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FOREWORD

Transformative technology is a rare thing, perhaps seen once in a gen-
eration. The acceptance of technology by the marketplace in question is
largely dependent upon the degree of certainty associated with its applica-
tion. How consistently it performs? How repeatable and reproducible are
its results? How much confidence it instills within those who choose to
use it? In many cases, the gap between a technology’s research stage and its
market application is vast, and in some cases never bridged. Wonderful and
innovative advances may never achieve their full potential due to the lack
of market access, in many cases determined by the quality, pace, and timing
of a consensus standards program to build that elusive but critical bridge.

Additive manufacturing defined in ISO/ASTM 52900 as a process of
joining materials to make parts from 3D model data, usually layer upon
layer, as opposed to subtractive manufacturing and formative manufacturing
methodologies, ranks high on the transformative scale.

In recent years, use of additive technologies has evolved within a vari-
ety of mainstream manufacturing sectors, including aerospace, automotive,
biotechnical/medical, and consumer products. Despite this growth, the pace
at which consensus standards (and the measurement science upon which
they are based) are being developed hasn’t mirrored the accelerated evolu-
tion of the technologies and their ever-expanding industry applications. In
response to this disparity, accelerated standards development models are be-
coming increasingly necessary to satisfy needs associated with the expansion
of additive manufacturing methodologies into these new market segments.

There is so much work to be done. Given the relatively finite collection
of technical experts with a sufficient depth of knowledge and experience to
identify and develop these much-needed standards, collaboration and its result-
ing lack of duplication becomes critical. Leading the pack in the standards space
is ASTM International Committee F42 on Additive Manufacturing Tech-
nologies and ISO TC261 on Additive Manufacturing. Via a Partner Standards
Development Organization (PSDO) agreement between their parent organi-
zations, these global standards developers have maximized their bandwidth in
both process and expertise applications. The marriage of horizontal and vertical
relevance inherent in the infrastructure of the respective committee populations
has created an environment ideally suited to tackle the challenges associated
with “standardizing” an area in dire need of a high quality and market relevant
bridge. Needs currently being addressed to include the ability to comparatively

Xiii
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benchmark the performance of different additive processes, improvement of
the buyer/seller dynamic by enabling increasingly accurate specification of pro-
duction requirements, and offering the research community a mechanism to
provide repeatable results capable of independent verification.

Standards come in many shapes and sizes, and one size rarely fits all. Within
the world of additive manufacturing, the types of standards needed are almost
as diverse as the applications served by the AM technologies. Examples of
standards include specifications, test methods, classifications, practices, guides
and terminology. Specifications are needed for physical, mechanical, or chem-
ical properties, as well as safety, quality, or performance criteria. Test methods
are critical for identification, measurement, and evaluation of one or more
qualities, characteristics, or properties. There is a need to create Classifications
of materials, products, systems, or services into groups based on similar char-
acteristics, such as origin, composition, properties, or use. Practices should be
standardized for application, assessment, decontamination, inspection, installa-
tion, preparation, sampling, screening, and training. Guides will be helpful to
increase the awareness of information and approaches in a given subject area.
Standardized terminology is necessary to establish a uniform and consistently
applied language for industry consumption.

The value of a consensus standards program is beyond contestation,
but within the rapidly evolving world of additive manufacturing, not just
any program will do. To be truly eftective, standards development must be
nimble, flexible, open, transparent, living, and timely. The marriage of these
attributes creates an environment where standards development for addi-
tive manufacturing technologies will thrive, putting to rest the contention
that standards stifle innovation. Quite to the contrary, a robust, inclusive,
and well fleshed out standards program will enable innovation by creating
an environment where measurable points of distinction don’t come from
simply meeting the standard, but via exceeding it and by how much. Com-
petition such as this drives innovation. Innovation expands markets. Markets
thrive under well-constituted standards programs.

Standards are multifaceted things. While based on sound and reliable
science possessing enormous technical sophistication, they are also, in many
respects, enablers and gatekeepers of market access. This combination of
technical and economic relevance is incredibly powerful, and is vital to
the transformative technology, that is, additive manufacturing achieving its
maximum potential.

Pat A. Picariello, J.D., CStd
Director, Developmental Operations, ASTM International



PREFACE

Additive manufacturing, also known as 3D printing, is revolutionizing
the landscape of manufacturing, creating new opportunities in design and
generating new routes of fabrication for various products. In recent years,
additive manufacturing plays a strategic role in the future of manufacturing
for both the consumer products and high value products. 3D printers are
installed in households, classrooms, and in the production floor of high-tech
manufacturing sights. This new technological trend is even more evident
in highly regulated industries, such as biomedical and aerospace industries.
Quality systems and quality assurance are prerequisite for successful adop-
tion of 3D printing into the value chain of these services and products.

On the research front, additive manufacturing technology is creating
new paradigm in research fields, such as bioprinting, electronic printing, as
well as environmental-related fields. These are highly translational technol-
ogy domains, which require a concerted effort between difterent institutes
and collaborations across different disciplines. Therefore, it is equally critical
to apply the principles of quality management coupled with reliable mea-
surement techniques when creating new sciences in additive manufacturing
research.

However, there has been limited progress in the standard and measure-
ment sciences in additive manufacturing. This textbook aims to present the
critical components and current progress of standards and measurement
sciences in additive manufacturing. This will be the first textbook on stan-
dards, quality, and measurement sciences in additive manufacturing.

Through this textbook we aim to achieve fundamental understanding
in these aspects:

* The importance of standards and measurement sciences in additive
manufacturing.

e The current landscape of standards in additive manufacturing.

* The quality framework tailored for additive manufacturing processes.

e The data format and process control in additive manufacturing.

*  Opverview of different materials and characterization methods.

*  Opverview of equipment qualification activities and safety consideration
regarding to different 3D printing systems.

*  Benchmarking and metrology for 3D printing systems and printed parts.

XV



XVi Preface

This book is suitable for students, researchers, engineers, general public,
and regulatory specialists from all industry sectors.

Chee Kai Chua
Chee How Wong
Wai Yee Yeong
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2 Standards, Quality Control, and Measurement Sciences in 3D Printing and Additive Manufacturing

1 INTRODUCTION TO ADDITIVE MANUFACTURING

In recent years, the upgrading and replacement of products have
become increasingly rapid. New products with enhanced functions and/
or more innovative designs supersede existing products in the market. The
increased competition for manufactured products to reach the global mar-
ket before any competitors has resulted in companies having to launch
their new products in the shortest possible time. Conventional manufactur-
ing technologies, in general, involve long production times, are inherent
to material wastage due to the subtractive nature of the processes and are
craftsmanship intensive. Some examples include casting and machining. In
order to meet the demand in this accelerated process of product change,
new technologies have to be developed. Time spent on the design, manu-
facture, test, and market phases have to be shortened.

Additive manufacturing (AM) or 3D printing, as its name suggests, fab-
ricates parts by adding successive layers of material under computer control
[1-3]. A computer-aided design (CAD) is created and exported to stereo-
lithography (STL) file format that is read by the AM equipment. There are
many techniques available, which can be categorized according to their
raw material. They are: (1) powder-based, (2) liquid-based, and (3) solid-
based. Some examples of powder-based techniques include selective laser
melting (SLM), selective laser sintering (SLS), and electron beam melting
(EBM). Liquid-based techniques include stereolithography apparatus (SLA)
and polyjet while solid-based techniques include laminated object manu-
facturing (LOM) and fused deposition modeling (FDM). The strengths of
AM compared to conventional manufacturing methods are listed further.

1.1 Small-Scale Production

AM is primarily targeted at small-scale customization and personalization
while conventional manufacturing is skewed toward mass production. 3D
printing in small quantity is also cheaper as compared to conventional tech-
niques, where tooling and preparation procedures prior to actual produc-
tion are intensive and costly. One of the greatest business opportunities
for customization is in the healthcare industry. Implants currently come
in several fixed sizes and should the patient fall in between any two, he/
she will feel uncomfortable due to the uneven fit. Another example is the
case with dental crowning. The dentist takes an impression of the tooth for
crown making. The product, however, is usually of imperfect fit and manual
crafting is needed to improve the fitting of the crown. Hence, experience



Introduction to 3D Printing or Additive Manufacturing 3

and excellent craftsmanship are required for a successtul procedure. Now
with AM, customization is possible and relatively effortless.

1.2 Lower-Cost Production

Unlike AM, conventional processes are usually labor intensive in the opera-
tional, assembly, and inspection stages. Great expertise is required to operate
traditional processes successtully as they are error-prone and require post-
processing. Most of the material removed from bulk is wasted, as it cannot
be directly reused like in some AM processes. For example, up to 90% of the
bulk material is removed in the creation of an aircraft component through
conventional manufacturing. With AM, however, raw material utilization is
increased and wastage is greatly reduced. Labor, material, and tooling costs
incurred in traditional processes are significantly higher. Assembly labor can
now be eliminated when sub-assemblies can be 3D printed into a single
part. Moreover, there is also an advantage in lead-time for raw materials
used in AM. For example, titanium powder used in AM only needs to be
ordered 3 weeks in advance, while the same material in billet form used in
conventional manufacturing will have to be purchased a year or two prior
to its usage. This is because billets are cast to required size and microstruc-
ture, and have to be produced in large quantities for economy of scale, as
compared to powder which is premanufactured given its generic form and
is readily available. Therefore, this lowers inventory costs and overall produc-
tion time, influencing the adoption of AM technologies in businesses.

1.3 Responsive Production

The production process is highly reactive and versatile. Designs can be
printed, tested, modified, and reprinted quickly. One example of such use is
in Formula One racing. Engineers are printing racecar components and ana-
lyzing the performance of the newly printed parts, while an improved ver-
sion is already being prepared for printing. Conventional techniques often
require a long time to manufacture a particular component as compared
to AM. For example, the production of an aircraft component through the
former techniques takes up to 60 weeks but only a month with the latter.

1.4 Shorter Supply Chains

Currently, in the conventional manufacturing industry, products are distrib-
uted and stored in warehouses before being delivered to customers as and
when needed. Additional costs incurred by an unsold product increases over
time. Advanced logistics are also critical in identifying the cheapest route
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to a particular product. If the shipment of an outsourced product can be
fulfilled within a reasonable lead-time and the cost to do so is cheaper than
having it fabricated locally, the product will still be shipped even if it is half
way around the globe. Today, made-to-stock strategy is still more prevalent
than made-to-order manufacturing process. AM is capable of shortening
the supply chain as companies can now directly fabricate any components
on site. Shipping costs and carbon footprint are reduced through the elimi-
nation of transportation, making manufacturing closer to the customers
than ever before. As the cost of a 3D printer decreases while labor and oil
prices increase, the adoption of 3D printing technologies in manufacturing
can, therefore, break the traditional concept of manufacturing.

