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Preface

The field of additive manufacturing has seen explosive growth in recent years due to
renewed interest in the manufacturing sector in the United States and other developed
as well as developing nations. The experience of drawing something in a computer and
then seeing that part being printed in a 3D printer that can be touched or felt is still fas-
cinating to many of us. And now we are seeing the same in our children, who are only
in their middle school or high school and yet experiencing the revolution of additive
manufacturing/3D printing through their own creation. Such transformative change in
our society has been made possible only because of a significant reduction in the price
of a 3D printer and improvement in part quality. As recently as 10 years back, a good 3D
printer cost more than $100,000 in the United States. Due to the high cost of the 3D printers,
most people were only able to see a picture or a video of different 3D printers. As the cost
of the printer came down significantly along with improvements in 3D printer reliability
and part quality, most businesses, universities, and schools are investing in 3D printers to
experience, explore, and innovate with these fascinating additive manufacturing technolo-
gies. Therefore, we felt that our book will be quite timely as we have tried to capture some
of the exciting developments of 3D printing or additive manufacturing technologies in
recent years toward advanced materials.

We understand that there are a few other books that deal with additive manufactur-
ing in some form. When we reviewed the literature, we realized that a majority of those
books were developed by mechanical engineers, who placed special emphasis on printers
rather than on their applications. However, at present, most of the printing technology is
quite mature and a majority of the current innovation lies in the areas of their applica-
tions. Therefore, our work focuses more on the applications of additive manufacturing
than on core 3D printing technologies. Our hope is that readers will be able to see how
these technologies are currently being used and then contribute to the field with their own
innovation. We have designed the book in a way that can be used in a classroom setting
as well. The first few chapters focus on an introduction to various additive manufacturing
technologies based on their utilization towards different classes of materials. The next set
of chapters discusses important application areas of additive manufacturing. Finally, some
discussion on educational aspects and regulatory issues has been added since those fac-
tors are becoming important with the emergence of additive manufacturing as a mature
technological platform for many industries.

Like any edited book, we recognize all authors, without their help our project would
have never been completed. We sincerely thank them for their contributions. We thank
many of our students for their support toward developing this book, particularly Tom
Gualtieri, Sahar Vahabzadeh, and Dongxu Ke. We would also like to acknowledge sup-
port from both our boys, Shohom and Aditya, without which we could not have com-
pleted this work.
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viii Preface

Even after working in this area for the past 20 years, we still learn new things regularly
related to the applications of additive manufacturing. We hope that our book will be useful
to many veteran researchers as well as those who are entering this field, helping them under-
stand the subject better to contribute toward making a difference to our future generation.

Amit Bandyopadhyay
and

Susmita Bose
Washington State University

MATLAB® is a registered trademark of The MathWorks, Inc. For product information,
please contact:

The MathWorks, Inc.

3 Apple Hill Drive

Natick, MA 01760-2098 USA
Tel: +1 508 647 7000

Fax: +1 508 647 7001

E-mail: info@mathworks.com
Web: www.mathworks.com
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1.1 Introduction

Additive manufacturing (AM) is a technology that is rapidly developing and being
integrated into manufacturing and our day-to-day lives. Many people have heard of its
emergence into the commercial world, though it has been labeled by different names, such
as three-dimensional (3D) printing, rapid prototyping (RP), layered manufacturing (LM),
and solid freeform fabrication (SFF). Conceptually, AM is an approach where 3D designs
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2 Additive Manufacturing

can be built directly from a computer-aided design (CAD) file without any part-specific
tools or dies. In this freeform layer-wise fabrication, multiple layers are built in the X-Y
direction one on top of the other generating the Z or third dimension. Once the part is built,
it can be used for touch and feel for concept models, tested for functional prototypes, or
used in practice. AM is much more than a process that can be used to make personalized
novel items or prototypes. With new developments in AM, we live in an age on the cusp of
industrialized rapid manufacturing taking over as a process to produce many products as
well and make it feasible to design and create new ones. This will cause the manufacturing
process of many things to change as well as cause a new style of customer-to-manufacturer
interaction. Integration of 3D printing will make it so people can contribute to the design
process from almost any location and will break the barriers of localized engineering and
take it to a global scale. Just as the Internet has given us the ability to spread and access
information from any location, digital designing and CAD have given people the ability
to make, change, and critique designs from essentially anywhere. With AM, those designs
can be made and tested from almost any location with very little lead time. The capabilities
of AM machines have surpassed the abilities of CAD, making the design and visualization
of a part the more difficult process compared to that for building it.! As a new generation
grows up with CAD technology and the abilities and availability of AM machines grow,
the process of designing a product will mature from being just done by a select group of
engineers to being created by the consumer and company together; this technique will
enable manufacture of products from anywhere in the world in a timely manner.

