material IWC-Cryo (sprayed in two layers) in dependence of
height coordinate 1 perpendicular to interlayer surface; sample’s thickness 42 mm. Temperature of
aluminium sheet 20 °C

If the spray-on application is performed on the surface of the mechanically
treated foams, the anisotropy coefficient of the second layer foams is close to 1.0,
too.

The changes in the density of the two-layer SOFI material IWC-Cryo in depen-
dence on the distance of the foams’ layer from the surface of the aluminium sheet
are depicted in Fig. 10.15. The density of the foams layer at the distance 1 mm from
the metal sheet surface is about 90 kg/m® and the density in the sample’s middle
layer decreases considerably to 45—50 kg/m>. Close to the interlayer knit line, the
foams’ density is higher than in the block’s middle layer and reaches 55-62 kg/m>.

10.6 Thermal and Mechanical Properties of External Tank
Insulation PUR and PIR Foams at Room and 77 K
Temperatures

PUR foams specifications are regulated by the standard ISO 8873 “Rigid cellular
plastics — Spray-on polyurethane foams for thermal insulation” [27-29] in the
European Union. The first part of ISO 8873 “Material specifications” specifies
requirements and test methods for spray-on polyurethane rigid cellular plastic,
used as thermal insulation. The application of PUR or PIR foams is regulated by
the second part of ISO 8873-2 “Application”. It specifies requirements for physical
properties of rigid cellular plastic spray-applied polyurethane foams and lists the
test methods to be used. The designer has the responsibility for confirming that the
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physical properties provided by the material manufactured to this part of ISO 8873
will provide the requirements needed for a specific application. The third part of
ISO 8873 “Tests methods” specifies the test procedures that are to be used when
testing spray-on polyurethane foams to verify that they meet the requirements given
in ISO 8873-1.

The standard ASTM C591 - 12a “Standard Specification for Unfaced Preformed
Rigid Cellular Polyisocyanurate Thermal Insulation” [30] covers the types, physi-
cal properties, and dimensions of unfaced, preformed rigid cellular polyurethane
modified PIR plastic material intended for use as thermal insulation on surfaces.
Different test methods shall be performed in order to determine the thermal
insulation’s following properties: density, compressive resistance, apparent thermal
conductivity, hot-surface performance, water absorption, water vapour permeabil-
ity, dimensional stability, closed-cell content, surface bearing characteristics, ten-
sile strength and leachable chloride, fluoride, silicate and sodium ions.

These standard specifications provide a point of reference for further analytical
comparisons with both ambient test data and cryostat data obtained under large
temperature differential cryogenic conditions [31].

Thermal conductivity of PUR and PIR foams. Thermal conductivity (4) is a
specific material property. It represents the heat flow in watts (W) through a 1 m?
surface and 1 m thick flat layer of a material when the temperature difference
between the two surfaces in the direction of heat flow amounts to 1 Kelvin (K). The
unit of measurement for thermal conductivity (1) is W/(m K). The thermal conduc-
tivity of rigid PUR and PIR foams is dependent on the cell gas used density,
temperature, behaviour in the presence of water and moisture time of measurement.

The study Fesmire et al. [31] provides data on the cryogenic thermal perfor-
mance of SOFI under large temperature differentials and basic information to apply
in the design and optimization of future launch vehicles and other cryogenic
systems. The test measurements were made at the full temperature difference
(78-293 K) and included a full vacuum pressure range. The results are reported
in terms of the apparent thermal conductivity 4 and the mean heat flux.

Thermal conductivity data for the cryogenic PUR foams IWC-Cryo is presented
in Fig. 10.16. The low values of 1 are caused by the high amount of closed cells, the
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high porosity, very small cells; thin cell walls as well as anisotropy of the material.
In addition formation of water in cells during foaming and residuals of the blowing
agent is reduced to a minimum.

The blowing agent Solkane 365mfc/227 used to produce IWC-Cryo type SOFI
materials is a mixture of pentafluoro butane and heptafluoro propane having a
boiling point at 24 °C. The obtained IWC-Cryo foams are characterised by a high
content of closed cells: 93-97 % and these values largely determine the low thermal
conductivity. As can be seen from Fig. 10.16 the coefficient of thermal conductivity
of IWC-Cryo at 303 K is 19 mW/(m K) and only 4 mW/(m K) at 103 K. It is known
that thermal conductivity is influenced by the foaming agents used in the blowing
process. Since the water content in the polyol system is low, the calculation testifies
that the blowing gasses ratio in the ready foams is CO,-14 vol.% and Solkane
365mfc/227-86 vol.%.

Thermal expansion of polyurethane foams. The major advantages of foams
insulations are their ease of fabrication, relatively low cost and self-supporting
structure. However, one of the major disadvantages of foams is their large thermal
expansion. In general, the thermal expansion coefficient of the foams considered is
two to five times that of aluminum and four to ten times that of steel. Because of this
large thermal expansion, it is necessary that the foam being developed accommo-
date this difference. The foams shrink more than the metal when the foams are in
contact with the cold surface, creating cracks that open passageways for the
admission of both water vapour and air, which considerably increases the thermal
conductivity of the insulation [32]. Several solutions to this problem of thermal
expansion have been investigated, including the addition of glass fibers, reinforcing
threads, expansion joints and the development of vacuum-panel insulation. Another
problem of concern with foams is the removal of the expansion gas from the
interstices of the cellular foams [33].

There is relatively scarce information about the influence of the polymeric
matrix of PUR or PIR foams on the linear expansion coefficient (CTE) of these
materials. The companies offering cryogenic insulation materials for insulating
LN, or LNG storage systems commonly indicate a values in a wide range of
30-70 x 107° K~ ' [34, 35]. The investigation [34] focuses on the thermal expan-
sion tests and the response of the microstructure. A novel optical method is
described, which is appropriate for measuring thermal expansion at high
temperatures without influencing the thermal expansion measurement. A detailed
micro structural investigation is described, which show cell expansion as a function
of temperature. Finally, a phenomenological model on thermal expansion is
presented. The thermal expansion (contraction) of the Space Shuttle cryogenic
insulation foams is analysed in [36].

Both thermal expansion and conductivity are dependent on the determination
direction with regard to the foams’ rise direction, too. Thermal property testing is
done to verify that the process environment would not affect the thermal properties.
The main thermal property tests comprise thermal-vacuum testing, hot gas panel
testing, thermal conductivity testing, specific heat etc.
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Table 10.9 A typical PUR foams’ formulation

Component pbw

Chain extender 10-70

Polyester polyols 10-80

Polyether polyols 0-70

Blowing agent Solkane 365mfc/227 15-20
Catalyst—dimethylethanolamine or Polycat 5 1.0-2.0

Gel catalyst Kosmos 19 0-0.2

Water 0-1.0

Silicone surfactant L6915 1.0-2.0

Polymeric MDI With isocyanate index 110

Physical and mechanical properties. Extended studies on the mechanical
properties of PUR foams at low temperatures are reported in Reed et al. [37].
Results on the tensile strength and the Young s modulus indices of PUR and
polystyrene foams with different density at 76, 195 and 300 K have been analysed.
Properties of PUR foams and their applications in cryogenic technology are
characterised in Sparks and Arvidson [38]. The mechanical properties and applica-
bility of PUR foams at the temperatures from 77 to 403 K have been described in
Dembharter [32]. In Nadeau et al. [39] the properties of PIR foams and their
application potentialities in cryogenic technology are characterised. The physical
and mechanical characteristics of spray-on rigid polyurethane foams at normal and
cryogenic temperatures have been analysed in Yakushin et al. [40].

Different test methods for physical and mechanical characteristics of cryogenic
insulation foams comprise plug pull testing, lap shear tests, flexure test, bond
tension tests, monostrain testing, gradient cryo-flex testing, compression and den-
sity determination etc. [7-9]. A wide range of physical and mechanical properties of
spray-on and pour rigid polyurethane foams at room and cryogenic temperatures
has been investigated at the LSI WC and Institute of Polymer Mechanics (Univer-
sity of Latvia) [19]. Mechanical testing was performed on testing machines Zwick/
Roell 500 N and Zwick/Roell Z100 (sensor 1000 N). A compact cryostat (Cryogenic
agent liquid nitrogen LN,) with mechanical testing appliances was used to ensure
low temperature during tests. Prior to testing, the samples were held in the cryostat
at the specified temperature for 15-20 min. As a rule, five samples were tested for
each experimental point. In the majority of cases, the coefficient of variation of
foams’ characteristics was within limits 615 %.

In order to investigate influence of polymeric matrix’ molecular weight per
branching unit on mechanical properties of foams, the foams’ formulation
presented in Table 10.9 was used. The content of polyether and polyester polyols
as well as content of chain extenders was varied in the formulation.

As can be seen from Fig. 10.17, with increasing polymeric matrix’ M, from 366
to 1,150, the foams’ tensile strength perpendicular to rise direction and at 296 K 5, 1
grows from 0.66 to 0.95 MPa, while at 77 K its values grow from 0.72 to 1.85 MPa,
respectively. Relatively low tensile strength o5, 1 indices at 77 K and low M values
(the first group PUR foams) could be connected with the fact that the cross-links of
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triangle) in dependence of the polymeric matrix” M,

covalent nature hamper the intermolecular action of the polymeric chains, hence,
also the formation of H-bonds.

The compressive strength of pour PUR foams was tested in the direction parallel
to foams’ rise direction O3. As can be seen from Fig. 10.18, with increasing M.
from 300 to 1,150, compressive strength o33 ¢ decreases from 0.72 to 0.27 MPa,



10 Polyurethane and Polyisocyanurate Foams in External Tank Cryogenic Insulation 227

Table 10.10 Experimental data on spray-on and pour PUR foams’ properties parallel (//) and
perpendicular (L) to foams’ rise direction

N  Characteristics Units  Values

1 Production mode Spray-on  Pour

2 Molecular weight per branching unit M, g/mol 740 450 740

3 Apparent core density p kg/m3 48 65-70 65-70

4 Closed cell content % 96.9 93.0 93.0

5  Anisotropy coefficient 1.00-1.05 1.20-1.30 1.00-1.05
Temperature 296 K

6  Compressive strength // 033 ¢ MPa  0.16 0.60 0.50

7  Compressive strength L 055 ¢ MPa  0.17 - -

8 Modulus in compression // E5 ¢ MPa 4.21 12.00 10.00

9  Modulus in compression L E; ¢ MPa  4.61 - -

10 Poisson’s coefficient in compression // v3; ¢ 0.15 - -

11 Poisson’s coefficient in compression L v53 ¢ 0.29 - -

12 Tensile strength L 655 1 MPa 041 0.65 0.75

13 Modulus in tension L E, 1 MPa 741 13.00 10.00

14 Elongation at break L &5, 1 % 23.1 12.00 12.00

15 Interlayer adhesion MPa  0.38 - -
Temperature 77 K

16 Compressive strength // 033 ¢ MPa  0.61 1.10 1.20

17 Compressive strength L 65 ¢ MPa  0.62 - -

18 Modulus in compression // E5 ¢ MPa 6.37 25.00 22.00

19  Modulus in compression L E; ¢ MPa  9.76 - -

20 Tensile strength L o2 1 MPa 1.03 1.00 1.30

21 Modulus in tension L E; 1 MPa  20.49 28.00 21.00

22 Elongation at break L &5, 1 % 5.33 3.00 4.30

23 Ratio E,"1/E;.*%r 2.76 1.95 2.10

24 Ratio E;""¢/E3**%c 1.51 2.00 2.20

while, in its turn, at 77 K, with increasing M. from 360 to 813, 033 ¢ grows from
1.03 to 1.28 MPa.

The main results of Stirna et al. [19] are presented in Table 10.10. At 296 K both
compressive moduli and strength of spray-on foams are nearly equal for loading
parallel and perpendicular to foams’ rise direction: E3 ¢ =~ E, ¢ and o33 0%
02, ¢ due to nearly isotropic character of structure. The slightly higher values in
compression perpendicular to rise direction could be explained by higher mechani-
cal resistance of the internal skin and near-by foams, that act as a reinforcement.
The relationship between Poisson’s coefficients v,3 > v3, could be explained by
different action of internal skin and surrounding foams in compression parallel and
perpendicular to rise direction, as well as mode of measuring the transversal
displacement.

The following was concluded: (1) With M. values increasing from 360 to 1,150,
the PUR foams’ tensile strength perpendicular to rise direction and the
corresponding elongation at break increases, while modulus in tension perpendicu-
lar to rise direction decreases both at temperatures 296 and 77 K. For PUR foams,
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core density 65-70 kg/m?, tensile strength perpendicular to rise direction and
corresponding elongation at break at can be increased for 3040 % by increasing
polymer matrix’ molecular weight per branching unit M, value from 450 to 740,
(2) With polymeric matrix” M, values increasing from 300 to 1,150, the PUR
foams’ compressive strength parallel to rise direction at 296 K decreases, but grows
at 77 K, (3) With PUR foams’ polymeric matrix’ M, increasing, the intermolecular
interaction increases, which is testified by the growth in the concentration of the
urethane groups connected with H-bonds. This factor promotes the increase in the
tensile strength perpendicular to rise direction of PUR foams and (4) Layered spray-
on PUR foams with core density 48 kg/m®> and M, = 740 exhibit competitive
tensile strength and elongation at break at cryogenic temperature [19].

The complex of the physical and mechanical properties of the ET cryogenic
insulation foams is determined to a great extent by the parameters of the PUR or
PIR foams’ polymeric matrix: (a) content of groups with high CED, (b) the
presence of side chains in the polymeric structure and (c) the architecture of
macromolecules determined by the cross-link density of the polymeric matrix.

The mechanical and thermal properties of PUR and PIR foams are influenced as
well by the flame retardants used in the foams formulation.