1.5 Optimized Design

AM has the capacity to fabricate complex designs capable of enhancing the
performances of their applications. One such example is the fabrication of
lattice structures used in the automotive industry intended to enhance the
mechanical impact response with an overall reduction of weight. The abil-
ity of AM in allowing reiteration and rethinking of the fundamentals and
reconstruction of products bring about the creation of new and improved
merchandise. On the contrary, there are limitations to the level of compo-
nent complexity when one wants to fabricate within a reasonable budget
and quality through conventional manufacturing. Some examples include
the need for draft angles to ensure easy ejection of the fabricated part;
corners should be designed with radiuses in order to reduce stress concen-
tration; and volume shrinkage has to be taken into account prior actual
anufacturing so as to achieve dimensional accuracy.

2 EXPANDING ROLE OF ADDITIVE MANUFACTURING

Strategic foresight is important when the global environment is getting
increasingly complex and dynamic. As such, it is necessary to think ahead and
predict any possible changes. Some key factors in the future of manufactur-
ing with AM are in the customization of part design, integration/automation
of the production processes with AM technologies, AM of tailor-made part
properties, acceptance of AM standards and certification of AM technologies.
There is an increasing usage of AM technologies in the production of aero-
space, automotive, and electronic components. Certification institutions have
recognized the importance of AM technologies and the need to develop
certification processes for newly fabricated AM products, fostering higher
transparency and increasing trust in AM techniques as a safe and reliable
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technology. Although the market penetration by AM is still currently limited,
there are many possible areas to expand the application of AM technologies.
One example is to integrate AM technologies with electronics production
processes to achieve better advancement in the electronics industry.

3 MATERIALS IN ADDITIVE MANUFACTURING

One of the early applications of AM has been to rapidly produce
net-shaped plastic prototypes as no expensive special tools or skill intensive
tooling works are required. Its ability to produce complex structures of near
net shapes in materials that are conventionally hard to machine has gained
this manufacturing technique much popularity. Such materials include hard
metals, ceramics and composites. The improvement and development of
materials used in AM have been subjected to tremendous rapid progress.
Toxic acrylic photo-resins have been substituted with better performing
epoxy-based ones in SLA. Instead of just nylon and wax, acrylonitrile buta-
diene styrene (ABS) can now be used in FDM. With SLS, it is now possible
to sinter metals or ceramics without the use of polymer binders.

Basically, any material can be produced by one or another AM tech-
nique today. These materials can be divided into four main categories: plas-
tics, metals, ceramics, and composites.

3.1 Plastics

A broad range and successively increasing variety of plastics suitable for AM
are available in the market. These materials vary in transparencies, thermal or
mechanical properties. Depending on the application of the printed plastic
product, a suitable material should be selected. Currently, materials exhibit
properties mimicking those used in traditional manufacturing and have since
replaced poor performing brittle materials used in the early 1990s.

Polyamides are the most popular thermoplastics used in plastic laser
sintering due to their widespread use in injection molding. However, the
specific grades of polyamides used in AM have different physical proper-
ties and wider processing windows as compared to their injection molding
counterparts even though they are chemically identical. Products fabricated
through laser sintering also have significantly different material properties
from those that are injection molded. Not only is this due to the difference
in material properties, but is also caused by the differences in operating
conditions, such as pressure and cooling rate experienced by the polymer
during the two different fabrication processes.
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Mechanical properties of polyamide-based powders used in plastic laser
sintering can be improved. One such example is the use of glass-filled pow-
ders. This is analogous to fiber reinforced injection molded materials, where
such reinforcements improve the stiffness, temperature resistance, and iso-
tropic properties of the product. As the number of AM systems installed
increases worldwide, third parties specializing in powder production influ-
ence the economics and drive the development of new materials.

Any material can be used in plastic laser sintering as long as they are
polyamide-coated and are spherical for good powder flowability. The coat-
ing acts as a binder with the internal spheres acting like granules. Polysty-
rene is also used in plastic laser sintering, preferably for applications where
toughness, impact resistance, and molded-part performances are required.

FDM uses thermoplastics such as ABS, polycarbonate (PC), nylon, and
polyphenylsulfone that are similar to those tried and tested in traditional
manufacturing processes. These materials come in varying tolerances,
mechanical, and chemical properties and environmental stability with spe-
cialized properties such as electrostatic dissipation, translucence, biocompat-
ibility, or flame tolerance.

Liquid resins that mimic the properties and aesthetics of polypropylene
and ABS are available in SLA. New composite photopolymers with nano-
sized particles are developed to improve the overall performance of the
product. Apart from the varying mechanical properties, such as stiffness and
heat deflection in liquid resins, volume shrinkages, and the ease of process-
ing are also improved.

Today, a variety of plastics with vastly different mechanical, chemical
and environmental properties can be additively manufactured, except for
imidized materials. Polyimides are a group of polymers with exceptionally
high heat and chemical resistance that are yet to be used in AM. It will be
interesting to see the utilization of such materials in AM.

3.2 Metals

The most frequently used techniques in AM of metallic parts are divided
into partial-melting processes and complete-melting processes. The former
includes SLS [4,5] and laser microsintering while the latter comprises SLM
[6-9], 3D laser cladding and EBM.The densities of parts fabricated by par-
tial-melting techniques vary between 45% and 85% of the theoretical den-
sity. Furnace sintering and infiltration of the component with a material of
a lower boiling point is usually required to increase the final density, making
it a two-step process. On the other hand, complete-melting techniques are
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capable of building parts of high density, comparable to traditionally manu-
factured ones. Metallic powders used are usually spherical with an average
diameter of 45 microns. Depending on the type of metal powder used, the
laser beam diameter of the system, layer thickness selected, and the desired
integrity of the fabricated part, a suitable set of process parameters that
include laser power, scan speed, and scanning strategy should be identified.
Heat treatment may be applied to reduce the thermal residual stresses or
optimize the microstructure of the fabricated metallic parts. Moreover, fur-
ther post processing may be necessary to achieve high geometrical accuracy
and high-quality surface finish in these processes.

The most commonly used metals in AM are steel and its alloys due to
their availability, reasonable cost, and biocompatibility as bone and dental
implants. Titanium and its alloys are less commonly used followed by nickel,
aluminum, copper, magnesium, cobalt-chrome, and tungsten. Precious met-
als such as gold are also used as summarized in Table 1.1. Metallic parts
produced by AM generally exhibit better mechanical properties than con-
ventionally manufactured counterparts due to its higher cooling rate, which
results in finer microstructure and grain size that enhances the mechanical
properties.

3.3 Ceramics

Ceramics are widely used in AM as shown in Table 1.2. They were used as
a powder-binder combination in SLS and as a ceramic filled resin in SLA.
Furthermore, they were also explored to be used in SLM to produce high-
density ceramic parts. However, AM of ceramics is more challenging than
metals due to their high melting point and low formability. They are also
susceptible to thermal shocks that result in cracks in the printed ceramic
parts which can be mitigated by preheating the powder bed. Furthermore,
ceramic powders have poor flowability that inhibits smooth depositions
of powder layerswhich can be improved with spray drying. CO, lasers are
often used to melt ceramics as they exhibit higher absorptivity under this
wavelength.

3.4 Composites

Crack-free metal matrix composites (MMC) of 99.9% density can be
coupled with tungsten carbide-cobalt (WC-Co), ceramic or nonferrous
reinforcements to enhance the mechanical properties. Such 3D printed
composites are usually used in extreme environmental conditions, which
include the oil and gas, mining, automotive, or power industry due to its high
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Table 1.1 Types of metal alloys used in AM

Type of alloy References
[ron 316L stainless steel [10-22]
3148 stainless steel [12,23-25]
304L stainless steel [26]
Inox904L stainless steel [18,27,28]
M2 highspeed steel [11,12,23,29]
H13 tool steel [23,30-32]
H20 tool steel [33]
Maraging steel [19,34-39]
Precipitation hardening (PH) steel [40-42]
Austenitic and martensitic steel mixture [43]
Fe-Ni alloy [44,45]
Fe-Al alloy [46,47]
Fe-Cr-Al alloy [48]
Fe-Ni-Cr alloy [45,49]
Titanium Commercially pure titanium (cpTi) [50-58]
Ti-6Al-4V (Ti64) [42,54,59-62]
Ti-6Al-7Nb [63—65]
Ti-24Nb-4Zr-8Sn [61,60]
Ti-13Zr-Nb [67]
Ti-13Nb-13Zr [68]
Nickel Pure nickel [69]
Inconel 625 [30,31,70-72]
Inconel 718 [73,74]
Hastelloy X [75-77]
Nimonic 263 [78]
Aluminum Pure aluminum [79]
AlSi10Mg [69,80-86]
Al6061 [17,81,87]
AlSi12 [81,88,89]
Copper Pure copper [90]
C18400 [91,92]
CuNil5 [45]
Other compositions [13,17,20,31,92,93]
Magnesium  Pure magnesium [94-96]
Mg-Al [79,97]
Cobalt-chrome (Co-Cr) [98,99]
Tungsten [94,100-102]

Gold [103,104]
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Table 1.2 Types of ceramics used in AM

Types of ceramic References
Alumina [105]
Alumina-zirconia mixture [106—-108]
Alumina-silica mixture [109]
Silica [110-112]
Silicon carbide [113]
Silicon monoxide [113]
Yttria-stabilised zirconia (YSZ) [106,114]
Tricalcium-phosphate (TCP) [114]
Li,0-Al20,-SiO, (LAS) glass [115,116]

hardness and wear resistance. The uniform fine microstructure contributes
to the increased hardness, eliminating any need for further improvements in
mechanical properties through costly postprocessing or heat treatment pro-
cedures. MMC powders are usually prepared by mixing different powders
of interest. When the metal particles melt during the printing process, the
molten metal matrix will bind the structural reinforcements together. AM
of MMC has gained much attention due to its ability to fabricate compos-
ites with unique properties that cannot be found in mainstream metals or
alloys. SLS has the ability to yield structures comparable to conventionally
manufactured hard metals and the most extensively studied composite in
AM is the WC-Co MMC. Laser metal deposition (LMD) has also been
used to create bulk WC-Co MMC from ball-milled powders that comprise
WC crystallites in Co matrix. Variation in microstructure with specimen
height can be observed in LMD printed parts. This is due to the inherent
difference in cooling rates experienced by the material during the fabrica-
tion process, which causes a change in the hardness with specimen height.
Some challenges faced in the 3D printing of fully dense MMCs of
desired homogeneous microstructures are the entrapment of gases, the pres-
ence of microcracks at the metal matrix and reinforcement interfaces and
particulate aggregation. Debonding at the interfaces is detrimental to the
mechanical properties of MMC:s as they become sources of crack propaga-
tion. One example is the bending test of SLS fabricated nonferrous MMC
that consists of titanium-carbon/iron, nickel (TiC/(Fe, Ni)) reinforcements.
The composite is ductile on the overall but brittle at the metal matrix
and ceramic TiC interface as metals and ceramics have poor wettability.
An effective way to overcome this issue is to modify the interfacial struc-
ture by coating ceramic particles with a layer of metal to enhance wet-
tability. Ceramic TiC particles coated with nickel can be used to reinforce
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Inconel 625 and Ti-6Al-4V metals, preventing the formation of micro-
cracks between metal-ceramic interfaces and aggregations of ceramic par-
ticles that causes nonhomogeneity. Additions of rare earth (RE) compounds
have also been reported to improve the processability of MMCs due to its
ability in enhancing particulate dispersion that gives rise to the fabrication
of homogeneous fine microstructures.