1.2 History of AM
1.2.1 Start of 3D Printing

AM developed in the 1980s, when a man named Charles “Chuck” Hull invented the first
form of 3D printing, called stereolithography (SLA). It was the advancement in laser tech-
nology along with Hull’s innovation regarding the materials and process he used that first
made this conceptual method a reality.? SLA is a system where an ultraviolet (UV) light
source is focused down into an UV photo-curable liquid polymer bath where upon contact,
the polymer hardens. Patterns can be drawn using the UV source to semicure the polymer
layer. Uncured polymer stays in the bath and provides support to the part being built. After
a layer of printing is done, the hardened polymer layer moves down on a build plate in the
liquid medium and the next layer of polymer is available on top for the following layer. This
process continues until the part is finished based on the CAD design and is removed from
the liquid medium. In most cases, further curing is needed before the part can be touched.
It was in 1983 when Chuck Hull invented this new technology; subsequently, in 1986, he
formed the very first company to develop and manufacture 3D printers: 3D Systems.? This
was the first step in the history of making a RP machine outside of science fiction movies or
books. Chuck was also the first person to find a way to allow a CAD file to communicate with
the RP system in order to build computer-modeled parts. Such an endeavor was not trivial.
In his effort, 3D CAD models had to be sliced in a virtual world; each slice can then be used
to build a layer using the 3D printer. In the first-generation CAD for 3D printers, only the
surface files matter, which are termed .st! files from the SLA process. After developing this
technology, the patent application was filed in August 1984, and it was approved in 1986 by
the United States Patent and Trademark Office, making it the first patent of a RP system.?
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Though Chuck Hull patented this technology in 1986, it took several years for 3D Systems
to launch the first solid-state SLA system.?

1.2.2 Development of Other RP Technologies

While 3D Systems was developing and patenting this technology, other innovators started
to develop new types of AM machines that used different methods and materials. Down
at the University of Texas at Austin, Carl Deckard, an undergraduate student, and Dr. Joe
Beaman, an assistant professor, started work on a new technology known as selective laser
sintering (SLS). SLS works by having the powdered form of a material spread on a build
plate where a laser selectively sinters the powder in certain areas of the plate. Another
layer of powder is then distributed over the previous layer and the process is repeated. In
the end, the powder will be sintered together producing a 3D part. Deckard and Beaman
started work on this technology in 1984 and made the first SLS machine in 1986. They then
commercialized the technology creating the first SLS company, called Nova Automation,
which later turned into DTM Corp. In 1989, they made the first commercial machines
called Mod A and Mod B and continued advancing and making more SLS machines until
the company was acquired by 3D Systems in 2001.4

Around the same time, two graduates of Washington State University, Scott and his
wife Lisa Crump, were developing another AM technology in their garage. Scott wanted
to make a toy for his daughter, so he invented the technology referred to as fused deposi-
tion modeling.® This technology involves heating of a thermoplastic to a semi-liquid state,
which is deposited onto a substrate where it builds the part layer by layer.® Scott and Lisa
went on to start a company, Stratasys, Inc. in 1989, selling this technology as well as patent-
ing it in 1992.78 Stratasys, Inc. has continued to grow and now has many printers that cost
from $2,000 to $600,000 and has over 560 patents pending or granted.>

At the same time, another man named Roy Sanders was developing a new RP method. His
company, formerly known as Sander Prototype, Inc., now named Solidscape®, released their
first 3D printer called the ModelMaker™ 6Pro in 1994.° This machine used an inkjet approach
to build a part.® This method essentially acts the same as SLA but instead of a laser being
sprayed into a liquid medium, hot thermoplastic wax liquid is sprayed onto a plate to build
each layer of a part. This machine could make high-resolution wax models, which were very
popular for businesses that did complex investment casting such as the jewelry industry.!!
The company had commercial success and was bought by Stratasys, Inc. in May of 2011.12

These are just some of the original RP systems that were being developed at this time.
Yet they were not the only people that saw how special these technologies were. Once 3D
Systems patented their 3D printing technology, SLA companies in other countries started
to develop this technology as well. In Japan, two companies called NTT Data CMET and
Sony/D-MEC started to develop SLA systems in 1988 and 1989, respectively.!* Along with
this, companies in Europe such as Electro Optical Systems (EOS) and Quadrax developed
SLA systems in 1990.1* Many companies around the globe were starting to develop their
own 3D printing devices and coming up with new ways to do it. It was apparent the tech-
nology has sparked interest around the world and was starting to be rapidly developed.