10.7 Thermal Stability and Combustibility

The thermal stability and combustibility of PUR and PIR foams are dependent on the
chemical structure of the groups present in polymeric matrix. It is known that
polyurethanes, comprising rings of aromatic structure, isocyanurate or carbodiimide
groups, exhibit a high thermal stability. Therefore, PIR foams are characterised by
a high thermal resistance; too, although decomposition at the first stage for these
foams begins at 200-300 °C, since their polymeric matrix possesses thermally
not durable urethane groups [41], too. Data on the thermal resistance of the groups
present in the structure of PUR and PIR foams is summarised in Table 10.11. The
thermal stability of the groups incorporated in the PUR foams’ polymeric matrix
macromolecules can be aligned in the growth direction in the following order:
aromatic rings > isocyanurate > carbodiimide > urea > urethane > alophonate >
biuret.

It can be concluded: when forming cryogenic insulation PUR or PIR foams
compositions, compromise solutions should be chosen, since, the urethane group is
characterised by high cohesion energy, although the thermal stability of this group
is relatively low. It is not desirable to incorporate allophanate or biuret groups in the
structure of the polymeric matrix, Table 10.11. Hence, the designing of the poly-
meric matrix of cryogenic insulation is a highly complicated task.

Combustibility and flame retardants. In order to reduce the PUR and PIR foams’
combustibility flame retardants comprising phosphorus, chlorine and bromium are
widely applied. They can be divided in two groups: reactive and additive. The
reactive flame retardants comprise OH groups, capable of reaction with the
isocyanates but the additive retardants do not react with the isocyanate component
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Table 10.11 Thermal stability of the groups comprised in the structure of PUR or PIR foams

Name Groups Temperature range (°C)
Isocyanurate (ljl >270
~ EANY
=C =
(o] ~_ N /C o
I
Carbodiimide —N=C=N— >270
Urea T' T 180-250
—N— |(|) —N—
o
Urethane T 150-250
—N— ﬁ —0—
o
Allophanate ﬁ 120-180
O=C|)
NH
I
Biuret |C|) 120-180
T_C_ NH—
O=C|J
ITIH

of foams formulation. The additive flame retardants, e.g. trichlorethylphosphate
(TCEP) and trichlorpropylphosphate (TCPP) are used in formulations of PUR and
PIR cryogenic foams. The additive retardants influence the thermal and mechanical
properties of the foams considerably.

A study on the effect of the flame retardant on the strength, deformation and
thermal properties was performed on the basis of the formulation of the PUR foams
[42]. In PUR foams compositions, TCEP acts not only as a flame retardant, but also
as a plasticizer [43]. In contrast to the plasticization of linear polymers, the
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plasticization of cross-linked polyesterurethane (PEU) has an essential distinction
to polymerisation, namely, it is mixed together with the initial compounds, i.e.
polyol and isocyanate, while plasticization is realised in the polymer formation
process. The plasticized cross-linked PEU should be regarded as a polar polymer—
polar solvent system.

Since the molecules of TCEP fill only a part of the fluctuation free volume, it
could have been expected that this would favour the intermolecular interaction due
to the formation of solvates with TCEP molecules by urethane groups. This
hypothesis has been confirmed by IR-spectra. The increase in the relative intensity
of the 3,320 cm ™! band is connected mainly with the formation of solvates of the
PEU...TCEP.. .PEU type [43]. It was determined that at TCEP concentrations
higher than 0.06 pbw the plasticisation of PEU networks happens. This flame
retardant had an adverse action on the safety coefficient value of the cryogenic
insulation material.

The fact that the TCEP in the composition of the polymeric matrix of PUR foams
causes anti-plasticization is confirmed by the data of shear storage modulus
depending on temperature. A study of the dynamic mechanical properties of the
polymeric matrix of PUR foams containing from 0.03 to 0.196 parts by weight of
TCEP in the temperature region 77-450 K, revealed that, with a growth of the
content of TCEP, the B-relaxation is inhibited, which testifies the anti-plasticization
effect [42, 44]. It should be mentioned that the anti-plasticization in the region of
cryogenic temperatures is an undesirable effect.

TCEP as a flame retardant is currently seldom used—instead of it, TCPP is
applied, which is characterised by a low corrosion activity. In the presence of this
flame retardant, polyol systems can retain their activity up to 6 months. There
is evidence that TCPP is used also in the cryogenic insulation material NCFI
24-124, although it exerts an adverse action on the properties of the PUR and PIR
foams cryogenic insulation [1].

Figure 10.19 presents the SOFI material IWC-Cryo samples after the combusti-
bility test. The length of the burned up parts of this material for the sample obtained
at the components’ ratio A/B = 0.86 is 13.2 cm and for the sample obtained at the
ratio A/B =0.90 is 12.8 cm. These indices are smaller than the length of
the permitted burned up part 15 cm, and the material, in compliance with EN
13501-1, corresponds to class E.

Thermogravimetric analysis. The thermal resistance of foams can be estimated
by thermogravimetric (TG) analysis. Samples of SOFI material IWC-Cryo were
tested at the heating rate 10 °C/min in the air and the N, atmosphere [13].

Figure 10.20 presents the IWC-Cryo sample’s decomposition in the N, atmo-
sphere having a three-stage character. The first decomposition stage (DTG,,.x at
about 190 °C) is connected with the TCPP as well as catalyst evaporation, and the
urethane groups decomposition losses are about 10 mass%. The second stage is
connected mainly to the decomposition of the polyol structure fragments. The coke
formation process in N, starts at 350 °C, but in the air at 300 °C. Table 10.12
summarises the data on the progress of the decomposition of the SOFI material
IWC-Cryo in the N, and air atmosphere.
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Fig. 10.19 IWC-Cryo
foams’ after combustibility
test in compliance with the
Standard EN 13501-1
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Fig. 10.20 TG tests of IWC-Cryo foams; broken lines—air atmosphere and full lines—N,
atmosphere
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Table 10.12 PUR foams

Atmosphere

IWC-Cryo thermal -

decomposition process Parameters Air N>
Stage 1
Temperature range (°C) 147-226 149-225
Residue (%) 93.4 93.7
DTGax (°C) 190 193
Stage II
Temperature range (°C) 226-374 224-375
Residue (%) 60.0 52.8
DTG ax (°C) 298 311
Stage 111
Temperature range (°C) 374-1,000 375-1,000
Residue at 1,000 °C (%) 3.65 22
DTGax (°C) 554 -
Mass residue at 450 °C (%) 54 50

At the temperatures 320-550 °C the mass losses are smaller in the case of the
decomposition in the air atmosphere. The decomposition in the air media at the
temperatures higher than 500 °C is due to the decomposition products oxidation.

10.8 Thermal Stresses and Strains in Foams’ External
Cryogenic Insulation

The adequacy of PUR and PIR foams to applications in cryogenic technique can be
estimated several safety coefficients. According to the investigations [13] the
ability of ET SOFI to withstand thermal strains can be characterised by safety
coefficient Kg:

Ksi = &1 /AL, "7, (10.4)

where €,;"’—PUR foams’ ultimate strain at 77 K (Temperature of liquid nitrogen
LN>) perpendicular to foams’ rise direction (Rise direction is parallel to axis O3),
%; Aly,"?*°—the relative thermal contraction of PUR foams perpendicular to
foams’ rise direction, when cooling it from 296 to 77 K, %. The coefficient
characterises how many times the measured ultimate tensile strain of foams at
77 K is bigger in comparison with the foams’ relative thermal contraction, cooling
foams from room temperature to 77 K. The PUR foams’ contraction A11177'2% is
measured in a fast cooling process in liquid nitrogen medium, similar to the
conditions, when the tank is filled with LH, or LO,. In all cases, the coefficients
of thermal expansion are calculated using the contraction characteristics at the
temperature difference AT = 219 K.
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In order to avoid appearance of defects in the cryogenic insulation, the complex
of physical (Especially thermal) and mechanical properties should ensure that the
tensile strength of PUR or PIR foams at 77 K would be at least 1.5 times higher than
the thermal stresses that appear in the thermal insulation due to its coefficient of
thermal expansion (CTE) perpendicular to foams’ rise direction being considerably
higher than that of aluminium alloys used to produce the ET [32, 45].

There are several methods for evaluation of the resistance of cryogenic insula-
tion against thermal stresses that appear when filling LH; in the ET or discharging it
from the ET, e.g. the safety coefficient Kg, determined by the (10.5), [32]:

oT

Kop=— 1
> ATErap/1 — v’

(10.5)

where or—foams’ tensile strength at 77 K; Er—foams’ tensile modulus of elasticity
at 77 K; v—foams’ Poisson's coefficient at 77 K; AT—temperature range from the
initial state of the system and after filling in the cryogenic agent (LN,); ap—average
CTE of foams’ in the temperature range AT.

The coefficient Kg, characterises how many times the tensile strength ot of
foams at 77 K is bigger than the foams’ thermal stresses, when cooling foams from
temperature of the initial state of the system and after to that filling in the cryogenic
agent (LN,). We propose a modification of the (10.5) for determination of the
effective safety coefficient Kg,:

oT

Ks® =
S T ATEr(ap — ap)/1 — v

(10.6)

where o—average CTE of metal in the temperature range “Room temperature . . .
77 K”. The coefficient Kg,° characterises how many times the tensile strength o of
foams at 77 K is bigger than the foams’ thermal stresses, when cooling foams from
room temperature to 77 K, taking into account the thermal expansion of the metal
substrate in the same temperature range.

In order to choose the most appropriate PUR or PIR foams by analysis of their
safety coefficients, comprehensive experiments are carried out filling and
discharging cryogenic agent into tanks of different size, volume and shape. Only
after cyclic thermal loads appearing in these processes it is possible to estimate the
influence of thermal stresses on foams as well as formation of the defects in
insulation.

Comprehensive experiments on the effect of thermal stresses on the cryogenic
resistance of different foams have been carried out [1]. Candidate insulation foams
for LH, aircraft systems were selected on the basis of information available in
publicly accessible information sources. The foams chosen for testing were selected
on the basis of availability, properties and the aim to include candidates of different
chemical types. The selected insulations included polyurethane, polyisocyanurate,
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polybenzimidazole, polymetacrylimide foams etc. with densities ranging 30-90 kg/m®.
All of the insulations tested were commonly available materials; none of them
had been developed specifically for LH, service. The choice of test materials did
not imply recommendations or endorsement of any material by NASA or Bell
Aerospace Textron.

In Anthony et al. [1] an experimental evaluation of closed cell foams as
cryogenic insulation for LH; tanks under thermal conditions representing airline
type operations is provided. The original objective was to determine if any com-
mercially available foams materials could survive more than a few hundred mission
thermal cycles. In addition it was possible to assess the process of degradation and
to identify failure modes. The PUR foams insulations exhibited the best cyclic life
and an excellent thermal performance: two insulations of unreinforced PUR foams
attained 4,400 thermal cycles (Equivalent to approx. 15 years of airline service)
without serious thermal or structural degradation instead of the initial goal of 2,400
ones. The addition of fibre glass reinforcement or flame-retardant materials to an
insulation degraded thermal performance and/or the life of the foams material. PIR
foams exhibited worse performance under thermal cycles.

Thermal stresses in ET cryogenic insulation foams. Thermal stresses appearing
in a cryogenic insulation material, when filling or discharging LH, from ET, are
among the most important factors, influencing the system’s safety and workability.
These stresses should be assessed at the following levels: (a) in foams’ insulation
throughout its whole thickness; (b) in the contact surface “Foams—ET wall” and
(c) between the spray-on foams layers (Interlayer adhesion).

Experiments were carried out with the aim of choosing potentially best cryo-
genic insulation materials for LH, tanks, intended for applications in aviation. One
of the most important areas is the thermal protection for the tanks. Studies of
subsonic and hypersonic vehicle applications indicate that low-density polymeric
foams are attractive candidates for LH, tank insulation if their reliability and life are
adequate. It indicated that (1) tanks should be kept at the liquid hydrogen
temperatures (Except during overhaul periods) to reduce the possibility of fatigue
failures from thermal stresses, (2) boil-off during ground-hold has a major influence
in defining insulation thickness, and (3) system cost is a direct function of insulation
thickness.

Analysing the available data on the thermal stresses in cryogenic insulation, the
following can be concluded:

1. A PUR or PIR foams’ layer, which adheres to the ET surface, about 5 mm in
thickness, is subjected to thermal stresses of tensile nature.

2. The upper layer of the ET foams mainly performs the function of thermal
insulation and thermal protection, and is subjected to the cryo-pumping effect
as well as the action of heat flows. The ET upper layer foams in plane are is
subjected to thermal stresses of compressive nature, although these stresses are
about 2-3 times smaller than the thermal in-plane stresses of tensile nature for
the foams layer, which adheres to the ET cold surface [1].
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10.9 Cryo-Pumping Processes

Cryo-pumping occurs when a void in a material or structure is at a temperature low
enough to densify a contained volume of gases. As the gases are condensed, a
vacuum is created. If there is a pathway to the surface or other voids, additional
gases are pumped into the void. When the material or structure is heated, the
densified gases expand and are expelled from the void. During this expansion
phase of cryo-pumping, the most damage in the material can be incurred. Cryo-
pumping can be problematic for cryogenic materials and structures if the gases are
densified in a void, then the void is rapidly heated, but the flow of gases from the
void is restricted, causing a rapid pressure build-up.

Cryo-pumping and cryo-ingestion effects of cryogenic insulation. Cryo-pumping
and cryo-ingestion processes are among the main reasons, which cause a whole
range of hazardous phenomena in cryogenic insulation systems (A considerable
decrease in thermal insulation capacity, ice formation, cracks formation etc.)
[7-9, 12]. Cryo-pumping has long been theorised as one of the processes
contributing to foams loss from larger areas of coverage. If there are cracks in the
foams, and if these cracks lead through the foams to voids at or near the surface of
the liquid oxygen and liquid hydrogen tanks, then air, chilled by the extremely low
temperatures of the cryogenic tanks, can liquefy in the voids. After launch, as
propellant levels fall and aerodynamic heating of the exterior increases, the tem-
perature of the trapped air can increase, leading to boiling and evaporation of the
liquid, with concurrent build-up of pressure within the foams.