4 APPLICATIONS IN ADDITIVE MANUFACTURING
It is often misunderstood that a particular AM technique is exclusive
to fabricating components for a specific type of application. This is not
true. There are many different AM techniques that are capable of solving
similar problems. Apart from the intended applications, special requirements
are taken into consideration when selecting a suitable material. The design
dimensions, dimensional accuracy, surface roughness, resolution quality, and
temperature range that will be experienced by the fabricated component
are some factors that can affect the selection of material. A suitable AM
technique capable of processing the selected material will then be chosen.
AM can be used for direct or indirect prototyping, manufacturing and
tooling purposes. Direct processes use AM techniques to print digital mod-
els into physical components directly. However, as there are restrictions to
the material color, transparency, and flexibility that can be used in material
dependent AM, not all designs can be 3D printed. Not only so, compared
to conventional manufacturing techniques, AM is primarily used for small-
scale production. It is expensive to print in large quantities. Therefore, a
master copy of the design is first printed before being used for mass pro-
duction through cheaper alternatives. Such processes are termed indirect as
the products are mass-produced through nonadditive techniques. Direct or
indirect processes aside, AM finds its applications in automotive, aerospace,
medical, educational, and casting industries.

4.1 Automotive Industry

Since the late 1980s, AM has been adopted by the automotive industry for
designing and redesigning of car components. A diverse range of proto-
types has been printed at the product development stage and are used for
negotiation and evaluation purposes. As customization becomes increas-
ingly important, AM is an attractive solution due to its abilities to tailor
made products that conventional techniques find difficulties in delivering.
AM was once used for printing prototype of car interiors intended for
testing and communication purposes, while conventional techniques, such
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as plastic injection molding were used to manufacture actual car compo-
nents. The interior design of a car often influences its sales and now with
customizable interiors, buyers can personalize according to their taste and
budget, boosting car sales. As AM is capable of meeting the demands of
variations, printed parts now find their way to actual use in a car more
frequently. Dashboards of exact dimensions are printed in smaller sections
before being glued together and coated with acrylic paint. The high print-
ing accuracy of SLA allows the seamless fitting of separate sections and the
fabrication of functional fitted parts. An actual working airbox of an engine
can also be printed through SLA. Due to the high temperature experienced
during combustion, thermoset polymers capable of withstanding the tre-
mendous heat are selected for printing.

It is not always economical to produce parts conventionally especially
if the production volume is not large enough. Short series injection mold-
ing inserts are more cost efficient to be printed through SLA instead. This
technique prints mold inserts with high dimensional accuracy and by using
ABS-like materials with high toughness, the printed mold can withstand
the forces and heat experienced during injection molding. Some examples
of car exterior parts that can be printed and used directly out of the 3D
printer are the front fenders of semi-trucks and customized duct outlets.
These components can be fabricated within a short timeframe through
additive techniques such as SLA and FDM where a large part can be printed
in smaller sections before being assembled together, coated with the desired
color and decorated accordingly.

National Aeronautics and Space Administration (NASA) engineers are
3D printing up to 70 parts of their space rovers for explorations on asteroids
and eventually, on planet Mars. AM provides a simple and eftortless alterna-
tive in the fabrication of certain space rover components for what would
otherwise be a complex process to conventionally manufacture. More often
than not, designs are not exact matches to what the designers intended.
However, with AM, it is now possible to print designs in a day or even
several hours. The actual physical design can then be checked and modified
quickly. Given the tight project budget and period, AM makes the designing
process much more cost eftective and time efticient as compared to conven-
tional manufacturing techniques.

4.2 Aerospace Industry

Currently, AM is widely used in all stages of the aircraft manufactur-
ing industry, from the initial design to the testing, tooling phases, and
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finally to the actual production of an aerospace component. Not only so,
AM is also used for repair works and as support systems. The increasing
adoption of AM techniques can be observed among aerospace origi-
nal equipment manufacturers (OEMs), maintenance, repair, and over-
haul (MRO) companies. Special design requirements of a component
or complete assemblies are often desired in aerospace industries. These
needs can easily be met by the agility of AM and its empowerment in
small and medium-sized enterprises allow them to compete with the
big industries.

Aerospace industries are leveraging on the advantages in change and
innovation expeditions AM has to offer. Another reason for its growing
attractiveness in the aerospace industry is its ability to print lightweight
structures using flame and chemical retardant materials. Aerospace com-
ponents are required to withstand harsh conditions such as extreme tem-
peratures and G-force stress fractures. With the development of highly
resistant materials, AM sees an increase in its applications. Some examples
are the fabrication of tooling, fixtures, and actual end products used in
the aircraft. AM allows the printing of tooling needs for aerospace appli-
cations using composite materials. The cost and time of production are
much lower than traditional manufacturing, which requires several thou-
sands of dollars and months to complete. The versatility of AM allows the
luxury of design modifications with no significant rise in cost and time
delays.

Composite materials can be wrapped around 3D printed soluble cores
to create hollow composite components. One example is the fabrication
of an unmanned vehicle capsule. AM eliminates the need for tooling works
in repair and small-scale manufacturing which often makes up the major-
ity of the overall cost. Compared to conventional manufacturing methods,
manufacturing tools such as molds, jigs, surrogates, fixtures, and templates
can be printed for use in a matter of hours, not weeks. One example is the
building of polycarbonate wiring conduits through FDM 1in less than three
days at a small price. A similar aluminum cast component, however, will
take more than 6 weeks to fabricate. Furthermore, airlines have different
requests for their aircraft interior. As such, Boeing, an aircraft manufac-
turing company, is printing the customizable interiors of its aircraft. It is
time-consuming to fabricate such customizations conventionally and the
high cost to produce a few copies is unjustifiable. General Electric Aviation
is also using 3D printing technologies to reduce engine weight, saving on
fuel consumption.
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4.3 Medical Industry

Biocompatible materials of varying material properties can be used to print
surgical instruments and prototypes with great dimensional accuracy. An
example of such application is the fabrication of customized fixtures or strong
tooling using high-performance thermoplastic materials through FDM. Since
2008, 3D printing has been used by doctors at the aesthetic plastic surgery
center in Singapore’s National University Hospital ((NUH). 3D models of the
patients’ skulls were printed as aids for surgery, providing doctors with pre-
cise visual information that could not be attained otherwise. Such important
information better prepares the surgeon prior to the actual surgery. To repli-
cate part of a damaged skull, a 3D profile of the area is scanned and converted
into data. Printed skull implants fit seamlessly with the patients due to the
high dimensional accuracy and smooth surface finishes.

With design flexibility, customizability and high product quality, AM is
also adopted in building parts of the robotic exoskeleton for patients born
with arthrogryposis multiplex congenita (AMC). Patients born with AMC
have stift joints and underdeveloped muscles. These patients do not gain
the ability to lift their arms by their own strength even as they grow. Such
inabilities in using their limbs can affect development, leading to limited
cognitive and emotional growth. Traditionally, robotic arms are made of
metallic parts that are too heavy and bulky for children. However with 3D
printing, durable, light, and small components appropriate for daily usage
fit for a child can be customized and printed. Should the robotic arm break
during the course of its use, another replica can easily be printed with no
significant lead time.This empowers young patients with the ability to carry
out daily activities, such as playing and feeding themselves.

AM is also used in orthodontic treatments that are traditionally labori-
ous. The number of alterations required to successfully complete a par-
ticular procedure is highly dependent on the experience of the dentist and
communication with the patient. Instead of uncomfortable oral impressions
taken in traditional practices, digital images of the oral cavities are scanned
for 3D printing. Oral implants such as retainers, aligners, and expanders
can be printed quickly, easily, cleanly, and painlessly with high accuracy
and precision. Since all of the information is stored digitally, it is no longer
necessary to store bulky physical models for years. This decreases the labor
cost, the workload of and possible human errors incurred by the dentist.
Accuracy, efficiency, and success of a treatment procedure are dramatically
increased by shortening production time and increasing output. As such,
both patients and dentists will have more free time when appointment
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durations and frequencies are shortened. Investment in digital orthodontics
was once too expensive and inaccessible for smaller laboratories and clinics.
Now, there are professional easy-to-use 3D printers that are compact and
office friendly that are available at an affordable price. This increases the
productivity and revenue of dental clinics through patient growth while
streamlining the implant production process, oftering a cleaner solution for
orthodontic laboratories.

4.4 Education

AM enables students to realize their ideas through the fabrication of the
actual physical product, stimulating, and driving their creativity. The expo-
sure of this futuristic technology to young learners in school better prepares
them for the challenges of the future. A larger driving force is often required
to excite students above the age of 11 to learn about design and engineer-
ing. The 3D printing process allows students to see the formation of their
designs and this often amazes them. An example of the implementation
of AM is at STARBASE Minnesota, a program with curriculum aligned
with national standards. Students have a fresh take on mathematics, science,
design, and engineering learning in an integrated fashion through specific
missions, such as the launching of a rocket model. Students are having so
much fun in solving their work without even realizing that they are doing
mathematics and science. Students are tasked to design rocket fins on CAD
systems, 3D print them and launch the rocket to collect the performance
data before making discussions on how features of their rocket fins aftected
the performance. This provides students with a realistic learning opportu-
nity, as the process is similar to what real engineers do at work.

Educators themselves are attending workshops where they are exposed
to different kinds of 3D printing technologies, and learn about the latest
methods, materials, and happenings in the industry. Their hands-on experi-
ence on the technology is important in the smooth impartation of their
skills to the students, better preparing them for real work problem-solving
skills. 3D printing is not only used for educational purposes but also for
high-end research especially in the field of engineering and architecture in
universities. Students are using 3D printers to fabricate new forms of pro-
totypes that are too complex to be produced otherwise. Designs requiring
small features that other technologies cannot produce are now achievable
with AM. One example is the redesign of a traditional aluminum car bum-
per that requires a day or two to be manufactured conventionally. Mak-
ing use of the advantage of 3D printing in fabricating complex structures,
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students created a plastic design that is just as lightweight and strong as the
conventional design for their robotics application, before printing it out in
less than two hours. Moreover, the high resolution of 3D printers allows the
fabrication of fine details in their design.

Research students are also using AM to produce anatomically true
functional human elbow for robotics research. The material properties of
the complex design can be tuned and printed in multimaterial, something
that cannot be achieved with conventional manufacturing. Having valuable
experience in 3D printing better prepares and gives students a competitive
advantage in their job search. Manufacturing constraints that have been
present for decades no longer apply. Students have to rethink the way they
design products and 3D printing is the technology that allows the realiza-
tion of complex novel designs. Young students are problem solvers of the
future and exposing them to AM equips them with the tools necessary in
building the bright future.