1.2.3 Moving from RP to AM

At this point, most of the technologies were made to make polymeric objects and had
not been able to process other materials such as metals or ceramics. Such machines were
RP machines and not suitable for AM, where the finished parts were made to be used.
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It took some more development in RP technology in order to make parts out of metals and
ceramics. As is the trend, many companies were trying to develop a metal AM machine.
One of the first was a company mentioned before, called EOS. EOS was started in 1989 by
Dr. Hans J. Langer and Dr. Hans Steinbichler.* They started work on printing plastic parts
using SLA systems and then SLS. In the early 1990s, they started to research using SLS
to make metal parts and presented their first prototype of a direct metal laser sintering
(DMLS) machine in 1994. Subsequently, they launched the first DMLS system the next year
in 1995.1 This process essentially works the same as SLS but can sinter metal powders. The
metals that can be used in this process are many general engineering materials such as
aluminum, cobalt, nickel, stainless steel, and titanium alloys.** In 1997, EOS sold their SLA
product line to 3D Systems and took over the global patent rights for laser sintering tech-
nology.* Since then they have significantly advanced SLS and DMLS and have made it one
of the most popular AM processes in manufacturing. This has made EOS one of the most
successful and competitive AM companies in the world.

Around this same time, another AM technology that could produce metal parts was
being developed in Albuquerque, New Mexico, called laser engineered net shaping
(LENS®). It was developed by Sandia National Laboratories and was commercialized by
Optomec.® It was developed in 1997 and the first machine was sold in 1998.167 The LENS
system works by having powder deposited under a high power laser where it melts and
solidifies on a substrate. The base and head are both mobile, which deposits the metal on
selected areas of the substrate. The metal is then deposited layer by layer until the desired
part is built.!® Optomec has continued to advance LENS technology and has delivered AM
systems to over 150 customers as of 2012.16

Another type of AM process that is very popular now and was also being developed
around this time was electron beam melting (EBM). A company called Arcam AB was
started in 1997 creating EBM technology.’” EBM works by shooting an electron beam at a
powder bed in selective areas. Once a layer of powder has been melted in selected areas,
another layer of powder is laid on top of the previous and the process is continued until the
part is complete.? Working with Chalmers University of Technology, Arcam AB released
their first EBM machines and sold them to two clients in 2002.1° In 2007, a manufacturer
of orthopedic implants made a Fixa Ti-Por hip implant that was CE certified using EBM
technology.” Since then more implants have been made using EBM. EBM is also being
used in the aerospace industry and as it continues to develop more so do the number of
applications it is found to be useful for.

1.2.4 Impact of AM

Since the emergence of these technologies and companies, the AM industry has been con-
stantly expanding, growing, and advancing with much enthusiasm. With many indus-
tries seeing the lucrative value and abilities of AM, the market has been expanding very
quickly. Many new types of RP and AM methods have been created since these original
pioneers first started developing the technology. Some new technology has been novel
and some just variations of the past types. There has also been a lot of development in the
materials that can be used as well as research into making their properties optimal for
end use. These original technologies all started as RP, LM, or SFF methods, where they
were designed to only be able to make quick prototypes or “show and tell parts” using
polymeric materials. Over the years, RP has moved into being AM where functional pro-
totypes and parts can be made to perform in a variety of environments. The rise of AM
being incorporated into industry has made it so the global market of AM has been on the
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Additive manufacturing global market timeline

v

1988 First 3D printer is made

v

1997 Rapid prototyping market reaches 1 billion

v

2015 AM market predicted to pass 2 billion

v

2017 AM market predicted to reach 3.47 billion

FIGURE 1.1
Growth of additive manufacturing industry.

rise since the first 3D printer was made. Figure 1.1 shows how the AM market has been
increasing over the years. In 2012, the market was approximately $1850 million and is
projected to almost double and reach $3475 million by 20172 AM will continue to become
more integrated into industry and our personal lives as the technology and availability
continue to grow.