Cryo-ingestion follows essentially the same scenario, except it involves gaseous
nitrogen seeping out of the intertank and liquefying inside a foams void or
collecting in the Super Lightweight Ablator. The intertank is filled with nitrogen
during tanking operations to prevent condensation and also to prevent liquid
hydrogen and liquid oxygen from combining [12].

Cryo-pumping index test. The test specimen consists of a 28.0 x 30.5 cm
substrate with a 28.0 x 28.0 x 2.54 cm square block of cryogenic insulation
bonded on its upper surface [46]. Thermocouples are located through-the-thickness
of the cryogenic insulation, on the tank wall (inner) surface; in the bond line, and on
the upper cryogenic insulation (external) surface. The through-the-thickness
thermocouples are located at approximately 0.3175 cm (1/8 in.) intervals to mea-
sure temperature change inside the specimen during the test. The specimen is
attached over a cryogenic chamber that can hold either LH, or LN,. Cryogen
flows into the chamber until steady-state temperatures are achieved (10-30 min).
Once steady-state temperature has been achieved, the cryogen supply is turned off
and the inner chamber is heated to room temperature. The cryo-pumping index
CPjpdex 1S defined as:

CPindex = (Tcp--Tss)/Tss, (10.7)
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where Tcp is the lowest temperature after the cryogen supply has been turned off,
and Tsg is the lowest steady-state temperature while the cryogen is flowing into the
chamber.

The foams designed for cryogenic insulation should have a closed cell structure
and no defects (Cracks, voids, delamination from the substrate etc.). There is no
problem to obtain PUR or PIR foams with a high (>90 %) closed cells content,
which ensures a low thermal conductivity coefficient at 20 K. The defects may
appear during the foams’ service time due to the technological inaccuracies and
favour the cryo-pumping effect [7-9, 12].

If the foams’ structure has defects, there is a possibility that air from the
environment may be condensed in the thermal insulation, as the tank is filled with
LH,.The reason for the cryo-pumping effect can be the foams’ low safety coeffi-
cient, too, as a result cracks and/or material’s peel-off from the insulated surface
may occur. The cryo-pumping effect is favoured also by the foams’ hydrophility
and the high relative moisture of the environment, as a result water vapours can
condense in the foams’ pores, and frost or ice may be formed on the foams’ inner
surface [12]. The diffusion characteristics of the PUR and PIR foams are dependent
mainly on the production conditions of the thermal insulation, the type of the
blowing agent and the structure of the foams (Porosity, cell size, content of closed
cells, their orientation, cell wall thickness, etc.), but depend little on the chemical
structure of the polymeric matrix.

10.10 Defects of External Tank Spray-On Insulation Foams

The operating environment of the ET is a complex combination of thermal
conditions, aerodynamic heating, aerodynamic and acoustic loads and mechanical
loads [8]. Internally, the ET shell structure contains various amounts of cryogenic
liquid fuels, while externally the ET is exposed to ambient air temperature and
pressure prior to launch and aerodynamic heating and pressure, vibro-acoustic
loading and external pressure gradients during ascent. In Table 10.13 the major
failures and defects are summarised.

Typical spray-on PUR foams’ defect—delamination along the layers’ knit line
is presented in Fig. 10.21. The primary ET TPS failure modes appear to be a result
of the consequences stemming from the SOFI application process and/or the
overall ET system level design. An important point for the development of ETI
is the possibility to check failures and defects during production, application and
operation. Suitable nondestructive testing (NDT) methods have to be identified
for that.
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Table 10.13 The major defects and failure modes of spray-on foams ET insulation [7]

Delamination from
the substrate

Delamination along
the knit line

Divoting

Rollover

Cracks

Porosity

Voids

Formation of elongated
cells

Separation between foams and substrate resulting in a layer of broken
cells remaining on the primed aluminium surface

Due to: thick spray passes; a substrate temperature that is too cold;
surface contamination

Separation along the foams-to-foams interface

Due to: inadequate overlap time, excessive thickness per foams pass, or
contamination

A large-scale, cohesive failure mode that has been observed on several
flights

Due to: the entrapped gas within the foams cellular structure, cryo-
ingestion of condensed liquid nitrogen from the intertank, and cryo-
pumping of energy sources into local voids in the SOFI or substrate
debonds near the substrate surface

During foams application, air pockets can be covered by foams that
rebound off of adjacent surfaces

Due to: gun over spray, regions with closely packed geometric features
and 90° corners

Break in foams exhibiting no material loss

Due to: stress build-up/physical inducement. Large difference in
coefficients of thermal contraction between foams and substrate—
greater thermal contraction of foams causes it to crack/split

Concentrations of elongated cells

Due to: a high spray temperature/excessive heat of reaction

Absence of foams

Due to: air pockets close to substrate when applying foams; conditions
where air becomes trapped during foams application process;
moisture present causing chemicals in foams to react forming carbon
dioxide which is an excess volatile

Presence of cells with excessive expansion

Due to: thick foams applications where blowing agent escapes during
foams’ rise

Fig. 10.21 Delamination

along the knit line of PUR

multilayered foams
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10.11 Applications of Foams’ Insulation in Space Technologies

10.11.1 Space Shuttle

Spray-on foams insulation has been developed for use on the cryogenic tanks of
space launch vehicles beginning the 1960s with Apollo programme and further
developed for the Space Shuttle programme. The Space Shuttle consists of three
major components. The Orbiter carries the crew into space and returns to land on
Earth. Two Solid Rocket Boosters provide the majority of the thrust needed to lift
the Orbiter into space. Holding these major components together is the ET. The
primary purpose of this tank is to carry the liquid propellants used by the Orbiter’s
three main rocket engines. The tank is the only part of the system that is not reused.
After the main engines of the Orbiter have been shut down, the ET is released to
reenter the atmosphere where it burns up. The Space Shuttle ET tank has three
major sections as shown in Fig. 10.22: the liquid-oxygen (LO,) tank, the intertank
and the LH, tank [9]. The ET is coated with a spray-on cryogenic insulation that
performs two major functions: (1) to insulate to maintain propellant quality during
fill and ground-hold, and (2) to act as an ablative TPS during the ascent phase.

The Space Shuttle ET is covered with multiple urethane foams that basically
belong to two categories of urethane foams: polyurethane and polyurethane
isocyanurate (PIR) foams. The foams “systems” are comprised of parts A & B
from raw materials originating from multiple sources. Part A is the isocyanate, and
Part B is the polyol, catalysts, surfactants and the blowing agent. The Parts A & B
are then proportionately spray-on or “poured” at a specified ratio onto the alumin-
ium substrate of the ET and, in an exothermic reaction, form a protective closed cell
foams insulation structure (In the USA polyisocyanate is denoted as component A
and system of polyols as component B. In Europe the demotions are vice versa).

In ET insulation, the PUR or PIR foams spray-applying method has received
wide acceptance [7-9]. PUR and PIR foams are applied using automated or manual
spraying operations. In the case of automatic spraying of PUR or PIR, different
technical solutions are possible. Thus, the insulation of the Space Shuttle ET with
the PIR foams NCFI 24-124 is performed automatically, spraying several foams
layers.

Technological processes of the Space Shuttle external tank insulation. To
develop optimum technological conditions for new ET cryogenic insulation
materials, it is necessary to analyze the experience reached when developing
Space Shuttle ET insulation materials. The structural analysis technology has
evolved significantly over the past 30 years. The study [9] had three primary
objectives. The first objective is to evaluate the past and present analysis tools
and modelling procedures used to analyze the ET TPS. The second objective is to
identify the analysis tools and modelling procedures that may be applicable to ET
TPS, including near-term capabilities to be pursued. The third objective is to assess
the current understanding of failure modes for complex loading environments; to
evaluate the capability of analytical tools, test databases and rationale; to
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Fig. 10.22 a) “Space Shuttle” components and b) Components of the ET and locations of spray-on
foams’ thermal insulation (SOFI)

recommend analysis and testing needed; to identify near-term procedures and
rationale to be implemented; and to identify long-term capabilities to be developed.

Automated PUR and PIR foams spray process and application. An automated
spray process was used to cover the acreage surfaces with the two-part foams. Prior
to the spraying process, all metallic surfaces were primed and cleaned. Nonmetallic
surfaces were coated and dried, and wires were coated with an epoxy primer.
Temperature and humidity of the work area and surface to be sprayed were
measured and controlled. The parameters controlling the computer automated
spray were the surface temperature of the part, ambient temperature, humidity
and atmospheric pressure [9].

Tests used to qualify cryogenic insulation for a reusable launch vehicle. The
tests include testing of thermal conductivity, glass transition temperature, radiant-
heat panel test, LO, compatibility test, vertical burn test, cone calorimetry test,
oxygen index test, open cell content testing and moisture absorption etc. [9].

The thermal properties of the cryogenic insulation of the Space Shuttle are
evaluated in Semmes [47]. In the previous foams formulation efforts conducted
by NASA, researchers were successful in identifying industry available foams
formulations meeting Shuttle requirements with some physical attributes exceeding
the existing foams performance.

Manual PUR and PIR foams spray process and application. A hand-spray
process can be used to cover the closeout areas with the two-part foams. Prior to
the spraying process, all metallic surfaces have to be primed and cleaned. Nonme-
tallic surfaces have to be coated and dried. Temperature and humidity of the work
area and surfaces to be sprayed are measured and controlled. Other controlled
parameters included the surface temperature of the part, ambient temperature,
humidity and atmospheric pressure. The PIR cryogenic insulation NCFI 24-124 is
sprayed on the acreage of the ET and is different from the polyurethane cryogenic
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insulation, BX-265 that is sprayed on the closeouts and areas not covered by the
acreage cryogenic insulation. Other closeout foams, BX-265 were used on other
super-light weight external tanks. There are significant areas of the ET left bare
during fabrication and assembly at the NASA Michoud Assembly Facility (MAF).
Each major tank component (LO, tank, LH, tank and intertank) is individually
machine sprayed with NCFI 24-124, then assembled. A fair amount of the exposed
areas, such as where the two propellant tanks are mated to the intertank, bipod,
longerons, feed lines and instrumentation ramp, are secondarily or manually
sprayed with BX-265 at MAF or Kennedy Space Center.

10.11.2 Launch System Ariane

The re-ignitable upper stage for the Ariane SME currently under development
requires an innovative tank concept. To minimise the loss of cryogenic propellants
like LO, and LH, during ground and during extended flight operation an effective
insulation system is one of the major challenges. The both tanks have been arranged
in such a way that the lower LO, tank is quasi-encapsulated by the upper LH, tank
with a common bulkhead in between. The tank insulation has to fulfil the following
main tasks: (1) to minimise the (aerothermal) heat fluxes to the upper LH, tank, (2)
to minimise the heat input to LH, tank from the upper and lower inter stage cavities
and equipment and (3) to provide an effective insulation at the common bulkhead to
avoid LO, sub cooling and to prevent from heat fluxes to the LH, [13].

In order to meet the complex requirements various insulation solutions for the
Ariane launchers including cryogenic closed cell foams compatible with
aerothermal fluxes are developed. Beyond its primary function of heat leak reduc-
tion towards the propellants, the insulation of ET walls must also protect the
aluminium structure from aerothermal fluxes during ascent. The closed cell PUR
foams supplied by company “AIR LIQUIDE” for the Ariane launchers meets the
following stringent requirements: low density, low thermal conductivity, suitability
for bonding on cryogenic aluminium structure (no cracks), tightness (closed cell) to
prevent cryo-pumping on launch pad, resistance to aerothermal fluxes during
launcher ascent, easy shaping by curing and machining. “AIR LIQUIDE” offers
closed cell foams for the Ariane launchers with the following properties: density
44 + 5 kg/m® before curing, 50 & 5 kg/m® after curing, thermal conductivity
33 mW/(m K) at room temperature, maximum temperature 90 °C in continuous
use, 450 °C in 16 s transient [10].

10.11.3 Space Shuttle Buran

The surface (1,523 mz) of the LH; external tank of the Soviet space shuttle’s Buran
rocket Energy was insulated with PUR foams Ripor 2 N and “PPU-17" [11, 48].
Ripor 2 N was spray-on applied on the cylindrical surfaces of the LH, tank, while
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the tank was situated in a horizontal position and rotated around its axis. The spray
process was automated and it was characterised by the temperature range 20-25 °C
both of the substrate and the environment. The cryogenic insulation was applied in
one layer, thickness 50-60 mm, then mechanical processing of the external surface
of the foams followed. Due to monolayer character there were no knit lines in the
cryogenic insulation of the tank that could act as initiators of defects and faults.
PUR foams “PPU-17" were applied for insulation of the intertank. The dome-
shaped surfaces were insulated manually and the defects were detected by NDT
methods. The component A of Ripor 2 N formulation comprised polyether and
polyester polyols, a foaming agent Freon 113 (CFCI,—CF,Cl), flame-retardant
TCEP and a catalyst package. The polymeric matrix had a small cross-link density
~600 [11] and the density of foams 40—45 kg/m’. The ablative material PPU-306
was applied for thermal protection of LO, tank [48].

10.12 Conclusions

1. Wide applications of liquefied hydrogen not only in space technology, but in
power industry and transport, could be forecasted for the twenty-first century. In
this connection, efficient and safe cryogenic insulation materials, e.g. PUR and
PIR foams will be necessary.

2. The main factors influencing the cryogenic resistance of external tank thermal
insulation are analysed: (a) Thermal stresses and strains, dependent on the
complex of physical and mechanical properties; (b) Thermal and diffusion
(Cryo-pumping) properties dependent on cellular structure of the SOFI material,
these factors being connected to the technological process of the SOFI produc-
tion and (c) Defects in the SOFI.

3. Mechanical properties of rigid PUR foams in dependence of polymer matrix’
molecular weight per branching unit M. have been investigated. With M values
increasing from 360 to 1,150, (a) the PUR foams’ tensile strength perpendicular
to rise direction and the corresponding ultimate strain increases, while elasticity
modulus decreases both at temperatures 296 and 77 K and (b) the compressive
strength parallel to rise direction decreases at 296 K, but grows at 77 K.