4.5 Prototyping

Manufacturers equipped with 3D printers find themselves having the capa-
bilities to grab demanding business opportunities that cannot be achieved
with conventional manufacturing techniques. The flexibility of AM allows
manufacturers to amend the product design at any point of time by sim-
ply editing the CAD file. One example is the revolution of conventional
injection molding techniques with AM, focused on small to medium sized
prototyping business opportunities. Tooling costs of injection moldings are
high; the development and building process is time-consuming. With AM, it
is possible to take a CAD file, import it to the machine and print a part with
in a matter of hours. Even if it is a large part with complex geometries, it
will only take up to a maximum of several days to complete, not weeks and
months like in traditional manufacturing. Competition in the traditional
manufacturing sector is stift but with 3D printing, companies no longer
have to secure businesses through quick production turnaround but rather
in the development, designing, proofing, and prototyping phases of the idea.
This allows the companies to help clients realise an idea through prototyp-
ing development and production.

More often than not, companies have to produce results within tight
timelines. Products that require modifications can be studied, improved and
printed immediately, all within a short period of time. Any errors in the
printed prototype, such as mismatches in the assembly of the components
can be corrected and reprinted right away. If such errors are not corrected
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before sending it for mass production, the product will not be tool safe and
would not have worked. This would cause the tool to be scraped, rebuilt and
incur extra time and cost. 3D printing technologies are therefore a game
changer, bringing about a difference between killing a program to keeping
it moving forward. Companies that have invested in AM technologies to
make their processes better are no longer competing with overheads, mark-
ups, debts, and lead times. This provides a competitive edge by rendering
different services, which differentiates themselves from their competitors.

FDM is an example of a frequently used AM technique in the prototyp-
ing of medical equipment, such as injection systems that deliver contrasts
through the injection of dyes into the vascular system. This allows physicians
to visualize the vasculature anatomies and to eventually develop therapeutic
solutions. Companies are constantly trying to increase their efficiencies in
bringing products to their customers before the competitors. With 3D print-
ing, the creative process of product development is facilitated, and hence the
designs can be printed quickly which is a great difference from conventional
machining. Moreover, 3D printing allows a reduction in part count by print-
ing complex sub-components as a single unit. It avoids the need to invest
in costly molds until the prototypes are error-free. Damaged components
can be easily replaced without the need for huge inventory giving rise to
a leaner management of stocks by keeping only the raw materials needed.

5 CURRENT GLOBAL STRATEGIC LANDSCAPE IN THE
DEVELOPMENT OF ADDITIVE MANUFACTURING

5.1 Strategic Initiative of Additive Manufacturing in

Different Countries
The impact of AM and its increasing adoption in many fields are as cer-
tained with the initiatives taken by governments of many countries and
the booming AM businesses. With the ability to print products in-house,
AM eliminates the need to keep stocks in warehouses, avoiding the long
lead time and complicated logistics, bringing about a considerable trans-
formation to the supply chain.The recognized potential of this technology
that comes in the form of product design freedom, shorter lead time and
reduced material wastage has attracted the attention of many industries in
wanting to invest and reap these benefits. Government support through
various programs to make AM technology a production mainstay is criti-
cal in driving research in this field. Leading 3D printing research centers
include the Engineering and Physical Sciences Research Council (EPSRC)
Center for Innovative Manufacturing in AM in the United Kingdom,
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National Additive Manufacturing Innovation Institute (NAMII) Institute
(subsequently known as America Makes) in the United States of America,
Singapore Centre for 3D Printing (SC3DP) in Singapore and the Direct
Manufacturing Research Center (DMRC) in Germany. These centers
bridge the gaps between research and actual application in the industries to
achieve tangible results and advance the technology.

Since July 2012, the University of Nottingham and Loughborough Uni-
versity have been hosting the EPSRC government funded Centre for Inno-
vative Manufacturing in Additive Manufacturing in United Kingdom. The
center has a total fund of /8.1 million from the government and numerous
participating companies and is focused on the development of multimaterial
and multifunctional products. This eliminates any need for assembly when
multicomponent complex parts are built in a single 3D printing process and
such products are widely applicable across many industries.

NAMII (or America Makes) is a potentially self-sustaining pilot institute
located in Youngstown, Ohio that was established in August 2012 intended
to encourage manufacturing investments in the United States. The institute
aims to be a global center of excellence in 3D printing and will provide the
support necessary to develop new 3D printing technologies and products. A
fund of USD 70 million from the government and participating companies
was 1nitially awarded to the institute which is a consortium of 40 compa-
nies, 9 research institutes, 5 colleges, and 11 nonprofit organizations. The
institute focuses on bridging research and product development gaps while
educating 3D printing technologies to students, engineers, companies, and
designers.

SC3DP is a nationally funded center that provides world class 3D print-
ing facilities with close to SGD 150 million funding. It is focused on creating
innovative technologies and novel processes while nurturing an educated
workforce and attracting talents for the growing need in AM. The four
key industries that SC3DP is focusing on are: (1) Aerospace and Defense,
(2) Building and Construction, (3) Marine and Oftshore, and (4) Future
of Manufacturing. The center serves as a one-stop shop where industries
interact through projects and consultations.

Direct Manufacturing Research Center (DMRC) in Germany was
founded in 2008 involving several industries and academia, namely: (1)
Boeing, (2) Electro Optical Systems (EOS), (3) Evonik Industries, (4) SLM
Solutions GmbH, and (5) University of Paderborn.The research center aims
to build on the existing strengths and capabilities of the involved part-
ners through the advancement of technology and equipment. The center
also aims to promote technologies and equipment for companies to adopt,
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educate the younger generation in 3D printing, and perform market studies,
benchmark processes, and scenario projections for the future in AM.

However, there is a lack of collaboration between institutes, research
centers, and practitioners in the area of 3D printing. Money and time are
incurred without significant contribution to the advancement of the tech-
nology. If research connections between researchers and collaborations
along the whole value chain are stronger, there will be higher adoption of
the technology in the industries.

5.2 Economic Landscape of Additive Manufacturing

AM techniques are developed and used to enhance productivity and compet-
itiveness in both industrialized and developing countries. Hundreds of mil-
lions have been invested in the development and commercialization of AM
in China, Singapore and several European countries. There is a wide range
of application for 3D printed products. As such, it has had major impacts on
numerous industries. As the challenges in AM are being addressed and even-
tually overcome, it is foreseen that this technology will have a significant effect
on the global economic landscape. 3D printing can change the way products
are fabricated as it continues to become easier to operate, more affordable and
has even wider applicability, benefiting nations and industries. Some of the
most significant challenges include the development of standards, improving
the selection and affordability of materials, and increasing the reliability and
accuracy of equipment and processes.

S 6 IMPORTANCE OF QUALITY MANAGEMENT,
STANDARDS, QUALITY CONTROL, AND MEASUREMENT
SCIENCES IN ADDITIVE MANUFACTURING

While many companies have explored the potential of AM for new
business opportunities through novel designs that were previously impos-
sible and will alter the makeup of supply chains, several hurdles prevent
its wider adoption. One of the most critical barriers is the qualification of
AM parts. Many manufacturers and users do not have utmost confidence
and certainty that AM parts would exhibit consistent quality and reliability
within and across different printers and geographies.

Indeed, many argue that quality assurance (QA) remains the biggest issue
in AM. It is a multifaceted challenge, encompassing both the scale and scope of
production. Engineers may have to relook at the entire qualification process.
Certification procedures will have to be reevaluated to suit AM parts too.
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In order for AM to be adopted at a wider scale, most organizations
require a more sustainable and feasible approach to qualifying and certi-
fying parts. Printer and material manufacturers seek to differentiate their
products’ capabilities based on their ability to print high-quality parts. How-
ever, there is a lack of a universally accepted definition of “high quality”.
Today, standards bodies, such as American Society for Testing and Materials
(ASTM) and International Organization for Standardization (ISO) are in
collaboration to develop standards for AM.

6.1 Current Challenges and Significance

Some challenges faced by AM are due to the lack of supportive frameworks
for materials, software support, sustainability, and reliability. There is also a
lack of standardization among AM products.

6.1.1 Materials

Metallic powders that are unsintered/unmelted in AM can often be sifted
and recycled for subsequent fabrications. Liquid polymers not part of the
object design, however, are discarded after every process, posing a challenge
in material wastage in AM. Significant cost and energy are embedded in the
creation of the initial materials used in AM and should be recycled when-
ever and as much as possible. Currently, a wide range of polymer resins with
varying material properties is readily available, but some, like UV resins used
in SLA are still toxic. This creates a safety issue on their usage. On the other
hand, not all metals can be additively manufactured. Materials lacking form-
ability contain inherent cracks due to the high thermal gradients and rapid
solidification rates experienced during fabrication. Compositions of the
metals should be modified in order to withstand large thermal fluctuations.
Research and development of materials is one of the greatest opportunities
in AM that needs to be invested in. The cost of materials used in AM pro-
cesses 1s also significantly higher than those used in conventional processes.
Nylon used in injection molding costs about USD 8 while that used in 3D
printing costs about USD 80 for the same amount.

6.1.2 Software

CAD is often used to assist in the creation, modification, analysis, or optimi-
zation of designs additively manufactured. However, basic CAD software is
often inadequate for the design of complex objects that are required in AM.
The current CAD system is primarily designed for use with conventional
manufacturing techniques where simple circles and straight lines suffice.
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As such, they have limited application in exploring complex design free-
doms in AM, especially in fields, such as biomimetics. Apart from its design
restrictions, CAD system interfaces are usually not user-friendly and require
significant user training and experience. Therefore, to fully reap the benefits
of AM, these two aspects must be improved upon to propel it to its next
higher peak.

6.1.3 Sustainability

Despite the ability of AM in supporting customized small-scale production
with reduced material wastage, its energy-reducing economies of scale still
lag in comparison with conventional manufacturing techniques. Industrial
manufacturers are driven toward efficiency that results in reduced carbon
footprint. With AM’s ability to fabricate single or small-scale productions,
efficiency can be further improved by not producing more spare stock
than what are immediately required. Moreover, parallel production can be
adopted to enhance the efficiency and speed of AM production processes.
Industries should integrate analyses from the extraction and generation of
raw materials to the manufacturing details to boost efficiency. Sustainability
can be supported by AM too. One such example is, the creation of light-
weight structures for aerospace applications. Energy expenditure can then
be reduced and fuel savings can be achieved.