1.3 Current Manufacturing Challenges
1.3.1 Centralized and Projection-Based Manufacturing Issues

Presently, the standard distribution of goods and products is generally done by large-scale
production. This system has many advantages such as low cost of standard goods and
high rates of production. Yet, it also has many disadvantages and problems. There can
be waste of goods when companies operate on a projection-based manufacturing system
and the demand changes due to a variety of reasons. It can result in the waste of many
products and sometimes loss of jobs. This would not be an issue if products were made on
demand. If mass production is done in other countries, there arises a dependence on for-
eign markets where the goods are produced. If the foreign market gets cut off by a natural
disaster or war, the production does as well.?2 This happened in 2011 when Japan was hit
by a tsunami. Many automotive manufacturing plants were damaged, which impacted not
only Japanese automotive companies but American companies as well, and significantly
disrupted vehicle production.? There are also issues like the distributors not allowing all
the products to be available on the shelves. The retailers do not always put out the new
product because they would rather devote shelf space to an existing one that has a proven
record of selling.* This could cause a scenario where the newest version of a product could
fit the need/want of the consumer but is not available at that time because the store is not
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buying the product to preserve shelf space. Of course, these are general issues that tend
to arise in large-scale production and could be fixed if the products were made using a
small-scale on-demand manufacturing method.

1.3.2 Generalized Designs: Consumer Settling for Only Satisfactory Products

Another issue this method of production often leads to is goods that generally suit most
people’s needs, but does not cater to the individual consumer’s taste. Parts are designed
by engineers who make them to fix an issue or fulfill a need of a consumer. Yet for many
things, the general item that is made does not fit the needs of the buyer exactly because
it is built for the general population, not just for one individual. Likewise, the designers
that create the part are sometimes not experiencing the issue first hand. They only make
the product to fit within the specifications presented to them from whatever channel it is
brought to them by. This trail of information is not always reliable and effective to make
an optimal product. Also on a mass-scale production line, it can be hard if not impossible
to make custom products based on the tooling and methods that have been established.
This can limit the ability of manufacturers to make custom products.” Therefore, large-
scale production of many goods does not accommodate the individual likes and taste
of consumers. As a result, this way of manufacturing ends in the consumer settling for
something that is just adequate. Though this is ok for many circumstances, if we have the
resources to make things exactly how we want them, then why wouldn’t we?

Let’s take a scenario where someone wants a table to be used as a desk and desires
certain shelves, drawers, and size of the table to fit their office. Possibly they want some
custom designs built into the table to make it personal. A manufacturer has built a series
of tables with a certain configuration of storage space and has made it so the table can fit
through a standard door. Yet maybe none of the available desks are made exactly to what
this particular person wishes. The person could try and contact the manufacturer and see
if they could custom build a desk for him. Since this would disrupt the production line, it
would most likely cost substantially more, if it could even be done at all. Also there usu-
ally tends to be an issue with communication from two different locations, and describing
exactly what the person wants could be difficult. In the end, this person will most likely
buy the desk that fits her or his needs the closest and will settle for something that is not
quite exactly what she or he wanted. Now back to the question from before: What if mak-
ing a perfect desk is possible, could be done easily, and was cost effective?; Do you think
the consumer would spend a little more money and effort to buy that? Of course, they
would, and with the current state and development of AM, as well as the availability and
improvement of CAD, this could soon be a reality.

1.4 AM: Unparalled Manufacturing Paradigm
1.4.1 Current State of AM and How It Generally Works

AM now reached a point where it is ready to be implemented for industrial use. Its advan-
tages over traditional manufacturing methods have caught the interest of most industries.
The advantages stem from the machines’ ability to create complex geometries using a
layer-by-layer build system. Though there are many types of methods and machines, they
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all generally work using the same principal process. First, a CAD model of a part or object
is made. The CAD file is then converted to an STL file. The STL file is the standard file type
for most of all AM machines, which was created by Chuck Hull.?2 The system then cuts the
item apart on the computer into layers in the easiest direction to build. Then by various
methods, it deposits or binds material layer by layer, stacking each one on the next, until
the part is built. This system allows for incredibly complex geometries to be built relatively
easily out of a variety of materials. Parts that could not be made using any other manufac-
turing method now can be made using this technology. Due to its capabilities of making
such shapes, the amount of applications it can be used for is unparallel by any other manu-
facturing method.! Industries such as art, aerospace, and medical have applications where
AM could be used. This makes it a promising new method that likely will be incorporated
into the industrial production of products. It will change the way parts are manufactured,
designed, and distributed, as well as the customer-manufacturer relationship.