4. The capacity of PUR and PIR foams to resist thermal stresses depends greatly on
the chemical structure and macromolecule’s architecture of the polymeric
matrix. The laboratory results revealed that PUR foams with high safety coeffi-
cient values can be obtained, if the polymer matrix’ molecular weight per
branching unit is in the range 600-900. Conventional PIR and PUR foams are
not suitable for insulation of liquefied hydrogen ET.

5. The functions of the bottom, middle and upper layers of SOFI material are
analysed. Influence of the thickness of mono- and two-layer foams as well as
technological parameters on the SOFI material IWC-Cryo cellular structure and
mechanical properties is characterised in the range 77-296 K.
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6.

Technological processes of spray-on PUR and PIR foams cryogenic insulation,
cryo-pumping and the main defects of ETI are analysed as well as applications of
foams’ insulation in space technologies (Space Shuttle, Ariane and Buran).
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Abstract Cryogenic treatment (CT), a supplementary process to conventional heat
treatment process, is the process of deep-freezing materials at cryogenic
temperatures to enhance the mechanical and physical properties of materials
being treated. CT is one of the field in which the materials to be treated play a
very imperative role in its technological development. Some of its successful
applications in nonferrous materials defy the conventional reasoning that the only
affect it has is to convert retained austenite to martensite. For example tungsten
carbide cutting tools, electronics materials, some plastics, composites, and
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polymers show significant improvements that cannot be supported by the conven-
tional theories as to why the process works. CT technologies have applications in
wide range of areas including cutting tools, polymers, plastics, power industry,
medicine, rocket propulsion and space simulation, food processing, to name but a
few of them. The execution of CT on cutting tool materials increases wear resis-
tance, hardness, and dimensional stability and reduces tool consumption and down
time for the machine tool set up, thus leading to cost reductions. Similarly,
improvements in wear resistance, hardness, dimension stability, crystallinity, tensile
strength and elongation have been reported for polymers subjected to CT. The
effects of CT on tool materials (steels and carbides) and polymers along with
their applications are reviewed for manufacturing industry in this chapter. Although
it has been confirmed that CT can improve the service life of tools and polymers, the
degree of improvement experienced and the underlying mechanism remains ambig-
uous. The steps involved in CT are critical enough to account for the significant
incongruity in post-treated performance of treated materials. If we look toward the
next century, the topic of the-state-of the art and future developments in CT areas
has several aspects to it. Firstly it is essential to look at the history of the develop-
ment of CT. It is equally important to evaluate the current status of science of CT
and to identify research and development trends in this area which can act as starting
point for future developments. In this chapter, an attempt has been made to present
the past, present, and future of CT technology for tool materials and polymers.

Keywords Cryogenic treatment e Mechanical properties e Metallurgical
properties * Tool steels » Tungsten carbide ¢ Polymers

11.1 Introduction

11.1.1 Historical Background of Cryogenic Treatment

The science of subzero treatments known as cryogenic treatment (CT), as we
recognize it today, started in the late 1800s when Sir James Dewar (1842-1923)
perfected a technique for compressing and storage of gases from the atmosphere
into liquids. However some credit a couple of Belgians as being first to separate and
liquefy gases. These compressed gases were super cold and any metal that came in
contact with the ultra-low temperatures showed some interesting changes in their
characteristics. Practical applications of CT go as far back as the 1930s when the
Junkers Company in Germany used it on components of their Jumbo aircraft
engines. CT had its US origins in the 1940s, but that was a very primitive process
compared to today’s procedures. In the 1940s scientists discovered that by immers-
ing some metals in liquid nitrogen they could increase the wear resistance of motor
parts, particularly in aircraft engines, giving a longer service life. At the time this
was little more than dipping a part into a flask of liquid nitrogen, leaving there for an
hour or two and then letting it return to room temperature. They managed to get the
hardness they wanted but parts became brittle. As some benefits could be found in
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this crude method, further research into the process was needed. The applications at
this stage were mostly military. Around the mid-1950s California-based McCulloch
Chain Saw Company was the first to use CT on chain saw blade links thus
pioneering the use of CT in nonmilitary applications. They started CT of chainsaw
blades but kept it a secret so other manufacturers could not make better blades.
Research related to CT was reported in the form of magazine article as far back as
the July, 1957 edition of Tooling and Production Magazine. Later on several people
picked up the thread in the early 1970s. The most notable and persistent was
Dr. Randall Barron of Louisiana Technical University. Dr. Barron has written
multiple research papers about the subject, as have some of his students. These
papers are widely cited in the cryogenics industry [7, 50, 89].

Till around the 1960s, the lack of any significant technological breakthrough in
CT restricted its applications. The prominent reason for this was problem of
cracking and chipping of components after direct immersion into liquid nitrogen.
Thus, the need of some way of ramping temperature down on a component in a
controlled manner was felt. This tended to be expensive and cumbersome before
microprocessor controls became available. It was the invention of the
microprocessor-controlled temperature control that really made it possible to get
repeatable results in CT. Another item that needed to be added to the mix was the
tempering phase of the CT process. Often those who experimented in CT ran into
the brittle behavior of the processed materials, and decided that the cold had
crystallized the metal, and that all was lost. Another thing that hindered CT of
materials was that intuitively, one would not think of materials changing due to
cold. Archeological evidence shows that humans have been using heat on metals for
over 75 centuries. Extreme cold has only been available for roughly 100 years. So it
is almost intuitive that you use heat to change metals not cold. Another thing had to
happen in order to make people think in terms of cold changing things. The changes
had to be detectable. Even into the 1940s measurements were not precise enough to
indicate changes caused by CT. CT processes were not controlled well enough to be
able to say with certainty that the change was a direct result of the low temperature.
A cutting tool may last twice as long, but that was easily put off to the effects of how
it was grounded or the variance in cutting geometry. Given that there could be large
differences between one piece and another, the benefits given by the CT process
could always be attributed to the production differences. It is important to realize
that CT process has been largely empirically developed. The reason is that it has not
been researched deeply by large corporations or by government bodies with deep
pockets. Even Dr. Barron’s published works go largely to the results of the process
rather than how the process works. The process is in need of research to optimize its
results.

NASA led the way and perfected a method to gain the best results, consistently,
for a whole range of materials. The performance increase in parts was significant
but so was the cost of performing the process. Work continued over the years to
perfect the process, insulation materials improved, the method of moving the gas
around the process developed, and most importantly the ability to tightly control the
rate of temperature change. Technology enabled scientists to look deeper into the
very structure of materials and better understand what was happening to the atoms
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and how they bond with other carbons. They also started to better understand the
role that temperature plays in the treatment of materials to effect the final
characteristics. The microprocessor enabled a steady but continual reduction in
size of the control equipment required as well as increasing the accuracy of that part
of the process. Subsequently, the research about CT has been validated during the
1980s by the first result in machine tools [4, 6]. ASM International, the
metallurgist’s and materials scientist’s professional society started a committee
on the process in the late 1990s. This committee was founded when members
started to complain about the peculiar claims made by some of the early companies
that were formed to promote the process but these claims ultimately ended up as
harm to the CT process. The committee also strove to create a database of research
and articles about the process, and promoted sessions at ASM conferences that
featured CT. It is only since the mid-1990s that the process has started to become a
commercially viable treatment. From the 1990s, CT has also been applied to many
different components i.e., motor racing parts [84], in particular gears and bearings
[53, 69, 70, 75, 94], oil drills, gun barrels, knives, surgical and dental instruments
[59], and even brass musical instruments [52], piano and guitar strings, baseball
bats, golf clubs, cutting tools [39, 42], and polymers [49, 81, 103] too.

11.1.2 Applications of Cryogenic Treatment

11.1.2.1 Tool Steels

These steels can be classified in three major categories as cold-work, hot-work and
high-speed steels. Cold-work tool steels respond significantly well to CT. These
steels are commonly used for applications such as cold heading, blanking, and
trimming where tooling that operates below 200 °C. Collins and Dormer [21]
investigated the W and D series of the cold-work steel grades and found that CT
reduced the toughness of D2 by nearly 40 % primarily due to the transformation of
retained austenite. However, CT below —100 °C gave a clear improvement in
toughness, although the reason for this improvement was not clear. CT was
successfully applied to two different cold-work tool steels, X155CrMoV121 and
X110CrMoV82, to improve their wear resistance [76]. Yugandhar and Krishnan
[98], after cryogenically treating AISI Ol and O2 press tools and powder
compacting tools, found that the tools worked very well as the life of the tools
increased. The performance of D2 and D3 grades cutting tools and metal forming
tools were improved to three times that of hardened and tempered tools. Also, Das
et al. [30] successfully enhanced the wear resistance of D2 tool steel by a few folds
by applying CT. The hot-work tool steels are processed at temperatures above
200 °C. They typically use these steels for forging, die casting, and aluminum
extrusion dies. H-13 showed a 50 % increase in die life in one of the study by Paulin
[75]. Performance of AISI H11, H12, and H13 grades metal forming and pilgering
tools were found to the tune of 200 % to that of hardened and tempered tools and
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chisels made out of Ol and S1 grade steel improved their performance to
150-200 %. High-speed steels are dominantly used for cutting applications.
Cohen and Kamody [18] found 42 % increase in tool life of cryogenically treated
TiCN-coated M4 tools when compared to untreated coated tools in a broaching
operation. The performance of M2 and M6 grades cutting tools and metal forming
tools were improved to three times that of hardened and tempered tools [98]. da
Silva et al. [32] evaluated the performance of the cryogenically treated M2 HSS
tools by Brandsma rapid facing test and achieved 44 % improvement in tool life. CT
increased the performance of the M2 HSS twist drills as the gain observed during
drilling tests adopting catastrophic failure as the end of tool life criterion varied
from 65 to 343 % depending on the cutting conditions used [37]. Gill et al. [43] did
detailed study on the effects of CT on M2 HSS in laboratory conditions and found
the results consistent with findings of previous studies.

11.1.2.2 Tungsten Carbide

This material also responds significantly well to cryogenic treatment. Seah et al.
[85] implemented the CT on cobalt-bonded tungsten carbide (Co-WC) and found
that the treated inserts were superior to those of the untreated as-received inserts at
high cutting speeds. Stewart [88] successfully applied cryogenic treatment on C2
tungsten carbide inserts and recorded lower tool force while turning MDF thus
enhancing the life of inserts. Arner et al. [2] examined five different style cryogeni-
cally treated tungsten carbide inserts in full production operations and confirmed
very consistent changes in overall tool life; however, the amount of improvement
was dependent on the tool style. Yong et al. [96] showed that CT no doubt improves
the resistance to chipping of tools and, to a less significant extent, improves flank
wear resistance. Work by Quek [80] also agreed with the findings of these authors.
In another study, Yong et al. [97] cryogenically treated tungsten carbide milling
inserts and found 28.9-38.6 % increase in tool life. After experimental evaluation
of the comparative performance of cryogenically proceeded TiCN-coated carbide
inserts and Kennametal Grade KC 990 inserts by gas infusion process (dry process),
Bonilla et al. [13] also succeeded in enhancing the tool life. Reddy et al. [82]
observed the improvement in life of normal and deep cryogenically processed
carbide inserts by an amount of 9.58 and 21.8 %, respectively. Gill et al. [44]
machined C60 steel to evaluate the performance of cryogenically treated tungsten
carbide inserts under dry and wet turning conditions. They corroborated that the
performance of cryogenically treated carbide inserts depends a lot on cutting
conditions. The maximum gain achieved in tool life was 55 %. In other independent
study, Gill et al. [40] studied machining behavior of TiAlN-coated inserts and
concluded that CT can have negative effect on the performance of coated inserts.
In recent study, Gill et al. [41] also verified the positive effects of CT on tungsten
carbide in laboratory conditions.
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11.1.2.3 Polymers

There are many reports related to the approaches used to modify the polymer
surface ([17, 22,47, 49, 60, 61, 64, 68, 74,93, 102, 105]). Among these approaches,
CT seemed to be a simple and interesting method. Significant changes in dimen-
sion, crystallinity, tensile strength, and elongation in ultra-high molecular weight
polyethylene (UHMWPE) samples after CT has been reported by Trieu et al. [90].
In their paper Indumathi et al. [49] investigated the effectiveness of CT on the wear
performance of a series of thermoplastic engineering polymers such as polyimide
(PD), polyetherimide (PEI), polytetrafluoroethylene (PTFE), polycarbonate (PC),
and polyurethane (PU). A series of composites of PI, PEI, and its copolymer with
increasing amount of short glass fiber and solid lubricants was also investigated.
The authors identified CT as to be an effective technique for enhancing the abrasive
wear performance. Increase in hardness due to CT was found to be the most
important parameter responsible for performance enhancement in the case of the
PTFE. With the help of scanning electron microscope images, a rougher topogra-
phy for the surface of the cryogenically treated PEI has been reported. In another
study short carbon fibers were treated by cryogenic treatment and the mechanical
and tribological properties of carbon fiber reinforced epoxy were investigated
[100, 101]. The results showed that the mechanical and tribological properties of
carbon fiber reinforced epoxy were improved after CT due to the enhanced
fiber—matrix interfacial bonding. In a recent study Hybrid PTFE/Kevlar fabric
was treated by CT [103]. The authors found that the wear resistance of the fabric/
phenolic composite was improved after CT. Enhanced fiber/resin adhesion was
considered to contribute to the improved wear resistance of cryogenically treated
fabric/phenolic composite.

11.2  Process of Cryogenic Treatment

CT is not, as it is often mistaken for, a substitute for good heat treating, rather it is an
add-on or supplemental process to conventional heat treatment to be done before
tempering. However, it has been reported that some improvement can be obtained
by carrying out the treatment at the end of the usual heat treatment cycle, i.e., on the
finished tools [78]. A typical CT consists of a slow cool-down rate (2.5 °C/min)
from ambient temperature to the temperature of liquid nitrogen (Fig. 11.1). When
the material reaches approximately at —193.15 °C (80 K), it is soaked for an
appropriate time (generally 24 h). Then the part is removed from the liquid nitrogen
and allowed to warm at room temperature in ambient air. By conducting the cool-
down cycle in gaseous nitrogen, temperature can be controlled accurately and
thermal shocks to the material are avoided [16, 79].