6.1.4 Reliability

Additively manufactured products, in general, lack reliability, and repro-
ducibility as compared to the counterparts fabricated conventionally due
to inherent inconsistencies in the former process. An example is the inevi-
table differences in arrangement and size of powder particles between the
layers. The melt pool, therefore, varies in dimension between scan lines at
different positions. Such random discrepancies accumulate and lower the
reproducibility of additively manufactured products. Another example is
the differences in recoil pressure and energy experienced by the pow-
der at the very first instant the laser beam hits on the powder bed and
when the laser beam is already scanning at a constant speed. This causes
the melt pool to vary in geometry across the different scan lines, while
accumulating errors as the build proceeds. Also, additively manufactured
parts tend to have random poor surface finishes. Melt pools experience
surface tension at the liquid—air interface, resulting in its spheroidisation
and unevenness at the surface. The fluidity of the molten material is also
difficult to control during fabrication, causing poor surface finish and
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lowering the reproducibility of parts. Also, the layer-by-layer addition of
material results in microstep formations on the surfaces of the fabricated
parts. The establishment of standards is, therefore, necessary and impor-
tant for assurances to businesses and manufacturers that AM processes are
indeed safe and reliable. ASTM Technical Committee F42 on AM tech-
nologies and ISO/TC 261 AM Technical Committee have made progress
in the development of standards in AM.

7 LIABILITY, LEGALITY, AND RESPONSIBILITIES

As AM machines or 3D printers become more popular and cost-effec-
tive, the consumer and manufacturer relationship may no longer conform to
the fundamentals of product liability law. Furthermore, there are also con-
cerns on intellectual property (IP) protection. Any person can now perform
a 3D scan of a product and reproduce it via AM. And how the eventual part
then performs to its intended purpose is also a topic of controversy.

7.1 Liability

A significant increase in usage of 3D printers has been observed over the
past decades. Despite 3D printers demonstrating the ability to produce
intricate and sophisticated parts, product liability is an unavoidable implica-
tion associated with this technology. Products produced by AM could be
defective for various reasons—examples include corrupted CAD files, faulty
equipment, incorrect materials, or process parameters, file format deficien-
cies, human error in setting up the machine, human error in implementing
the digital design, and so on. Given the ease and widespread availability,
anyone with access to a system can be an AM producer. Considering such
capability, implications arise when anyone is able to sell products made by
AM. Contemporary product liability law protects consumers against manu-
facturers, retailers, distributors, suppliers, and others who are responsible for
the defective goods [117,118]. The consumers may able to seek recourse
against the commercial manufacturers if evidence is found against them.
However, with the abundance of 3D printers, the general public who
may turn to a commercial printer center to print their components may lack
such options of recourse. The next example demonstrates how the product
liability law may not apply to such printing center. A student engaged a
3D printing center in producing a specific component. The CAD file was
obtained from an online source. The student was injured while using the
printed component and decided to sue the printing center to recover his
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loss. In this scenario, the student might not be able to successfully sue the
printing center to recover his loss under the rule of strict liability. Strict
liability applies when the seller is engaged in the commercial business of
manufacturing and selling of products. In such cases, the printing service
center 1s providing a service to the student and does not sell the printed
products. Therefore, the printing center is not liable for the student's loss. At
the most, the victim may argue that the 3D printing center did not main-
tain their machines properly which in turn caused the printed component
to fail resulting in the injury. However, the student has to prove that the
printing center has insufficiently maintained their machines. Therefore, the
uncertainty of product liability is often questioned with the growth of revo-
lutionary manufacturing and shortening of the supply chain. Manufacturers
and companies should be aware of the causes and effects of liability related
to AM and establish protections to prevent negative impacts against them.

7.2 Legality

Legality is one of the main concerns of AM. It is a disruptive technol-
ogy that often gathers controversy on questions such as IP, product liability,
regulatory, and many other areas [119,120]. Not only does AM allows the
public to produce complex shapes and designs, and particularly, it also allows
recreation of any existing products and possibly selling it without permis-
sion from its originator. [P protection is a major concern with the rise in
popularity of AM. For example, a service center can print their own parts
instead of ordering them from its vendor if they have 3D printers in their
center. This move from the company may shorten the waiting time for the
parts to arrive and save costs in the long run. However, these give rise to
questions related to patent protection, trademarks, copyright infringement
etc. Therefore, current IP protection system must evolve with the growth
of AM technologies. The IP protection mechanisms should consider both
physical and digital representation of the object to mitigate the impact of
counterfeiting. The music industry had once faced similar problems with IP
protection, and AM can learn some lessons from their history to devise and
implement technological solutions to ensure IP rights of the developers are
protected.

7.3 Responsibilities

Following the expiry of a patent related to FDM in 2009, the general avail-
ability of desktop 3D printers has skyrocketed. Students and hobbyists can
purchase a desktop 3D printer at an affordable price for designing and
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producing their own 3D printed parts for either personal use or commer-
cial purposes. Thus, this process makes the students or hobbyists both the
consumer as well as the manufacturer. In such a case, the user must accept
and be responsible for the outcome of the 3D printed parts. For an example,
an old screw that had dropped oft from a table for which a replacement
could not be found. Given the obsolescence of the screw in the market,
printing a new screw would be more convenient. If the new printed screw
snapped causing the table to collapse, who should be the one responsible
for it? There are many related questions that may arise. For example, was
the correct material chosen in the first place? Was the CAD file free from
errors? Although downloading open-source CAD files is easy, there are
many uncertainties from a design point of view. For instance, is the file safe
and reliable and does the design infringe any copyrights? With the use of
3D printers, the users should be willing to accept the associated risks and
take ownership of the printed products.

8 QUESTIONS

1. What is AM?

2. What are the advantages and disadvantages of AM compared to conven-
tional manufacturing methods?

3. What are the main categories of materials used in AM?

e

What are the main applications of AM in industries?
5. What are the current challenges of AM and their significance?
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1 INTRODUCTION TO STANDARDS FOR ADDITIVE
MANUFACTURING

Standards are formal documents developed by standards organizations,
such as International Organization for Standardization (ISO),American So-
ciety for Testing and Materials (ASTM), German Institute for Standard-
ization (DIN) and so on, in conjunction with relevant industry partners,
to set, validate, and certify technical and safety requirements [1]. Standards
satisty the growing needs of different industries, such as consumer, trade,
and industry sectors, through credible verification of a product or market
performance [2]. In the context of AM, it is widely recognized that the lack
of AM standards resulted in the slow adoption of AM systems into industry
processes [3].

Although there is a broad spectrum of standards that are in place for
conventional manufacturing practices (casting, extrusion, machining, injec-
tion molding, etc.), they are not suitable for AM applications due to several
factors. In AM, components are manufactured layer-wise [4], which results in
anisotropic properties throughout the component. A component fabricated
by AM, when compared to a forged component, exhibits different micro-
structures and mechanical properties [5]. Similarly, the surface finish of an
AM part without any postprocessing is coarser than a machined or forged
part [6]. Additionally, AM processes affect the microstructure, mechanical
properties and finishing of a part. For example, a metal component fabricat-
ed by SLM possesses different properties from a similar metallic component
fabricated by EBM [7]. Without standards in place, it would not be possible
to conduct a proper comparison across and within different AM processes.

Theretore, standardization is important to the AM industry. The lack of
standards has resulted in slow adoption of AM technology, particularly in
industries that require certification, such as aerospace, medical, automotive,
and so on.This is currently being addressed by standards bodies throughout
the world, such as ASTM that is working closely with industry partners to
develop and maintain a set of common standards for AM.
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2 IMPORTANCE OF STANDARDIZATION

AM industry is a rapidly developing market, with high growth rates
since the introduction of the first commercial AM machine, SLA-1, by 3D
Systems in 1987 [8]. Wohlers Report 2016 reported an impressive com-
pounded annual growth rate of 26.2% over the past 27 years for the AM
industry [9]. It was reported that the aerospace sector has grown by about
4.3% since 2013, and sectors like academic institutions and government/
military have grown larger too (Fig. 2.1 describes various sectors using
AM technology). Industries, ranging from industrial machines, consumer
products, and electronics, automotive, aerospace, and medical, have shown
an increasing adoption rate of AM technology. This increased adoption is
due to the ability of AM to manufacture parts that are functional and with
a higher turnover. Customers are able to obtain prototypes faster through
AM, at a lower cost, as compared to traditional rapid prototyping (RP).

The introduction of AM will reduce space consumption and processing
time. Complex parts can be made with fewer processes and higher turnover
rate. However, even though it is possible to produce these parts faster, in
some applications certifications are required to ensure that AM parts are
compatible, reliable and safe to use. Craig Barrett, a former CEO of Intel,
gave an example of why standards are important. He mentioned that a
movie made in China must be able to play on a player that is delivered to
the USA, and similarly, a movie made in the USA must be able to be played
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20.00%

15.00%

- I I
) .
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Government  Medtech/dental Consumer Industrial Aerospace Automotive
/academic products /business
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Figure 2.1 List of Sectors Using AM Technology [9].
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in China [1].This can only be achieved through standardization. Therefore,
AM systems must follow standards to ensure reliability and compatibility
throughout the industry.

High technology, value-added, and competitive industries, such as aero-
space and medical industries, demand complex, high performance, and pre-
cise parts [3]. Not only do AM parts require proper certification before it can
be introduced into their components and systems, the parts have to match
performance standards of conventional machined parts too. Highly regu-
lated industries like aerospace and medical developed in-house tests to evalu-
ate the performance level of their AM components for assurance. However,
without a standard to benchmark against, it is challenging to ensure that the
AM parts are “fit for use” and meet the mechanical and dimensional require-
ments coupled with specific quality assurance and test methods to use.

An extensive number of tests are conducted by AM companies to pro-
vide information and material datasheets to their customers. Companies
develop their own tests in order to satisfy the needs of their customers but
not all tests conducted refer to an available standard due to limited applica-
bility. Tests that are not referenced to any standards will not have any form of
certification to verify that an AM part has passed quality and performance
tests. The lack of standards for AM is, therefore a barrier that needs to be
overcome before AM can fully integrate with the industry.

The development of standards for AM is sluggish as it is affected by
budget and time constraints [10]. AM has a history of about 30 years [8],
but till date, the defacto industry standards are works of companies that
happen to be widely used and accepted by the AM community. For ex-
ample, the industry defacto standard file format for most AM machines is
STereoLithography File (STL), which was developed by 3D Systems [11].
STL has been used as the norm for AM systems for over 2 decades as there
was no defined standard then. Other file formats that have been developed
are STEP, IGL, IGES, and so on [12]. These file formats have their own
advantages and disadvantages, however, not all AM machines are able to
process them [13]. In order to standardize the file format for ease of usage,
ISO and ASTM established a new standard, ISO/ASTM 52915-13 [14], to
replace the aging STL file format.

The updates of standards are time-consuming due to the fact that stan-
dards are developed on a voluntary basis. Standards organisations (ISO,
ASTM, DIN, etc.) have begun developing new standards from best prac-
tices in the industry. From a survey conducted by J. Munguia, it was found
that about 50% of the participants find current standards (ISO,ASTM, DIN,
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etc.) not applicable, and 37% would apply the standards partially to their
work [12].