A fundamental distinction among different CTs is given by the parameters of the
cooling—warming cycle. Depending on the minimum temperature reached during
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the cycle, Bensely et al. [9] proposed two categories: firstly shallow cryogenic
treatment (SCT) in which the samples were placed in a freezer at —80 °C and then
they are exposed to room temperature; secondly deep cryogenic treatment (DCT) in
which the samples were slowly cooled to —196 °C, held-down for many hours and
gradually warmed to room temperature. The typical process parameters of CT
include rate of cooling, minimum soaking temperature (T,.), soaking period,
and rate of warming. It is not possible to recommend a single process for every
tool material, nor even a single cycle for all components of the same material. Each
component needs to be separately assessed and an individual process route devised
for it that will depend on the combination of various mechanical properties required
in service. The CT is just one step in that process and must be integrated into the
processing route [87]. Literature reveals that to maximize the benefit obtained, CT
should occur after quenching and before tempering [36, 55, 56, 70, 71, 73, 87, 92,
106]. Mohanlal et al. [71] and Zurecki [106] recommended the use of CT to be most
effective if applied soon after quenching and before tempering. Kamody [55, 56]
introduced a new Nu-Bit process, a rapid, deep cryogenic method, as an inline
extended quench performed after conventional quenching and before a single,
modified temper. Dymchenko and Safronova [36] advised to carry out low-
temperature tempering after the CT of quenched steel in order to avoid austenite
stabilization. Additionally, Vimal et al. [92] also confirmed that the cryogenic
treatment should be done before tempering immediately after quenching to obtain
maximum benefits. Stratton [87] proposed steps in the processing route for maxi-
mum wear resistance as heat to an austenitizing temperature, quenching, CT, reheat
to room temperature, and finally tempering. Gill et al. [40, 41, 43, 44] subjected M2
HSS and carbide inserts to two tempering cycles to relieve the stresses induced by
CT (Fig. 11.2). This was accomplished by increasing the temperature to +196 °C
and then slowly reducing the temperature back to room temperature at the rate of
0.5 °C/min.

Ray [81] subjected the short beam shear (SBS) specimens of glass/epoxy
laminates to two different treatment conditions. In first treatment, the samples
were exposed to 40 °C for 5 min followed by immediate treatment at —40 °C.
Whereas in second treatment, samples were first cryogenically treated at —40 °C for
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Table 11.1 Various kinds of heat treatment cycles studied by Alexandru et al. [1]

Route Cycle
Quenching 1,230 °C
Quenching 1,230 °C + double tempering 560 °C
Quenching 1,230 °C + subzero (—70 °C)
Quenching 1,230 °C + subzero (—70 °C) + tempering 560 °C
Quenching 1,230 °C + tempering 560 °C + subzero (—70 °C)
Quenching 1,230 °C + tempering 560 °C + subzero (—70 °C) + tempering 560 °C
Quenching 1,230 °C + tempering 560 °C + subzero (—70 °C) + tempering
560 °C + subzero (—70 °C) + tempering 560 °C

ZZTOO®»>

5 min and then immediately exposed to 40 °C. They reported that CT does not have
any positive effect if done after the tempering. Hence, it can be concluded from
these studies that tempering may have stabilized the retained austenite in steels,
making it more difficult to transform during CT if applied later. The effect of
varying the sequence of tempering and CT for tungsten carbide has not been
investigated till date and can be taken up for future studies.

In contrary to above results, some studies have proposed that CT can be
performed after quenching and tempering without compromising the advantages
of CT [1, 54, 72, 78, 99]. Alexandru et al. [1] established the influence of various
CT cycles (Table 11.1) onto the material properties of steels by choosing different
sequences of quenching, tempering and subzero treatments and concluded that CT
should be applied after quenching and tempering. Like Alexandru et al. [1], Yun
et al. [99] also investigated the microstructure of M2 high-speed steel after submit-
ted this material to different CT cycles (Table 11.2) by varying the sequence of
different cycle steps and proposed that the CT on M2 high-speed steel can be
applied either after quenching and tempering or straight after quenching.
Popandopulo and Zhukova [78] have also recommended tempering to precede
CT. Another study also shows that, if CT is carried out after quenching and
followed by the usual tempering cycle, its influence on the properties of steel is
negligible [72]. Kalin et al. [54] also agreed that the subsequent tempering do not
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Table 11.2 Different cycles applied to M2 high-speed steel [99]

Route Cycle

Quenching from 1,250 °C + triple tempering at 560 °C

Quenching from 1,250 °C + 1 cycle 24 h subzero at —196 °C + triple tempering at 560 °C

Quenching from 1,250 °C + 1 cycle 48 h subzero at —196 °C + triple tempering at 560 °C

Quenching from 1,250 °C + 3 cycle totalling 48 h subzero at —196 °C + triple tempering at
560 °C

Quenching from 1,250 °C + triple tempering at 560 °C + 1 cycle 48 h subzero at —196 °C
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have any significant impact on the fracture toughness of M2 high-speed steel when
subjected to a range of tempering temperatures after CT.

It is evident from the review of the published literature that there is no consensus
between researchers as far as process of CT is concerned. It may be concluded that
as different materials react differently to the CT process, the need for optimization
of the CT process was felt. Darwin et al. [23, 24] were the first to identify the main
parameters involved in CT as cooling rate, soaking temperature, soaking time,
heating rate, tempering temperature, and tempering time. The cooling rate is the
rate at which the sample is cooled to the soaking temperature. Soaking temperature
is the temperature at which the sample is held, while the soaking period is the time
for which the sample is held at the soaking temperature. The heating rate is defined
as the rate at which the sample is heated back to room temperature. Their results
show that the significance of the parameters for improving mechanical properties of
steels prevails in the following order of importance: (1) soaking temperature
(72 %); (2) soaking period (24 %); (3) rate of cooling (10 %); (4) tempering
temperature (2 %); and the parameter called tempering period is insignificant
[23, 24]. Since the net contribution of the first three parameters is 98 %, these
three parameters are currently being debated upon and hence considered for
discussion in the following sections.

11.2.1 Minimum Soaking Temperature

The first users of CT applied soaking temperatures in the range of —80 to —100 °C
for periods of about 30-60 min [45]. Later, Hallum [46] applied soaking
temperatures in the range of —78 to —85 °C to the material and held at the
temperature for several hours. In recent applications the materials are subjected to
a controlled lowering of the temperature to —196 °C which is known as deep
cryogenic processing [16]. The minimum soaking temperature is identified as the
most significant factor [23, 24]. Bensely et al. [10] classified CT process in two
types on the basis of minimum soaking temperature as SCT and DCT. They found
that the amount of retained austenite in conventionally heat-treated (28 %), shallow
cryogenically treated (22 %), and deep cryogenically treated (14 %) samples
decreased with the lowering of soaking temperature. In another study, Bensely
et al. [9] concluded that wear resistance of case carburized steel improves by 85 %
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Fig. 11.3 Effect of cooling to subzero temperature on carbide number for D2 steel [21]

for shallow cryogenic processing (193 K) over conventional heat treatment and
372 % for deep cryogenic processing over conventional heat treatment. They also
showed that wear resistance improvement of deep cryogenic process was 152 %
higher than shallow cryogenic process. Barron [6], after cryogenically treating
several materials including the M2 high-speed steel at —84 °C (maintaining it at
this temperature for 24 h), observed a significant improvement on the wear resis-
tance in sliding abrasion tests when compared to conventionally heat-treated steel
(quenched and tempered). When the temperature of the CT was reduced further to
—196 °C, the wear resistance was increased even more. The work of Mohanlal et al.
[71] concluded that tempered samples when cryogenically treated at 133 K for 24 h
yielded negative results but when treated at 93 K for 24 h the results were favorable.
Hence, tempered samples if treated at still lower temperatures may yield still better
results on par with untempered cryogenically treated samples. This also suggest to
conclude that the stabilization of phases that would take place during tempering
requires a sufficient degree of undercooling and time to get transformed to stable
harder/tougher phase that offer better wear resistance. From experimental tests by
Barron [5], it was found that the wear resistance of samples of 52,100, D2, A2, M2,
and Ol tool steels soaked at —190 °C was approximately 2.6 times the wear
resistance for tool steel samples soaked at —64.69 °C. Collins and Dormer [21]
proved that the amount of carbides precipitated increases with decreased cryogenic
temperature for D2 cold-work tool steel (Fig. 11.3).

It is interesting to note that using the lower austenitizing temperature does not
offer the highest overall steel hardness; however, it does offer a significantly
reduced wear rate compared to higher austenitizing temperatures. In contrary to
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tool steels, Seah et al. [85] observed no significant gain in wear resistance of
tungsten carbide inserts by CT at —196 or —80 °C. However, all other studies on
tungsten carbide performed under real machining conditions as well as laboratory
conditions proved that tungsten carbide resist wearing more effectively if treated at
—196 °C as compared to —80 to —110 °C [2, 13, 40, 41, 44, 80, 82, 88, 96, 97].
Also by immersing the hybrid PTFE/Kevlar fabric into liquid nitrogen, Zhang et al.
[103] proposed that optimized CT process of hybrid PTFE/Kevlar fabric can
improve the wear resistance of fabric/phenolic composite. They however warned
that excessive treatment may negatively influence the tribological properties.

11.2.2 Soaking Period

The contribution of soaking period goes up to 30 % in improving the wear
resistance of the steels [23, 24]. Das et al. [25-31] studied the effect of soaking
period on the tribological behavior and carbide precipitation of D2 steel and suggest
that the wear resistance increases by increasing the soaking period whereas hard-
ness remains the same. In another study, Jinyong et al. [51] treated the Mo—Cr HSS
by CT for 2 and 16 h as soaking period and showed that wear resistance is more in
case of steel treated for 16 h. Mohanlal et al. [71] examined many treatment
conditions (Table 11.3) for wear resistance study of M2, T1, and D3 tool steels
and by comparing the results of soaking period of 6 and 24 h, they successfully
proved that the mechanism causing improvement in wear resistance/tool life is
essentially an isothermal process.

In two independent studies by Barron [8] and Dobbins [35], it has been shown
that the soaking period is important to the final properties of the tool steels and
soaking period of 20 h is enough as the atoms in the material require time to diffuse
to new locations. Collins and Dormer [21] and Collins [19, 20] showed that soaking
time affects the hardness, wear resistance, and carbide density of a variety of steels
because diffusion occurs very slowly at cryogenic temperatures. Lomte and
Chikalthankar [65] also confirmed that different soaking times during CT of AISI
D2 steel considerably affect the extent of residual stresses which is a measure of
durability of any tool steel. However, work by Moore and Collins [73] on the effect
of soaking period on various steels shows that different materials react differently to
variations in soaking period. In his patent, Kamody [55] asserts that the soaking
period has no role in deciding the final condition of the material being processed
and a soaking period of 10 min was recommended to allow the material to achieve
thermal equilibrium before it is removed and reheated. By working on AISI M2
HSS and H13 hot-work tool steel, Molinari et al. [72] recommended that a more
prolonged period does not have any significant effect and the maximum soaking
period should not be more than 35 h. Das et al. [25-31] performed a series of wear
tests on AISI D2 steel samples subjected to cryogenic treatment for different
durations and established that critical time duration exists for achieving the best
wear resistance properties. Hence, an optimum soaking time may, therefore, exist
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Table 11.3 List of treatment conditions considered for wear resistance study [71]

Nomenclature
Case Purpose followed
Hardened and tempered Standard tool for comparing the tool life Standard heat-
of cryotreated tools treated
Cryotreated at 93 K for 24 h Cryogenic treatment for tool steels CT (93/24)
Cryotreated at 133 K for 24 h  To check the effect of lowering the CT (133/24)
temperature deep below cold treated
levels
Cryotreated at 163 K for 24 h  To check the effect of lowering the CT (163/24)
temperature deep below cold treated
levels
Cryotreated at 93 K for 6 h To check the significance of isothermal CT (93/6)
holding time at the treatment temperature
Cryotreated at 93 K for 6 h and To check the effect of reducing the CT (93/6) +
quenching in LN, for 2 h temperature below 93 K LN,/2
Tempered and cryotreated at To confirm whether tempering is to be done TCT (133/24)
133 K for 24 h before cryogenic treatment
Tempered and cryotreated at To confirm whether tempering is to be done TCT (93/24)
93 K for 24 h before cryogenic treatment
Titanium nitride coated To compare the benefits of cryogenic TiN
treatment with that of surface coatings
Cryotreated (CT(93/24)) To compare the benefits of cryogenic CT + TiN
treatment with that of surface coatings
Titanium nitride coated and then To compare the benefits of cryogenic TiN + CT
cryotreated (CT(93/24)) treatment with that of surface coatings

for each type of material, though the difference in properties due to different
soaking periods may be quite small.

11.2.3 Rate of Cooling

With 10 % contribution, the rate of cooling is the third most significant parameters for
improving mechanical properties [23, 24]. Literature review reveals the two major
hypotheses proposed for rate of cooling are (1) high rate of cooling to achieve the CT
temperature rapidly but without causing thermal shock to the material and (2) plodding
rate of cooling so as to achieve the CT temperature in several hours [39, 42]. The
literature contains many references into the need for low cooling rates and accurate
cooling curve control down to liquid nitrogen temperatures [46]. Zhirafar et al. [104]
cooled down and heated up the specimens slowly, to and from the cryogenic tempera-
ture (—196 °C), over a 2-h period with the temperature being monitored by a
thermocouple attached to the specimen so as to achieve average heating/cooling rate
of 1.8 °C/min in order to avoid thermal shocks from rapid cooling and heating. Bensely
et al. (2007) processed the case carburized steel 815 M17 samples by slow cooling
from room temperature to 77 K at 1.24 K/min and finally heating back to room
temperature at 0.64 K/min. In another study, Preciado et al. [79] recommended slow
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cool down (~1 °C/min) from ambient temperature to liquid nitrogen temperature.
Delaye and Limoge [33] proved that fast cooling rates allow the creation of moving
defects because the defect equilibrium conditions change abruptly with temperature.
As per Molinari et al. [72], one of the most critical parameters is the cooling rate which
must not exceed 20-30 °C/h in order to prevent the rupture of the tool steels because of
the cooling stress. Dobbins [35] also claims that the rate of cooling significantly affects
the resulting material properties. He recommended 2 h time for cool down so that the
full effect of the CT could be realized and slow warm-up period of 1 h to reach room
temperature. In addition, many other studies also recognize the damage that can occur
by rapid cooling in the form of thermal shock cracks [10, 16, 39, 42]. In contrary to the
above-mentioned studies by different researchers, Kamody [55, 56] suggests that the
rate of cooling has little, if any, effect on the final properties of the material being
treated, and so should be as rapid as possible in order to minimize the treatment time,
thus dipping the processing cost. He proposed that cooling should take place by
submerging the material into liquid nitrogen, allowing the natural rate of cooling
provided by the evaporation of the nitrogen to determine the cooling rate and the
reheat rate to room temperature should also take as little time as possible. Kamody [55,
56] preferred a stream of warm air that can provide a warming rate of 1-6 °C/min as a
medium to reheat the samples to room temperature. It is very much comprehensible
that the rate of cooling still requires to be debated upon to achieve the desired results.

From the published literature, it can be found that a wide range of different
values of CT process parameters has been used on different materials. Some general
observations inferred are as follows:

1. In order to identify optimum conditions, every material is required to be treated
at different soaking temperatures. In most cases soaking temperature range of
88-193 K is enough to select a specific soaking temperature.

2. Soaking period more than 36 h may not provide any significant improvements,
thus usually soaking period of 24-36 h is enough to obtain results.

3. Cooling rate value is restricted in order to prevent microcracking in the material
due to thermal shock and is usually varied from 0.3 to 3.0 K/min.

4. Tempering temperature, tempering period, and rate of warming are found out to
be insignificant hence not closely controllable and little importance to this
parameter is given in literature.

11.3 Effect of Cryogenic Treatment on Tool Materials
and Polymers

11.3.1 Wear Resistant

It has been claimed by several researchers that CT enhances wear resistance of
certain high alloy and tool steels ([5, 6, 9, 19, 21, 23, 24, 43, 62, 69-72, 75, 78,
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Table 11.4 Different test parameters used to evaluate the wear resistance of cryogenically treated
tool steels

Parameter for wear test

Shape of Shape of Sliding Sliding

Tool Steel counter body  sample Load (N) velocity (m/s) distance (m)
M2, D3 Disc Pin 20, 30, 50 0.18-0.60 324-1080
M2, H13 Disc Disc 150 0.8 5000
M2 Disc Pin 10 0.11 3.22
M2, M1, T2, T1, Wheel Pin 430 0.48 2160

H13, D2, A10
M2 Ball Disc 50 0.027 200
D2 Wheel Block 21 0.50-3.62 200,400,600

Table 11.5 Increase in wear resistance by cryogenic treatment [75]

Type of steel (AISI) Description At =79 °C At —190 °C
D2 Chromium steel 316 817
S7 Silicon tool steel 241 503
52100 Bearing steel 195 420
o1 Oil hardened cold-work die steel 221 418
Al10 Graphite tool steel 230 264
Ml Molybdenum HSS 145 225
HI13 Hot-work tool steel 164 209
M2 Tungsten/Molybdenum HSS 117 203
T1 Tungsten HSS 141 176
CPM 10V Alloy steel 94 131
P20 Mold steel 123 130
440 Martensitic stainless steel 128 121

79, 99]. Some typical results and wear test parameters reported by different
investigators are given in Table 11.4.

Barron [6] and Pauline [75] reported improvement in wear resistance for cryo-
genically treated D2 steel over their conventionally treated counterparts by 8.2
times (Table 11.5).

Leskovsek et al. [62] reported that wear resistance of vacuum heat-treated high-
speed steel, when subjected to cryogenic treatment, gets improved by an order of
magnitude. Molinari et al. [72] examined the effect of deep cryogenic process on
quenched and tempered AISI M2 and H13 steels and reported higher wear resis-
tance. Bensely et al. [9] reported 372 % increment of wear resistance of deep
cryogenically treated samples of case carburized En 353 steel over the convention-
ally heat-treated ones. The results obtained by them are represented as wear rate of
pin as shown in Fig. 11.4 for various loadings of 60, 70, and 80 N.

Mohanlal et al. [71] studied the effect of cryogenic process on different steels
and by machining tests and obtained nearly 110, 87, and 48 % increment in tool life
for cryogenically treated T1, M2, and D3 tools, respectively, in comparison to the
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corresponding standard heat-treated tools. The effect of deep cryogenic process on
the improvement of wear resistance of carburized steels was also reported by
Preciado et al. [79] (Fig. 11.5).

Meng et al. [70] reported that cryogenic treatment improves the wear resistance
of Fe—12Cr-Mo—-V-1.4 °C tool steel by about 110-600 %, depending on the sliding
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speed of wear tests. Li et al. [66] showed that the hardness of the T12 steel increases
slightly and the abrasive resistance increases by 50-60 % after cryogenic treatment.
It was shown that cryogenic treatment can decrease harmful cracks and hence
improve the wear resistance. Pellizzari et al. [77] successfully reduced the wear
rate up to 42 % of AISI M2 HSS by coupling the DCT with conventional vacuum
heat treatment. In a recent study, Firouzdor et al. [37] studied the influence of DCT
on wear resistant and tool life of M2 HSS drills in high-speed dry drilling of carbon
steel. Their experimental results indicated 126 % improvement in drill life which
was attributed to enhanced wear resistance. Babu et al. [3] treated M1, EN19, and
H13 tool steels at 0 °C, —20, —40, —80, and —190 °C and recorded from 315 to
382 % improvement in wear resistance depending upon the material. Gill et al. [43]
also reported improvement in hardness as well as wear resistance of M2 HSS.

There are many studies which reported that CT also effect positively the another
commonly used tool material tungsten carbides. Gill et al. [44] proved that cryo-
genically treated tungsten carbide inserts perform better in both interrupted and
continuous machining. The extent of advantage gained was even better at higher
cutting speeds. They also reported that cryogenically treated tungsten carbide
inserts perform more consistently under interrupted machining mode compared
with continuous machining mode. Seah et al. [85] also found that such treatment
increases wear resistance of tungsten carbide inserts. Quek [80] concluded that
cryogenically processed tungsten carbide tool inserts exhibit better wear
characteristics than untreated ones at low turning speeds and feeds. Kao [57] also
reported increase in abrasion wear resistance of sintered tungsten carbides after
cryogenic treatment. Reddy et al. [82] tested carbide turning inserts subjected to
normal and deep cryogenic processing and noted better tool life compared to
untreated inserts in terms of flank wear. Yong et al. [96, 97], in two independent
studies, noted that the cryogenic treatment of tungsten carbide inserts improves tool
life (flank wear) performance and resistance to chipping in milling and turning to a
certain extent (Fig. 11.6). They stated that tools under mild cutting conditions stand
to gain from cryogenic treatment, but heavy duty cutting operations with long
periods of heating of the cutting tool will not benefit from it.

Vadivel and Rudramoorthy [91] machined nodular cast iron to evaluate the
performance of cryogenically treated coated carbide inserts and confirmed lower
power consumption along with other benefits. However, Kim and Ramulu [58]
performed drilling tests on thermoplastic PIXA-M composites by cryogenic-treated
C2 grade carbide drills and found that the cryogenically treated drills wear 10 %
faster than the conventional drills though the quality of the holes produced were
better. In another recent study, Gill et al. [43] reported that a substantial decrease in
tool life of deep cryogenically treated inserts as compared to untreated inserts
indicating the destructive effect of deep cryogenic temperature on TiAlN-coated
inserts which was further supported by VDI-3198 indentation tests by the authors.

There are some studies which claim improvement in wear resistance of polymers
also by applying CT. Indumathi et al. [49] compared wear rates of treated and
untreated polymers and composites samples under various loads and revealed that
this technique has potential to increase the wear resistance of some polymers and
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composites. The extent of influence of cryotreatment on wear resistance depended
on the type of base matrix and the nature and amount of fiber or particulate filler. In
two studies, the authors treated short carbon fibers by a cryogenic treatment and
investigated the mechanical and tribological properties of carbon fiber reinforced
epoxy [100, 101]. Their results showed that the mechanical and tribological
properties of carbon fiber reinforced epoxy were improved after cryogenic treat-
ment due to the enhanced fiber—matrix interfacial bonding. In another study, Zhang
et al. [103] claimed that fabric/phenolic composite after cryotreatment exhibited a
lower wear rate under the examined loads.

11.3.2 Metallurgical Properties

Several tool steels are vulnerable to the problem of retaining residual austenite after
quenching to room temperature. This is the reason why some researchers believe
that CT promotes transformation of retained austenite into martensite, and this can
be attributed to the enhanced mechanical properties of the tool steels [3, 6, 12, 18,
32,36,45,67,73, 86,95, 104]. Gulyaev [45] was the first to identify transformation
of retained austenite into martensite with more stable structure as major outcome of
CT on high-speed steels which was later on supported by many other researchers.
Barron [6] did momentous research and proposed that the room temperature aging
effect is reduced when the part is deep cryogenically treated. In nineteen’s
Dymchenko and Safronova [36], Moore and Collins [73], and Cohen and Kamody
[18] examined specimens of various tool steels after treatment at below zero
temperatures in their respective independent work and confirmed the transforma-
tion of retained austenite into martensite. Later on Blankinship [12] also accounted
that CT improves the ability of tool steels to withstand abrasive wear by causing
transition of relatively soft retained austenite to the harder and more durable
martensite. Soundararajan et al. [86] proposed that the beneficial effects of CT
are limited by the alloying elements as the alloying elements increase the content of
retained austenite. Babu et al. [3] suggested that the retained austenite should be
transformed to the maximum possible extent before any component or tool is put
into service by CT. In more recent studies, Yang et al. [95], Da Silva et al. [32], and
Zhirafar et al. [104] showed that during the CT, the secondary carbides precipitate
in austenite, which promote the transformation of retained austenite to martensite.
Li et al. [67] proposed an interesting fact that following the DCT process retained
austenite transformed into martensite, however, not completely.

However, in many other studies, it has been reported that all the retained
austenite content gets converted into martensite at temperature of cold treatment
(—80 °C) whereas wear resistance of tool steels can be further enhanced by treating
them cryogenic temperature of —196 °C [19, 21, 30, 69, 70, 78, 87]. To explain this
phenomenon, another school of researchers attributed the improvement in mechan-
ical properties of tool steels after CT to the inter martensite changes rather than to
austenite-martensite transformations [11, 15, 34, 69, 70, 75, 83, 87, 98, 106]. Paulin
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[75] confirmed the precipitation of fine carbon carbides due to CT which results in
tight lattice structures. Meng et al. [69, 70] have shown presence of fine n-carbides
instead of the usual e-carbides after CT. Biao and Jiyuan [11] specifically reported
that transformation from residual austenite to martensite is not the cause of increase
of wear resistance and toughness of tool steel. Satish Kumar et al. [83] endeavored
to understand the basic mechanism of improvement in the wear resistance of
cryogenically treated tool steels and proposed interesting concept of clustering of
finely dispersed carbides in the supersaturated martensite matrix. Yugandhar and
Krishnan [98] identified martensite decomposition and precipitation of fine
n-carbides as the main mechanisms responsible for the beneficial effects of DCT.
Zurecki [106], in an independent study, examined the effects of various heat
treatment schedules including liquid nitrogen (—196 °C) and liquid helium
(—269 °C) quenching on steel microstructure and confirmed the presence of large
number of finely dispersed (Cr—V-depleted) dark carbides. In another latest study,
Stratton [87] identified time-dependent decomposition of the primary martensite
which occurs at cryogenic temperatures typically of —196 °C which causes some
initial softening but nucleates numerous coherent nano-carbides. In another study,
Bulancea et al. [15] carried out investigations on the qualitative parameters of the
carbide phase and increase of tools durability was appreciated through the increased
amount of small size carbide particles (<1 nm) uniformly distributed in the
martensite mass, increased at the expense of the residual austenite (Fig. 11.7).

In the most recent study, Dhokey and Nirbhavne [34] confirmed the segregation
of heavy and relatively large size carbide particles in non-treated steel.
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The improved mechanical properties of the tool steels can be attributed to carbide
precipitation though the misconception is still prevailing. The most prominent
findings that can be extracted from the above discussion include unique mechanism
of martensite formations, time-dependent size of precipitated carbide particles, and
importance of post-cryogenic treatment tempering. But many old and contemporary
studies by different researchers documented that the improvement in mechanical
properties of tool steels subjected to cryogenic treatment can be attributed to
combined effect of transformation of retained austenite to martensite and precipita-
tion of fine carbides rather than their respective individual effect [9, 10, 19, 21,
25-31, 37, 43, 48, 54, 62, 63, 71, 76, 79, 92, 99]. The results obtained by Collins
[19] indicated two quite different phenomena, i.e., conversion of austenite into
martensite and low-temperature conditioning of martensite which promoted the
formation of large numbers of very fine carbide particles. Collins and Dormer [21]
reported that all cryogenic treatments at temperatures below about —80 °C resulted
in negligible amounts of retained austenite in the microstructure, and the only
significant microstructure variation that was observed by the authors was the size
and distribution of carbides. A study by Yun et al. [99] showed that martensite
decomposition and ultrafine carbide precipitation are important factors in the
improvement of the mechanical properties. The findings of Mohanlal et al. [71]
reinforced the idea that the reported improvements in wear resistance may be due to
combined effect of martensitic transformation and precipitation of fine alloying
carbides. In another study Leskovsek and Ule [63] noticed rod-like carbide precipi-
tation in the investigated M2 steel. Pellizzari and Molinari [76] concluded that
secondary hardening occurs through precipitation of carbides rather than through
the decomposition of retained austenite. Huang et al. [48] studied the microstruc-
ture changes of M2 tool steel before and after cryogenic treatment and proposed
that carbides with different sizes were homogeneously distributed in the cryogeni-
cally treated sample whereas the distribution of carbides in the non-cryogenically
treated samples was inhomogeneous. Bensely et al. [9] identified the phenomenon
of precipitation of fine carbides induced by DCT which causes the extra improve-
ment in wear resistance. Preciado et al. [79] confirmed that the DCT of quenched
and low-temperature tempered carburized steels improved the wear resistance
probably due to the segregation of carbon atoms and alloying elements during the
cryogenic cycle and the transformation of the retained austenite into martensite
(Fig. 11.8). Kalin et al. [54] proved that DCT following vacuum hardening
stimulated the transformation of austenite into martensite in addition to precipita-
tion of rod-like carbide (Fig. 11.9).