S 3 HISTORY OF FORMATION OF COMMITTEE
FOR STANDARDS

Prior to the introduction of AM standards, the industry used defacto
standards and best practices developed through testing and experimentation
for AM processes. The Society of Manufacturing Engineers established the
Rapid Prototyping Association in response to aid the growing AM industry
[15]. ASTM formed a subcommittee E28.16 in 1999 to create new stan-
dards for mechanical testing of AM components [16]. E28.16 was the first
subcommittee to evaluate the performances of AM parts. However, there
were no official bodies during that time that took on the task to develop
and establish standards for the AM industry.

The F42 committee, formed by ASTM in 2009, is the first official stan-
dards body for AM [17].The committee meets twice a year to develop and
publish standards in the annual book of ASTM standards, volume 10.04
for the AM industry. The next committee was established by ISO in 2011,
under ISO/TC 261, whose scope is to standardize AM fundamentals [18].
In Europe, CEN/TC438 was established in 2015 to address the needs of
standards in the European Union [19].

Presently, there are more than 400 members representing 23 difterent
countries in the F42 committee. The committee has developed and ap-
proved 13 standards listed in Table 2.1, and two of which are jointly devel-
oped with ISO/TC 261 |20]. The committee is further divided into eight
technical subcommittees (T'C) that take charge of developing standards for
different aspects of AM.The subcommittees are as follows:

*  F42.01 Test Methods

e F42.04 Design

* F42.05 Material and Processes

*  F42.90 Executive

*  F42.91 Terminology

*  F42.94 Strategic Planning

e F42.95 USTAG to ISOTC 261

ASTM also has a list of on going work items that are in development as
shown in Table 2.2.

New work items are new standards or a revision of existing standard that
is under development by a committee [17]. They are published by ASTM
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Table 2.1 List of AM technology standards developed by ASTM and I1SO [21]
Subcommittee  Standards published

F42.04 ISO/ASTM52915-16: standard specification for additive
Design manufacturing file format (AMF) version 1.2

F42.05 F2924—14: standard specification for additive manufacturing
Material titanium-6 aluminum-4 vanadium with powder bed fusion
and Processes F3001-14: standard specification for additive manufacturing

titanium-6 aluminum-4 vanadium ELI (Extra Low
Interstitial) with powder bed fusion

F3049—14: standard guide for characterizing properties of
metal powders used for additive manufacturing processes

F3055-14a: standard specification for additive manufacturing
nickel alloy (UNS NO07718) with powder bed fusion

F3056—14e1: standard specification for additive manufacturing
nickel alloy (UNS N06625) with powder bed fusion

F3091/F3091M~-14: standard specification for powder bed
fusion of plastic materials

F3184-16: standard specification for additive manufacturing
stainless steel alloy (UNS S31603) with powder bed fusion

F3187-16: standard guide for directed energy deposition of

metals
F42.91 ISO/ASTM52900-15: standard terminology for additive
Terminology manufacturing—general principles—terminology
F42.01 F2971-13: standard practice for reporting data for test
Test Methods specimens prepared by additive manufacturing

F3122—-14: guide for evaluating mechanical properties of metal
materials made via additive manufacturing processes

ISO/ASTM52921-13: standard terminology for additive
manufacturing-coordinate systems and test methodologies

for interested stakeholders to provide suggestions, even if they are not part
of the committee. It is notable that standards are living documents, which
will change as and when needed for reviews, to address any changes that
happen in the AM community.

ISO/TC 261, which was established by ISO in 2011, consists of 20 partici-
pating countries and five observing countries. They have a total of 16 subcom-
mittees, comprising four technical subcommittees (working group) that focus
on the development of standards for AM [18]. The four subcommittees are:

o ISO/TC 261/WG 1 Terminology

o ISO/TC 261/WG 2 Methods, processes and materials
* ISO/TC 261/WG 3 Test methods

* ISO/TC 261/WG 4 Data and Design
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Table 2.2 List of ASTM AM work items [21]

Subcommittee

Work items

F42.01
Test Methods

F42.04 Design

F42.05
Materials
and Processes

WK56649: standard practice/guide for intentionally seeding flaws
in additively manufactured (AM) parts

WEK49229: orientation and location dependence mechanical
properties for metal additive manufacturing

WK55297: additive manufacturing — General principles —
standard test artifacts for additive manufacturing

WK55610: the characterization of powder flow properties for
additive manufacturing applications

‘WK38342: new guide for design for additive manufacturing

‘WK48549: new specification for AMF support for solid
modeling: voxel information, constructive solid geometry
representations and solid texturing

WK51841: principles of design rules in additive manufacturing

WK51282: additive manufacturing, general principles,
requirements for purchased AM parts

WK51329: new specification for additive manufacturing
cobalt-28 chromium-6 molybdenum alloy (UNS R30075)
with powder bed fusion

WK37654: new guide for directed energy deposition of metals

‘WK48732: new specification for additive manufacturing stainless
steel alloy (UNS S31603) with powder bed fusion

‘WK53423: additive manufacturing alsil0 mg with powder bed
fusion

WK53425: thermal post processing of metal powder bed fusion parts

WK53878: additive manufacturing—material extrusion based
additive manufacturing of plastic materials—part 1: Feedstock
materials

WK53879: additive manufacturing—material extrusion based
additive manufacturing of plastic materials—part 2: Process-
equipment

WK53880: additive manufacturing—material extrusion
based additive manufacturing of plastic materials: final part
specification

Under the four technical subcommittees are 9 joint groups (JG) and 1
ad hoc group (AH) made up of members from ISO/TC 261 and ASTM
F42.The 9 joint groups and ad hoc group are categorized into different

technical subcommittees as illustrated in Fig. 2.2.

Under the committee, a total of 5 ISO standards have been published
(Table 2.3).Two of these standards are collaborations between ISO and ASTM
under the Partner Standards Development Organization (PSDO) agreement.
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Terminology
ISO/TC/261/WG 1 —1S0-17296-1
*|SO/TC/261/JG 51 Terminology
ISO/TC/261/WG 2 — ISO 17296-2:2015
*ISO/TC/261/)G 55 Standard specification for extrusion based additive manufacturing of plastic materials
*1SO/TC/261/IG 56 Standard practice for metal powder bed fusion to meet rigid quality requirements
*ISO/TC/261/)G 58 Qualification, quality assurance, and post processing of powder bed fusion metallic parts

Test meth

ISO/TC/261/WG 3 — SO 17296-3:2014
*1SO/TC/261/JG 52 Standard test artifacts

*ISO/TC/261/)G 53 Requirements for purchased AM parts
*1SO/TC/261/)G 59 NDT for AM parts

Data and design
ISO/TC/261/WG 4 — SO 1296-4:2014 ISO/ASTM 52915:2014

*1SO/TC/261/JG 54 Design guidelines
©I1SO/TC/261/)G 57 Specific design guidelines on powder bed fusion
*I1SO/TC/261/AH STEP STEP NC AMF

Figure 2.2 Structure of ISO/TC261 [22].

Table 2.3 Standards and projects under the direct responsibility of ISO/TC 261
Secretariat and its SCs [23]
Standards published

ISO 17296-2:2015: additive manufacturing—general principles—part 2:
overview of process categories and feedstock

ISO 17296-3:2014: additive manufacturing—general principles—part 3: main
characteristics and corresponding test methods

ISO 17296-4:2014: additive manufacturing—general principles—part 4:
overview of data processing

ISO/ASTM 52915:2016: atandard specification for additive manufacturing file
format (AMF) Version 1.2

ISO/ASTM 52921:2013: atandard terminology for additive manufacturing—
coordinate systems and test methodologies

ISO/ASTM 52900:2015: additive manufacturing: general principles—terminology

In Europe, European Committee for Standardization (CEN) CEN/TC
438 was formed to address the need for AM standards due to the rapid
growth of AM technology in the industry. Established in 2015 as a result of
findings by Support Action for Standardization in AM (SASAM), the scope
of the committee is to provide a complete set of EU standards, and adopt
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the Vienna agreement with ISO/TC 261 for consistency [24]. The main

objectives of CEN/TC 438 are [19]:

* To provide a complete set of European standards on processes, test
procedures, quality parameters, supply agreements, fundamentals
and vocabulary based, as far as possible on international standard-
ization work. The aim is to apply the Vienna agreement with ISO/
TC 261 “Additive Manufacturing” (DIN) to ensure consistency and
harmonization.

* To strengthen the link between European research programs and stan-
dardization in additive manufacturing.

* To ensure visibility in the European standardization in AM by central-
izing standardization initiatives in Europe.

CEN/TC 438 has not published any standards as of 2015. Instead, they
chose to adopt ISO standards for usage in EU. National standards bodies
from different countries in the EU (AFNOR, AITA, etc.) have established
mirror committees with references to CEN/TC 438 and ISO/TC 261 for
AM standards.

National and international associations in China, Japan, Korea, and Singapore
have also established similar mirror committees that align to ISO/TC 261 [3].
ISO, ASTM and other standardizing bodies organized meetings in various
worldwide conventions to establish and delegate task in developing standards,
through roadmaps, for the AM industry.

S 4 WORK PLAN AND ROADMAP OF JOINT COMMITTEE
BETWEEN ASTM, ISO, AND THROUGHOUT THE WORLD

Roadmaps for AM have been in place for almost two decades. A pio-
neer roadmap was developed by the United States Department of Energy
(DOE) in 1994, focusing on 3 areas of advanced rapid manufacturing of
which one was on RP (or AM) [25]. In 1997, the National Institute of
Standards and Technology (NIST) engaged the industry through a work-
shop for issues pertaining to AM. The workshop, entitled “Measurement
and standards issues in rapid prototyping”, targeted specific metrology issues
and standards requirement by the RP community, which will be further
discussed in Chapter 3. The following year, National Center for Manufac-
turing Science (NCMS) narrowed down the focus into building a road-
map for AM, based on the roadmap established in 1994. Despite the efforts,
standards development was not a main focus of the roadmap. Instead, more
efforts were put into pushing AM technology into the industry.
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A decade later, National Science Foundation (NSF) and Office of Na-
val Research hosted a workshop to establish a new roadmap for AM. This
roadmap shifted the focus from the industry to research and academia. The
workshop highlighted the need to develop and adopt internationally rec-
ognized standards [25]. As a result, more focus was placed on standards and
subsequent work plans and workshops in the next few years were hosted by
standards organizations for establishing roadmaps for standards in AM.

The standards for AM were developed by its own standards bodies inde-
pendently, prior to any form of collaboration. However, independent works
from different bodies resulted in duplicate standards. To rectify the situation,
ASTM and ISO/TC 261, under the jurisdiction of the PSDO agreement,
came to a cooperation agreement to jointly develop international standards for
AM.The PSDO agreement was approved at an ISO council meeting, held at
New Delhi, India, on September 2011 by ASTM President James Thomas and
ISO Secretary-General Rob Steele [26,27].The PSDO agreement [28] covers:
» fast tracking the adoption process of an ASTM international standard as

an ISO final draft international standard,

» formal adoption of a published ISO standard by ASTM international,
* maintenance of published standards, and
* publication, copyright, and commercial arrangements.

This agreement allows both organizations to adopt and jointly develop
AM standards for use internationally. At the same time, PSDO agreement
maximizes resource by eliminating duplicate standards, optimizing man-
power, reducing the downtime of standards development, and increasing
publication rates for the AM industry [29]. The first two approved standards
under the PSDO agreement are ISO/ASTM 52921:2013 and ISO/ASTM
52915:2013. With the PSDO agreement, it will lead to worldwide and con-
solidated standards [28].

In 2013, two planning sessions were conducted by ASTM International
and ISO.The first planning session was in Philadelphia (USA) and the latter
in Nottingham (UK) [30]. Both meetings involved members from ASTM
F42 and ISO/TC261 on the development of AM standards [20]. The result
of the meetings was a joint plan for AM standards development, which will
be reviewed and updated on a regular basis.

The objectives of the joint plan are:

* Bringing AM industry experts together from ISO/TC 261 and ASTM F42.
* Identifying specific standards needs common to the AM industry.
* Aligning standards roadmaps, resulting in a joint roadmap common to

ISO/TC 261 and ASTM F42 interests.
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*  Determining how the two groups can best work together.

*  Determining the priorities for specific AM standards.

Both ASTM F42 and ISO/TC 261 committees review existing stan-
dards, roadmap documents, and proposals to align their interests. Standards
are grouped into key categories to achieve a common structure for easy
reference. The approved structure consists of three levels, which are:

*  General standards: standards that specify general concepts, common re-
quirements, or are generally applicable to most type of AM materials,
processes, and applications

o Category standards: standards that specify requirements that are specific to
a material category, or process category

o Specialized standards: standards that specify requirements that are specific
to a material, process, or application
Fig. 2.3 illustrates the agreed-upon common structure of AM standards.
EU expressed their interests in 2014 in the development of AM standards.

Funded by the European Commission, SASAM began to coordinate and

integrate standardization activities for EU to accelerate the growth of AM

industrial processes [31]. An 18-month project, SASAM seeks to create a

roadmap for standardization of AM technology, and address immediate needs

of the industry and prepares for long-term development [32]. ISO/TC261,

ASTM F42, and CEN/TC 438 collaborated and generated a roadmap re-

port, to assist in developing an industrial standard for industrial application

and stimulating innovation for the AM industry.

Applicable concepts
CUCHEETIEMENEN General top-level AM standards

o« Terminlogy Data formats  Qualification guidance ~ System performance & reliability Round robin test protocols Design guides
eTest methods Testartifacts ~ Safety Inspection methods

Category for AM standards

« Material specific category Solid material  Liquid material Powder material
 Process specific category Material extrusion Material jetting Powder bed fusion
Finished parts Test methods  Bio-compabili
Material/process/
application Category for specialized AM standards
*1SO TC/261/)G 52 Standard test artifacts
*1SO/TC/261/JG 53 Requirements for purchased AM parts

*1S0/TC/261/)G 59 NDT for AM parts

Application
category Category for application specific AM standards
*1SO/TC/261/JG 54 Design guidelines
*1SO/TC/261/IG 57 Specific design guidelines on powder bed fusion
*1S0/TC/261/AH STEP STEP NC AMF

Figure 2.3 Structure of AM Standards (Courtesy of ASTM and ISO) [20].
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The roadmap was constructed from three main tasks:

Gather and evaluate information from other relevant roadmaps and
most important developments within this sector.

Transform the outcome and conclusions from this information gather-
ing and match this with the AM stakeholders and requirements survey.

Gather feedback, finalize, and publish the roadmap for standardization
serving the additive manufacturing technology.

The SASAM project also investigated the inputs of the European AM

standards stakeholders through a survey, which consisted of a total 102 re-

spondents from industry, research, and government bodies [31].

The findings from the survey include:

Standards are in use by a majority of the participants.

There is an urgent need for AM standards.

It is of great importance that the AM standards will be globally and in-
ternationally accepted.

The requirements of the customer (end user of AM parts) are main driv-
ers for using standards; also for upcoming AM standards.

The prioritized topics for AM standardization are materials, processes/
methods and test methods.

The reliability of machines and processes is expected to improve as a
result of the development and application of standards.

The most common argument for the need of standards is quality or
qualification (system qualification, material quality, part quality, and
quality control).

Market opportunities are directly related to future standards.

SASAM highlighted the needs of EU stakeholders in the development

of AM standards. This standardization activity will allow the AM industry
in EU to rapidly expand into existing AM business (aerospace and medical)

and new sectors. After evaluating existing documents, and joint work plan
between ASTM F42 and ISO/TC 261, key agreements were drafted based
on the following principles [32,33]:

One set of AM standards—to be used all over the world.

Common roadmap and organizational structure for AM standards.

Use and elaborate upon existing standards, modified for AM when
necessary.

ISO/TC 261 and ASTM F42 should work together and in the same
direction for efficiency and effectiveness.

A consensus was reached by all parties to follow the guidelines drafted out

by SASAM. Fig. 2.4 shows a similar roadmap published by SASAM in 2015.
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Figure 2.4 Roadmap for AM Standardization [33].

2021-2022,
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S 5 PRIORITY AREAS ON ADDITIVE MANUFACTURING
STANDARDS

SASAM drafted a few lists of high priority areas for AM standards
after the evaluation of documents prepared by the AM community. From
the common roadmap structure developed by ASTM F42 and ISO/TC261,
standardization of on-going works is categorized into five priority areas as
follows [33]:

* Standards for integration.

» Standards for environmental sustainability.
* Standards for quality and performance.

» Service standards.

*  “Derisking” standards.

Two lists of high priority items that require attention were drafted from
the feedback consolidated by SASAM. The first list consists of accessing
existing standards that have relevance to the AM field and subsequently
adopting it for use in AM. The second list consists of areas of interests for
development determined through a survey with 122 respondents during
the SASAM workshop.

The SASAM project identified a list of existing ISO standards for adop-
tion and further development in the area of AM, and they are [33]:

e ISO/TC 61 “plastics.”
o ISO/TC 106 “dentistry.”

+ TC 106/SC 1 filling and restorative materials.

* TC 106/SC 2 prosthodontic materials.

+ TC 106/SC 3 terminology.

* TC 106/SC 4 dental instruments.

¢ TC 106/SC 6 dental equipment.

* TC 106/SC 7 oral care products.

* TC 106/SC 8 dental implants.

* TC 106/SC 9 dental CAD/CAM systems.

o ISO/TC 119 “powder metallurgy.”

* ISO/TC 172/SC9 “electro-optical systems.”

* ISO/TC 184/SC4 “industrial data.”

« CEN/TC 121 “welding and allied process” (AM 1s partly included in
committee scope).

* CEN/TC 138 “nondestructive testing.”

The second list of topics and priorities are information gathered from
the survey [33]. The priorities are categorized into three main topics:
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product quality, materials (metal, polymer, and ceramics), and other subjects.

From the list, the topics with higher priorities include:

e Product quality standards:

Size, length and angle dimensions, dimension tolerances standards.
Geometrical tolerance.

Tensile strength.

Impact strength.

Flexural Strength.

Fatigue testing.

e Material standards:

Co-Cr (dental, orthopedic).

TAG6V (aeronautic repair).

Ti Grade 1 (medical).

Ti Al (aeronautic).

Inconel 625 (aeronautic).

Inconel 718 (aeronautic).

*  PA12 (medical, automotive, aeronautic, military).
* PA flame retardant (aeronautic).

 PA 11 (SLS).

* ABS (FDM).

Other standards:

e Post processing.

*  Monitoring process.

* Lattice structures cleaning part recommendation/standards.

The list of priority areas, topics, and standards for AM adoption will

be investigated by the AM community and standards bodies for standards

development.

S 6 LIST OF STANDARDS AND SUMMARY

e ASTM AM standards:

ASTM F2924-14 standard specification for additive manufacturing
titanium-6 aluminum-4 vanadium with powder bed fusion.

ASTM F3001-14 standard specification for additive manufacturing
titanium-6 aluminum-4 vanadium ELI (Extra Low Interstitial) with
powder bed fusion.

ASTM F3049-14 standard guide for characterizing properties of
metal powders used for additive manufacturing process.
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ASTM F3055-14a standard specification for additive manufacturing
nickel alloy (UNS NO07718) with powder bed fusion.

ASTM F3056-14e1 standard specification for additive manufactur-
ing nickel alloy (UNS N06625) with powder bed fusion.

ASTM F3091/F3091M-14 standard specification for powder bed
fusion of plastic materials.

ASTM F3184-16 standard specification for additive manufacturing
stainless steel alloy (UNS S31603) with powder bed fusion.

ASTM F3187-16 standard guide for directed energy deposition of
metals.

ASTM F2971-13 standard practice for reporting data for test speci-
mens prepared by additive manufacturing.

ASTM F3122-14 standard guide for evaluating mechanical proper-
ties of metal materials made by additive manufacturing process.

ISO AM standards:

ISO 17296-2:2015 general principles—part 2: overview of process
categories and feedstock.

ISO 17296-3:2014 general principles—part 3: main characteristics
and corresponding test methods.

ISO 17296-4:2014 general principles—part 4: overview of data
processing.

ISO/ASTM AM standards:

ISO/ASTM  52900-15 standard terminology for additive
manufacturing—general principles—terminology.

ISO/ASTM 52915-16 standard specification for additive manufac-
turing file format (AMF) version 1.2.

ISO/ASTM  52921-13 standard terminology for additive
manufacturing—coordinate systems and test methodologies.

6.1 ASTM F2924-14 Standard Specification for Additive
Manufacturing Titanium-6 Aluminum-4 Vanadium With
Powder Bed Fusion

This specification covers Ti-6Al-4V AM components manufactured by

powder bed fusion. The components require mechanical properties similar

to machined forging and wrought productions. The specification also covers

related standards for powder classification, testing methods, terminology, and

so forth that are applicable for the raw materials, and testing of the end prod-

uct for all the required properties. To achieve final dimensions and surface
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finishing, post processing via machining, polishing, grinding, and so forth
will be required [34].

6.2 ASTM F3001-14 Standard Specification for Additive
Manufacturing Titanium-6 Aluminum-4 Vanadium ELI

(Extra Low Interstitial) With Powder Bed Fusion

This specification covers Ti-6Al-4V ELI AM components manufactured by
powder bed fusion. The components require mechanical properties simi-
lar to machined forging and wrought productions. The specification also
covers related standards for powder classification, testing methods, termi-
nology, and so forth that are applicable for the raw materials, and testing of
the end product for all the required properties. To achieve final dimensions
and surface finishing, post processing via machining, polishing, grinding,
and so forth will be required [35].