Firouzdor et al. [37] reported volume fraction of carbides in the cryogenically
treated (CT) and cryogenically treated and tempered (CTT) drills were approxi-
mately 10 % whereas for untreated drills were about 6 %. The effect of cryogenic
treatment on the distribution of residual stress in the case carburized steel (En 353)
was studied by Bensely et al. [10] and concluded that the large relaxation of residual
stress in deep CTT specimens indirectly reflects about the amount of carbide
precipitation. Vimal et al. [92] found that the austenite is completely transformed
to martensite during cryogenic treatment. Authors found that cryogenic treatment
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Fig. 11.8 Optical micrographs showing the 160 °C tempered steels with and without cryogenic
treatment at 150 pm from the surface (1,000x) [79]

can overcome stabilization of retained austenite but carbide precipitation can be
ensured only by post-cryogenic treatment tempering. Das et al. [25-31] have done
series of investigations to assess the influence of cryogenic treatment on the
mechanical performance and concluded that the improvement in mechanical
properties of AISI D2 steel after cryogenic treatment can be attributed to the
patently reduced amount of retained austenite and significant changes in the
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Fig. 11.9 Microstructure of AISI M2 high-speed steel specimens which were vacuum hardened,
deep cryogenic treated at —196 °C, and finally single tempered at temperatures as follows:
(a) 500 °C, (b) 540 °C, (c) 550 °C, and (d) 600 °C [54]

precipitation behavior of secondary carbides. In another recent study, Gill et al. [43]
also concluded that any significant improvement after CT can be attributed to the
combined effect of austenite transformations and precipitation of fine carbides.
Research efforts on the effect of cryogenic treatment on carbides and polymers
remain relatively few and far between. It should be noted that there is no martensite
phase in these materials; as such, any improvement in tool life or wear resistance
would be due to other mechanisms [97]. Seah et al. [85] also support this hypothesis
after conducting a study on cryogenically treated tungsten carbide inserts and
confirmed an increase in the number of 1 phase particles after cryogenic treatment.
Reddy et al. [82] observed a slight increase in grain size which increases the
toughness. So far, few researchers have proposed other mechanisms that explain
the effect of cryogenic treatment on tungsten carbide. Bryson [14] attributes the
wear resistance, and hence the increase in tool life, of carbide tools to the improve-
ment in the holding strength of the binder after cryogenic treatment. Stewart [88]
and Gallagher et al. [38] concluded that cryogenic treatment might have an effect
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upon the cobalt binder by changing the phase or crystal structure so that more cobalt
binder was retained during cutting. In relatively new studies, Gill et al. [40, 41]
found that the hard phase particles of tungsten carbide are refined into their most
stable form via the phenomenon of spheroidization after shallow and DCT. The
authors established that the cryogenic treatment causes the crystal structure changes
in both hard and soft binder phase of tungsten carbide material which may be
responsible for the enhanced hardness and wear resistance properties along with
precipitation of n-phase carbides. As far as effect of CT on microstructure of
polymers is concerned, the research is at very initial stage and we can expect
significant results in the near future.

11.4 Discussions and Recommendations

After a long struggle to seek legitimacy, it seems that CT will probably now become
accepted and will be used extensively in industry. In recent times, we can find CT
facilities in many countries all over the world. However, the growth in the use of
these technologies is slower than expected. The science of CT is still not fully
understood and this fact can explain the delay in the complete acceptance of CT
technology. We are fortunate that this situation has already started to improve
thanks to the dedicated efforts made by scientists and researchers. Nonetheless,
there is an apparent need of improving the research activity in this field in order to
achieve a more complete understanding of the mechanisms that are involved in the
microstructural enhancement of cryogenically treated materials and also in search
of new applications. From the literature, we can locate few research activities in this
field; most of which has been done in USA and Europe. But during the last few
years this situation has changed and, nowadays, one can find ever increasing
number of studies concerning CT of materials from Asian countries also. China,
India, and Singapore are leading the way from Asian countries. Hopefully, more
new research activities will also be presented in the near future from other parts of
the world also. Anyway, the empirical development of the technology will probably
prevail in the development of new applications of the CT during the coming days.
The future of CT of materials is expected to be very exciting and dynamic.

The topic of the-state-of the art and future developments in CT of materials areas
looking toward the next century has several aspects to it. It is important to evaluate
where we are today in this science and to look at research and development trends in
this area which can give us some clues to future developments. Until now the use of
CT in industry has been essentially focused on all kind of tools and consumables.
This is perhaps the most palpable use for CT because the increase of cutting life of
tools has a direct positive outcome in productivity and cost, something that is
always interesting for the users. The increase in wear resistance is the prevailing
CT effect when treating tools. But there are other treatment properties that will
probably get more relevance in the coming years. The most prominent of them is
increasing of fatigue life. Apart from the tools the process will be applied to the
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manufactured components in order to increase their service life and their reliability.
The other most critical issue in CT of materials is going to be the treatment cost.
Only the positive economics can pave the way for logical, creative, and innovative
ideas in this field. To realize this forecast, we need to treat much more quantities of
materials. CT is not going to be limited to a few types of materials, but a variety of
metals, alloys, composites, and polymers are expected to find application in this
technology. We are no longer limited by shape, density, size, composition rather we
are only limited by our imagination, knowledge, and understanding of how to
achieve the highest level of performance from CT of materials. We must not only
continue to make incremental improvements in present applications of CT but
identify whole new range of materials to achieve the highest performance in CT
technology.

11.5 Conclusions

1. CT has significant favorable influence on the performance of cutting tool steels,
carbides, and polymers. Hence, CT is a good alternative for having productivity
enhancement.

2. Tempering should be followed by CT. Untempered tool materials have surface
cracks, which is not beneficial to the life of cutting tools. The wear resistance
ability of cutting tool materials can be maximized by incorporating CT in the
heat-treating cycle in the following order: austenitizing, quenching,
cryoprocessing, and tempering.

3. The three most significant parameters of CT identified as primarily affecting the
wear resistance are soaking temperature, soaking period, and cooling rate. The
CT cycle can be optimized by controlling these parameters for every specific
material. Some useful indications for optimal CT parameters can be inferred
from published works in case of steels. Determination of appropriate levels of
the process parameters will result in maximum wear resistance as well as save
time and energy involved in the process. However, detailed scientific studies still
required for tungsten carbide and polymers.

4. Wear resistance and hardness improvement have been widely confirmed espe-
cially for tool steels and tungsten carbide. Beneficial effects of CT on toughness
and fatigue behavior have also been reported in some studies.

5. The improvement in wear resistance and hardness by CT is attributed to the
combined effect of conversion of retained austenite to martensite and precipita-
tion of n-carbides in case of tool steels. The phenomenon responsible for
improved wear resistance in carbide cutting tools is the combined effect of
increased number of n phase particles and increase in bounding strength of
binders used.

6. The phenomena of carbides precipitation in tool steels can be explained on the
basis of martensite contraction which occurred due to thermal stresses during
cooling, which leads carbon atoms to segregate near lattice defects.
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. The mechanisms like nano-martensite formation, dislocation pinning effect,

contribution of retained austenite, and residual stresses are required to be
investigated so as to justify the fatigue strengthening in some materials.

. Considering the improvements in wear and hardness of PTFE, PI, and PEI,

further investigations about the effects of CT on mechanical properties of
polymers and composites could be a stimulating research topic.
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Abstract As the use of polymers in structural components and power transmission
systems has grown in the last decades, the demand for improved mechanical
performances of these materials is increasing. Besides fibre reinforcement, the
research about thermal treatments and surface coatings of these materials is focused
on obtaining more strength and resistance to fatigue and wear. In this direction, a
contribution can be given by unconventional treatments such as cryogenics. The use
of deep cryogenic treatment (DCT) on polymers is already claimed as miraculous
by some companies. The analysis of peer-reviewed literature shows that it is not all
marketing: many pure and reinforced polymers have shown DCT improvements in
hardness and in wear resistance under controlled experimental conditions. Starting
from these results, a general overview of potential DCT applications on polymeric
products is given in order to suggest further developments and research areas.
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12.1 Introduction

Polymeric materials have been rapidly increasing their market during the last
decades as a consequence of the growing demand of lightweight components for
a wide range of industries and applications. In addition, while polymers were
excluded from structural applications in the past, they are now being appreciated
also in this field thanks to the introduction of new classes of polymers reinforced by
high-strength fibres (typically carbon, but also polymeric fibres such as Kevlar®,
Nylon® and Vectran®).

The research on mechanical behaviour enhancement of polymers is focused on
fibre reinforcement, thermal treatments and surface coating. Among these
approaches, the use of low temperature such as those involved in deep cryogenic
treatment (DCT) has shown some interesting results.

The DCT process has been widely studied and applied to metals and alloys
during the last decades, with interesting results on hardness, wear resistance and
fatigue properties of tool steels, carburized steels for structural applications, stain-
less steels and also cast iron. However, while the mechanisms besides DCT effects
on metallic materials have been partly identified (retained austenite elimination,
fine carbide precipitation, residual stresses reduction), the road of knowledge is still
open in the case of polymeric materials. First of all, a large range of polymers need
to be tested and considering the whole range of properties (mechanical, optical,
electrical, etc.), then, the classes of polymers showing good results could be used
for an in-depth analysis of the microstructural causes of the change. In order to
focus the research on a more defined area, it can be useful to spot some specific
polymers and products where the potential improvement given by DCT could
produce a significant technological progress. In the following paragraphs, a general
review of potential use of DCT on polymers is proposed starting from the current
claims by DCT companies, passing through the peer-reviewed literature analysis
and then trying to identify the possible outcome and perspective from the point of
view of design and production of mechanical components.

12.2 Current Applications of DCT on Polymers

Referring to some DCT companies [1-4], polymers such as polyamide (Nylon™)
and polytetrafluoroethylene (PTFE, Teflon®™) can be positively influenced by
cryotreatment.

In particular, ethylene methacrylic acid (E/MAA) copolymers (Surlyn®) is
widely used for golf balls and many DCT companies claim improved durability
to resist denting, a more pleasing impact sound, a better “feel” and accuracy. Also
2-4 % increase in hitting distance is claimed by many companies, with 5-10 yards
farther landing measured with a mechanical swing machine by comparing 100
untreated vs. 100 cryotreated balls [4]. However, no hypotheses or explanations
are given about the mechanism responsible for the improvement.
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UHMW Polyethylene for implants is cited among DCT successful applications
in [2], but without any detail or reference (which implant, which properties, which
improvement). Looking at the scientific literature (see the following paragraph), the
improvement is probably referred to hardness and wear resistance and thus involve
the durability of implants where parts are subjected to reciprocal motion (hip and
knees).

Besides the above mentioned no other applications of DCT on polymeric
components were found by the authors either in literature or on the web. However,
the promising results reported by few recent works in the scientific literature (see
the following paragraph) should bring the DCT opportunity to the attention of many
companies involved in market production with polymers and the range of practical
applications is expected to grow in the next years.

12.3 DCT Effects on Polymers in Peer-Reviewed Literature

More than looking at the DCT business claims, a serious evaluation of the potential
advantage from cryotreating of polymers must be based on published scientific
results from experimental campaign. Unfortunately, only few papers are available
in this research field [5-9]. However, the results they found give a valuable
indication about further research direction and possible implications on the appli-
cative side.

In [5], the effects of DCT on a series of thermoplastic engineering polymers and
their glass fibres (GF) composites were investigated in terms of hardness and wear
resistance. Polyetherimide (PEI) and PTFE have shown significant enhancement of
the investigated properties: +30 % and 460 % respectively in abrasive wear
performance, +22 % and +12 % respectively in Shore-D hardness. However, the
positive effect of DCT on the respective GF-reinforced composites was confirmed
only for some percent of fibre reinforcement while some others shown a degrada-
tion of their properties and without a clear relationship between the parameters. An
increase in crystallinity of amorphous and semi-crystalline polymers was found
through X-ray diffraction analysis of cryotreated materials, but the authors
addressed the measured improvements in wear resistance to the hardness increase.

The increase in wear resistance of PTFE through DCT has been recently con-
firmed in [6] and the optimal treatment parameters were found through quantum
chemical approach (—185 °C with 12 h of soaking time). The increment in crystal-
linity was identified as the main responsible for the wear performance enhancement.

In [7], DCT was found to induce significant improvements in wear resistance of
carbon fibre reinforced (25 and 30 %) composites of high-temperature polymers. In
particular, PEI and PTFE confirmed their good results with this technique, but also
CF-reinforced polyamide (PA 6,6), polyetheretherketone (PEEK) and polyether-
sulphone (PES) showed significant wear performance enhancement. Also in this
case, the authors confirmed the hardness increase as one of the major wear
controlling factors.
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Any significant or detectable changes in dimension, crystallinity, tensile strength
and elongation of Ultra-High Molecular Weight Polyethylene (UHMWPE) samples
was found by [8] after DCT. However, a more in-depth investigation involving
hardness and wear testing would be worthwhile in consideration of the large use of
such polymer in artificial joints prostheses, as it will be discussed later.