6.3 ASTM F3049-14 Standard Guide for Characterizing
Properties of Metal Powders Used for Additive

Manufacturing Process

This guide provides the user techniques for characterizing metal powder
used in AM processes. The guide references to other standards to determine
test methods, practices, guides so forth for AM metallic powders. AM feed-
stock powders are used for a wide variety of AM processes (powder jetting,
SLS, EBM, SLM, etc.). The properties of these powders need to be known
to achieve products with consistent reliability and repeatability. The guide
serves as a reference for stakeholders that produce, use, or sell metal powders
for AM processes. This guide is also applicable to a certain extent, for pow-
ders of polymer or ceramic composition [36].

6.4 ASTM F3055-14a Standard Specification for Additive
Manufacturing Nickel Alloy (UNS N07718) With Powder
Bed Fusion

This specification covers UNS N07718 AM components manufactured by
powder bed fusion. The components require mechanical properties similar
to machined forging and wrought productions. The specification also cov-
ers related standards for powder classification, testing methods, terminology,
and so forth that are applicable for the raw materials, and testing of the end
product for all the required properties. To achieve final dimensions and
surface finishing, post processing via machining, polishing, grinding, and so
forth will be required [37].
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6.5 ASTM F3056-14e1 Standard Specification for Additive
Manufacturing Nickel Alloy (UNS N06625) With Powder
Bed Fusion

This specification covers UNS N06625 AM components manufactured by
powder bed fusion. The components require mechanical properties similar
to machined forging and wrought productions. The specification also cov-
ers related standards for powder classification, testing methods, terminology,
and so forth that are applicable for the raw materials, and testing of the
end product for all the required properties.To achieve final dimensions and
surface finishing, post processing via machining, polishing, grinding, and so
forth will be required [38].

6.6 ASTM F3091/F3091M 14 Standard Specification
for Powder Bed Fusion of Plastic Materials

This specification covers the requirements and component integrity of any
manufactured plastic components by powder bed fusion processes, includ-
ing unfilled formulations and formulations containing fillers, functional ad-
ditives like flame retardant, and reinforcements or combinations thereof. It
does not cover processes (SLA, FDM, LOM, etc.) that do not require the
use of powder. The processes of powder bed fusion can be made reference
to ASTM F2792.The specification also includes the use of additives, fillers,
and reinforcement in the plastic powder [35].

For traceability purposes, plastic components fabricated by AM are clas-
sified into 3 different categories: Class I, IT and III.

Class I components have the highest requirements among all the classes.
The parts produced as Class I have the highest quality components that are
traceable through documents produced. In testing, Class I components are
subjected to the certification.

Class IT components require less traceability as compared to Class I parts.
The parts produced as Class IT are high-quality components that do not
require very detailed traceability, unlike Class I components. Class I com-
ponents are subjected to the certification.

Finally, class III components are used as guidelines and require mini-
mum traceability. Unless otherwise specified, no testing specimens are
required. Class III components are usually for general usage and for early
stage rapid prototyping uses. The specification also describes the fabri-
cation of test specimen for testing purposes for Classes I, IT, and IIT (it
required).
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6.7 ASTM F3184-16 Standard Specification for Additive
Manufacturing Stainless Steel Alloy (UNS S31603)
With Powder Bed Fusion

The manufacturing of UNS S31603 parts through powder bed fusion process
based on full melt powder is covered in this standard. This standard will state
the requirement of mechanical properties of the product has to be similar to
machined forging and wrought products. The product also has to meet the
desired surtace finish and critical dimensions through post processing [39].

6.8 ASTM F3187-16 Standard Guide for Directed Energy
Deposition of Metals

This guide assists the users in optimally utilizing directed energy deposition
(DED) techniques for AM. It covers technology application space, process lim-
itations, machine operations, process documentation, best work practices, etc. It
defines DED as an AM process that uses energy to fuse material while they are
being deposited onto a surface. There are many DED systems, including laser
beam, electron beam, or plasma energy. The feedstock of DED process can be
either wire or powder, which are deposited under an inert gas condition [39].

6.9 ASTM F2971-13 Standard Practice for Reporting Data for
Test Specimens Prepared by Additive Manufacturing

To ensure a common database,a common format for data reporting for results

by testing or evaluation of AM specimen is required. The practice describes a

standard procedure for presenting data with two purposes.The first purpose is

to establish further data reporting requirements, and the second is to provide

a design of material property database with the essential information [40].
The practice requires users to:

¢ Know the minimum data element required for reporting.

» Standardize test specimen, descriptions and reports.

*  Assist designers with a general standard AM database.

* Improve traceability of AM materials.

*  Enable modeling and computational simulation through property-pa-
rameter-performance data captured from AM specimen.

6.10 ASTM F3122-14 Standard Guide for Evaluating
Mechanical Properties of Metal Materials Made by Additive
Manufacturing Process

This guide references to existing standards, if applicable, for the testing of
AM metal components.
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Factors that will affect the properties of AM metal components are
properties of material, anisotropy, preparation of material, porosity, specimen
preparation, testing environment, alignment, and gripping of the specimen,
testing speed, and temperature. This standard does not cover any safety relat-
ed aspects of AM, and the user shall be responsible for establishing the safety
and health practices, in accordance with regulatory requirements, before
prior usage [38].

The guide consists of a collection of test methods used by ASTM for the
testing of material in the areas of deformation and fatigue testing.

Under deformation properties there are:

e Tension.
e Compression.

e Bearing.
e Bending.
*  Modulus.

* Hardness.

Under fatigue properties there are:

* Fatigue.
* Fracture toughness.
*  Crack growth.

The reporting guidelines are to adhere to standards that are applicable to
each testing procedure. Due to the nature of fabrication of metallic powders
in AM, anisotropic properties will be adherent to the specimen being tested.
These data recorded are to be reported in accordance with ISO/ASTM
52921.

6.11 1ISO/ASTM 52900-15 Standard Terminology for Additive
Manufacturing—General Principles—Terminology

This terminology establishes and defines terms that are used in AM. There
are currently seven different classifications of AM processes, which are as of
follows [41]:

* VAT photopolymerisation.

e Material jetting.

* Binder jetting.

* Material extrusion.

*  Powder bed fusion.

e Sheet lamination.

* Directed energy deposition.
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6.12 ISO/ASTM 52915-16 Standard Specification for Additive
Manufacturing File Format (AMF) Version 1.2

This specification describes a framework for an interchange format that will
address the current and future needs of AM. STL, which is the defacto stan-
dard format, only contains mesh information and have no other provisions to
provide other useful data like color, texture, material, and other properties. As
AM evolves, STL will not be able to support the information database and thus
this standard specification is to set the framework to establish a new format to
replace STL and address the growing needs of AM to support newer features.

The new file format will be in adherence to an extensible markup lan-
guage (XML) and must be able to support standards-compliant interoper-
ability. The file format will have to describe an object in a general way that
all machines can fabricate parts best to its ability.

The AMF file format must also be simple to implement and debug
when required, scales well with complexity and size, have a reasonable dura-
tion for read and write operation of the file.

6.13 ISO/ASTM 52921-13 Standard Terminology for Additive
Manufacturing—Coordinate Systems and Test Methodologies

This terminology describes the necessary terms used for measurement of
additively manufactured specimens and also the references on the build
platform [14]. This standard is intended to be, where possible, compliant
to ISO 841 and assist in clarifying specific principles adapted for AM. This
standard does not cover non-Cartesian systems. The terminology also cites
examples of build volume origin, part rotation in the xyz coordinates and
minimum perimeter bonding box, for the user’s reference.

6.14 1SO 17296-2:2015 General Principles—Part 2: Overview
of Process Categories and Feedstock

ISO 17296 Part 2 describes the general process and working principles of AM
machines [42]. There are many different terminologies used in AM processes,
and it creates confusion when a user wants to know the working principle
behind a particular machine.This ISO standard classifies part quality based on
certification, testing and traceability into three classes, while process chains
are classified into two categories, namely, single- and multistep process. The
processes are further divided into seven difterent categories which are:

* Vat photopolymerization.

* Material jetting.
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* Binder jetting.

e Powder bed fusion.

e Material extrusion.

* Direct energy deposition.
e Sheet lamination.

6.15 1SO 17296-3:2014 General Principles—Part 3: Main
Characteristics and Corresponding Test Methods

ISO 17296 Part 3 documents the testing requirements of components
that are fabricated by AM. It covers the quality characteristics of the fab-
ricated components, test procedures, scopes, content of test and supply
agreements [43].

Characteristics of components are developed into two main parts: feed
stock and part requirements. The requirements of the feedstock of the bulk
material are:

*  Powder particle size.

*  Morphology.

» Surface and distribution.

e Tap and apparent density.

*  Flowability.

* Ash content.

» Carbon content.

For the part requirements, they are separated into four main compo-
nents: surface, geometric, mechanical, and build material requirements.
Specifically:

* Surface requirements: appearance, surface texture, and color.

*  Geometric requirements: size, length, angle, tolerances, geometrical tol-
erancing.

*  Mechanical requirements: tensile, impact, compressive, flexural, and
fatigue strength, hardness, creep, gaining, friction coefficient, shear
resistance, and crack extension.

e Build material requirements: density, physical, and physico-chemical
properties.

Testing of AM components is divided into three main categories, which
are safety critical, nonsafety critical and prototyped parts. The ISO docu-
ment contains three tables for the testing requirements, namely, one that
lists the tests that have to be fulfilled, one for tests that are recommended,
and lastly one for tests that are not applicable. The tests would be subject to
agreement between the part vendor and the customer.
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The standard covers a full range of related standards for the require-
ments of bulk material, testing procedures and requirements of the end
product.

6.16 1SO 17296-4:2014 General Principles—Part 4: Overview
of Data Processing

ISO 17296 Part 4 is targeted at users of AM systems and related software
systems. It describes existing data formats used in AM, and targets at users
from the computer aided design/computer aided engineering (CAD/CAE)
perspective to reverse engineering companies, testing bodies, and produc-
tion of additive manufacturing systems and software [43].

Found in this ISO standard are the terminologies used in the construc-
tion of the 3D model and the process from which the 3D model is polygo-
nised and sliced into layers. Some data formats used in this ISO are STL,
VRML, IGES,VDA-ES, STEP, and AME More information on these data
formats can be extracted from the ISO document.

This ISO also sets the requirements for data quality. Data quality is im-
portant as they will determine if the 3D printed part is of high quality. To
achieve high quality object, surfaces of models must blend smoothly and
trim to achieve a watertight model, and be orientated for easy volume iden-
tification by the software. During triangulation, no construction aids shall
be selected and all surface models must be converted into solid volumes
before triangulation/polygonization (creation of polygons in an encased
volume). Included inside the ISO standard also documents the potential
formatting errors in the STL data.

S 7 QUESTIONS

1. Which organizations are developing the standards for AM?

2. Why conventional manufacturing standards are not suitable for AM
applications?

3. Discuss about the importance of standardization in the AM industry.

4. Who is the first official standard body for AM?

5. What is the common structure of AM standards?

6. What are the goals in SASAM roadmap for AM standardization?
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