In [9], no significant improvements in adhesion quality of glass fibre to epoxy
resin were measured. In addition, cryotreated specimens showed a greater water
absorption rate during hydrothermal ageing, suggesting the formation of interfacial
debonding or matrix cracking due to the different expansion/contraction
coefficients of epoxy and glass fibre.

Another related field of investigation concerns the effect of DCT directly applied
on fibres and fabrics before including them into polymeric matrix in order to create
composite materials. In this case the modifications induced on the fibre seem to lead
to a stronger bonding with the matrix, resulting in enhanced wear performance. In
[10], hybrid PTFE/Kevlar® fabric was subjected to cryogenic treatment before
incorporation into phenolic matrix. Although the friction coefficient in cryotreated
specimens was found to be higher than in untreated ones, the increased roughness of
the fabric fibres after 10 min exposure to DCT resulted in an enhanced fibre/resin
adhesion by mechanical interlocking. As a consequence, the wear rate at high
temperatures was strongly reduced (by 75 % at 150 °C and by 86 % at 180 °C).

According to [11], cryotreatment applied to carbon fibres lead to the removal of
amorphous pyrolyzate deposits from the fibre surface, which lead to an increase of
the fibre strength, but can induce a reduction of the fibre-matrix adhesion as the
above mentioned deposit plays a positive role in such direction. However, in
[12, 13] the cryotreatment of short carbon fibres resulted in an increase of the
fibre surface roughness with the consequence of an improved adhesion strength of
fibres ad epoxy bonding due to mechanical interlocking. Enhancements in both
flexural strength and wear resistance at high sliding pressure were measure on the
final composite for the cryotreated-fibre specimens. Similar results were also
confirmed in [14] on a CF-reinforced polyimide (PI) composite.

In order to give an overall picture, the most significant (>15 %) effects of DCT
on wear and hardness of some polymers are summarized in Table 12.1.

At last, for chemical and microstructure specialized scientist, some useful
information could certainly arise from the literature analysis of an adjacent field
of research concerning the behaviour and the microstructure of polymers at low
temperature for cryogenic applications. Some extensive studies in this area are
reported in [15-18], but an in-depth exploration of such topics is beyond the
purposes of this review and is left to the most specialized readers.

12.4 Potential Applications of DCT on Polymers

Analysing the potential benefits from the application of DCT on polymeric
materials, three main areas should be considered:



12 Current and Potential Applications of Cryogenic Treated Polymers 279

Table 12.1 Summarized effects of DCT on polymers from the available literature

Hardness

Base material Reinforcement Reference Wear change change
PEI - [5] +30 % +12 %

10 % GF +15 % +7 %

30 % GF —-25% —13 %

40 % GF —35 % —10 %

30 % CF [7] +37 % +32 %
PI 15 % graphite [51 +15 % +15 %

15 % graphite and 10 % +58 % +9 %

PTFE

PTFE - [5] +60 % +22 %

- [6] +55 % Not reported

25 % short CF [5,7] +40 % +15 %
PES 30 % CF [7] +28 % +30 %
PA6,6 30 % CF +35 % +7 %
PEEK 30 % CF +40 % +9 %
Phenolic PEEK/Kevlar® fabric [10] +75 % at 150 °C Not reported

resin 486 % at 180 °C

GF glass fibre; CF carbon fibre

1. Current uses of polymers where DCT can add some improvement such as
extended life or better performance (applicative field consolidation).

2. New applications where polymers could be used by reaching a certain target in
mechanical properties (applicative field extension).

3. New approaches to be explored by using the DCT during the manufacturing
process (i.e. extreme rapid quench, cryogenic moulds, etc.) instead of consider-
ing it as a post-processing phase.

Both directions are worthy of investigation and can lead to significant
advancements in design and production of parts for a wide range of applications.

In the following paragraphs, these two areas will be explored with the aim of
giving specific suggestions for further exploration.

12.4.1 Applicative Field Consolidation Through DCT

One of the most interesting area where the above mentioned effects of DCT on
polymers could produce effective benefit is the biomedical one. In particular,
considering the wear resistance enhancement and the reduction of the friction
coefficient, articular joint endoprosthetic implants should be the first candidate
for DCT. The use of polymeric parts in the joint interface of these components
has been introduced in order to lower the friction, resulting in a more comfortable
articular motion with respect to metallic or ceramic contact. Typical uses of
polymers for artificial joints include:
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Hip prosthesis

Titanium

Fig. 12.1 Example geometries and materials for knee and hip joints prostheses

Knee prosthesis

e UHMWPE is the most used material for the acetabulum in total hip prostheses
and for spacers and plateau in knee prostheses [19].

* Also PA12 has been proposed for the acetabulum replacement [20].

« Polypropylene (PP) is often used finger joints prostheses [19].

e PTFE is suitable for both shoulder and knee joints prostheses [19].

« A special polyimide named PM-1® has been recently introduced on the market
claiming extreme resistance to wear, fatigue and corrosion [19].

« PEEK has been recently introduced as substitute for titanium in prosthetic stems
due to its elastic modulus much closer to that of the bone, which helps in
avoiding the so called stress shielding phenomenon [21].

As an example, Fig. 12.1 shows the typical geometry and materials used for the
construction of hip and knee joint artificial replacements.

One of the main limitations of prostheses is the durability under loading
conditions and under the aggression of natural fluids and wear resistance is one of
the weakest points of polymers. As a consequence, such kind of surgery is often
delayed as much as possible in young aged patients, in particular for the highly
stressed limb articulations (hip, knee and ankle). However, in front of a painful and
incapacitating disease, delaying is not a nice option and a significant reduction in
polymeric interfaces wear could relax the approach to the surgery of young aged
patients. While PTFE cryotreating benefits on wear resistance were investigated
[5-7], the other cited materials still need for an extensive DCT investigation.

Cryotreating of fluorocarbons (PTFE or TFE) and polyamides (Nylon®) is
worthy of investigation for its potential drawback on wear resistance of gears,
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bearings, cams and bushings. In fact, as shown before, peer-reviewed literature has
already pointed out the advantages of DCT in terms of hardness increase, friction
reduction and wear life extension of such classes of polymers and it is expected that
plastic bearings and gearings manufacturer will consider further investigation
directly on the components.

Also thermosetting plastics such as epoxies have shown positive results from
DCT in terms of wear resistance. In this case, the range of application of this class
of polymers as matrix for composite materials is so wide that probably any
mechanical, chemical or aesthetic properties which could be potentially affected
by DCT is worthy of in-depth analysis.

DCT application on lenses and transparent aircraft enclosures made by acrylics
(poly-methyl-methacrylate) should be investigated in order to check if the induced
microstructural change could lead to some enhancement in the optical properties or
at least in resistance to abrasion and scratch.

12.4.2 Applicative Field Extension Through DCT

Considering the already discussed case of fluorocarbons (PTFE or TFE) and
polyamides (Nylon®), if the positive effects will be confirmed on the component
itself, not only the current uses of plastic gears and bearings could be consolidated
and improved, but also an extension of their potential application could be achieved.
In fact, the enhancement of the wear performance can be used to give more reliabil-
ity at the same load level or to apply higher loading condition at the current
reliability level. The perspective in this case is an expansion of the market with
the introduction of plastic bearings and gears also on products where they cannot be
introduced at the present state of the art. In the last decade, polymers have started
being largely applied in the manufacturing of gears for a wide range of products. In
particular, Delrin® acetal resin, Zytel® nylon resin and Vespel® polyimide (all by
DuPont) are used in a variety of small and medium size gearings in standard or
epicyclic configuration (Fig. 12.2), mono and multi-stage systems. Some examples
can be found in various tools such as electric screwdrivers and drills, car rear-view
mirror positioners (Fig. 12.2), office automation equipments, household appliances,
doors and barriers automatic movers, windshields, speedometers, rotary pumps and
clocks. Recently, also PEEK™ (by Victrex) has been successfully employed in the
production of balance shaft gears for automotive engines [22], thanks to its good
properties at relatively high temperature (155 °C). There are many advantages from
the replacement of metal gears with polymeric materials: weight and inertia reduc-
tion, superior damping in case of moderate shock or impact loads, noise reduction. In
addition, many of the cited polymers show self-lubricating properties that are
essential in applications that do not permit external lubrication.

The international suppliers of polymeric materials usually distinguish three
classes of applications for gears:
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Fig. 12.2 Polymer planetary
gears used in rear-view mirror
positioners [24]

. Power transmission, where high-strength materials are required.

. Motion transmission, where high-durability materials are required.

3. Power and motion transmission, where an excellent balance between strength
and durability is the key for a successful application.

N =

In this case, the potential increase in mechanical properties of high-strength
polymers through DCT could shift many of them from the first class to the third,
with the result of consolidating and expanding the applicative range of polymeric
gears.

Another industry that could be attracted by DCT-enhanced polymers is
represented by the producers of high-end cycling components and frames. Such
kind of business has been leading the composite market development in the last
decades thank to the big production volumes that permitted a strong reduction of
manufacturing prices. Until today, the typical composite material employed for
such kind of production has been CF-reinforced epoxy resin, but the constant
extreme research for lighter components without decreases in reliability level
may lead to investigate special treatments and/or new materials. With the addition
of some good marketing work, in which cryogenic treatment can play a role for its
“exotic appeal”, a new branch of applied research and development could easily
find its start-up funds in cycling industries.

Also in the case of bearings, both rolling and plain (bushings or similar), the use
of polymeric material is increasing. Frelon®, Nylon®, PEEK®, PTFE, Rulon®,
UHMWPE and Vespel® are the most common polymers used by the bearing
industries in pure or reinforced status, for the production of the whole component
or as coating on a metallic base. Also in this case, the main advantages come from
the lower friction coefficient, the self-lubricating behaviour and the resistance to
corrosion. As the operating temperature can grow easily in plain bearing, any
eventual increase in wear resistance given by DCT should be verified in
the whole range of operating temperature nominally supported by each material
(i.e. up to 249 °C for PEEK®, 260 °C for PTFE and Rulon®, 288 °C for Vespel®). In
addition, as DCT is responsible for changes also in thermal expansion coefficient
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Fig. 12.3 Bi-material bushings made by metal and inner plastic coating [25]

for metallic alloys [23], it should be interesting to analyze the DCT effects on this
property also for polymers. Indeed, due to the extreme accuracy requirement in
design and manufacturing of bearings, the thermal expansion coefficient plays a
crucial role in the operating rage of such products (Fig. 12.3).

12.4.3 DCT Application in Manufacturing

All the cases proposed in the scientific literature concern the use of DCT as a post-
processing on polymeric samples or components. However, some new approaches
could be investigated by considering the introduction of DCT directly into the
manufacturing processes. In general, quite all the production methods include a
warming phase (near to melting temperature or at least over glass transition) in
order to allow for the shaping and a cooling phase. The last operation is often
obtained by air or water, but simple systems for cryo-cooling can be specifically
designed for the most common processing methods. Some schematic proposal are
reported in Fig. 12.4 (blow moulding) and Fig. 12.5 (extrusion), while similar
systems could be designed for vacuum thermoforming, injection moulding and
rotational moulding processes.

The introduction of a controlled cryogenic cooling in the manufacturing process
could be interesting in order to achieve different mechanical characteristics of the
final product. As it happens with metallic alloys, rapid cooling of molten polymers
can freeze some microstructural configuration that are unstable at room tempera-
ture, without allowing any path for a transformation towards a more stable
conditions unless the product is heated again. In addition, the glass transition
temperature (T,) of amorphous polymers increases with higher cooling rate and,
through cryo-cooling, different T, levels could be obtained for the same material,
with the aim of having the desired mechanical behaviour at the operational temper-
ature of the final component.
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Fig. 12.4 Example of -
integrated DCT on blow Air ﬂ ow

moulding (C.U. control unit;
K liquid nitrogen tank, 7 and
T, temperature feedback
sensoring)

K

Fig. 12.5 Example of integrated DCT on extrusion processing (C.U. control unit; K liquid
nitrogen tank; 7 and T, temperature feedback sensoring)

At last, even if not directly applied on the polymer, some other advantages can
arise from DCT on metallic moulds in terms of durability.
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12.5 Conclusion

From the analysis of the few available peer-reviewed papers it emerges that
cryogenic treatments can play a significant role for the enhancement of tribological
characteristics of polymers. While DCT companies are mainly focused on metal
treating, some of them claim positive effects also on polymers, but often focusing
on specific products such as sporting goods. Given the increasing market for
polymers in structural and power transmission applications, these first results are
encouraging and should lead to a wide in-depth research during the next years. In
particular, some field of application can have significant benefits:

¢ Biomedical prostheses for artificial joints could extend their operating life and
reduce the need for surgical replacement due to wear.

e The growing production of plastic gearings could achieve significant
improvements in durability of high-strength polymers.

* A wider range of bearings could replace their rolling parts with high-durability
cryotreated polymers.

In addition, the potential enhancement in mechanical properties could attract
other industries such as high-end cycling component makers, which are always
looking for innovative processes to propose on the market.

Beyond the outlined potential applications, an extensive and rigorous research
work has to be made in the next years in order to grow and consolidate the
knowledge about DCT on polymers. In particular:

« Effects on mechanical properties other than hardness and wear resistance should
be investigated, i.e. fatigue and toughness.

» The mechanical behaviour of cryotreated polymers should be investigated also
at relatively high temperature for some specific materials such as PEEK®.

« Effects on optical properties need to be investigated for acrylics used in trans-
parent aircraft enclosures.

e Effects of DCT as part of the manufacturing process (instead of the usual post-
processing approach) could be worthy of investigation in order to verify benefits
and drawbacks in terms of residual stresses, glass transition temperature, crys-
talline structure and mechanical properties of the final product.
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