1.4.2 Advantages of AM: No Restriction on Design

AM will have a profound effect on the manufacturing process of many goods in many
different industries. Advantages include its ability to make parts that could not be made
before. AM is a start-to-finish process that can make the entire part and does not require
multiple machines or processes. It can build complex geometries effectively that are very
difficult, costly, or impossible using other methods. This gives the designer a lot more free-
dom when making a part. Many times the optimal design is not feasible with the types of
manufacturing processes available presently. With AM, there is essentially no restriction
besides the size of the part has to fit in the machine. Now the designer only has to make
it, so the part or item can be installed or be operational for its application. Another benefit
to this is the only tooling invol, the one AM machine. No other tooling cost is required.
Though some parts must be machined after to have the right surface finish, for the most
part much less tooling is required. This eliminates a huge cost of production. The only
other cost is maintenance of the machine. AM also saves material because it is an additive
technique as opposed to reduction. A reduction manufacturing method is one such as
milling where the product starts as a block with dimensions larger than the final product.
Then, material is removed until the final dimensions are achieved. The waste material is
then either disposed of or recycled, which the manufacturer usually has to pay for. With
AM, material is added until the product is made. Therefore, little to no material is lost, so
there is up to a 75% reduction in material use and can lower the production time and cost
by 50%.2¢ These huge savings are one of the reasons AM has sparked so much interest with
manufacturers.

1.4.3 Advantages of AM: Versatility in Manufacturing

Another key thing that makes AM so lucrative is its versatility in the parts it builds. If it
is found the design that is being produced has a flaw, or there is something that can
be changed that would optimize its use, it can be changed instantly. In many traditional
manufacturing methods, this can be very difficult. For example, in a casting process, once
an expensive die is made, it cannot be changed that day to accommodate an alteration in
the design. This is why AM started as RP. It was a process that could be used to make a
new part fast and cheap to test and see if it would work. AM still has this capability, which
makes it a powerful tool, and now it has moved into being able to produce ready-to-use
parts. Therefore, on-demand building is much easier and cost less. If a designer wants
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to try something new, or a customer wants a custom part, it can be built easily without
disrupting normal production.

1.4.4 Advantages of AM: Altering Materials for Enhanced Performance

AM can now also use many different materials such as various plastics, metals, compos-
ites, and ceramics. The type of material depends on the type of AM process. The most
popular materials are plastics because they have been studied the most and been around
the longest.! It has been found that not only can AM use different materials, researchers
are finding ways that these processes can be used to alter materials and change their prop-
erties. Some of the new freeform fabrication techniques can bond materials like ceramic
and metal to create a composite that has increased wear properties.”” Or AM can be used to
deposit a ceramic coating on a metal substrate to increase the materials thermal and wear
resistance. Another way AM processes are starting to be used is for repair of broken parts
and structures. When a material is broken or has experienced material loss, instead of
replacing the part, a machine just adds material back or bonds the two parts together. This
process is known as laser cladding and can lower the maintenance cost of many industries
that must replace parts or structures frequently.”® This shows that AM processes do not
just provide advantages for making complex geometries, but also optimize material prop-
erties to make the final part even more effective, as well as be able to fix damaged parts.

1.4.5 AM Already Incorporated in Modern Manufacturing

Evidence that AM is on the horizon for being a standard part of manufacturing in compa-
nies has already created facilities that are dedicated to AM of parts. GE Aviation opened
a new facility in December 2013 that can accommodate up to 60 EBM and direct laser
sintering machines.?” The aerospace industry is already moving into using AM machines
to build parts that will go into engines. AM makes it, so aerospace manufacturers can
optimize parts, lower weight, reduce material loss, and increase the buy-to-fly ratio.? Buy-
to-fly refers to the time it takes between purchasing the material (generally expensive
metals) to the time it is flying and making money. Along with GE, many other aerospace
manufacturers are starting to use AM or already are implementing it into their production
line. This just shows that AM is already being put into practice in industries. Even though
it is only in an industry that can afford expensive processes, it is a precursor to manufac-
turing other goods. Issues such as surface finish and material properties still pose some
issues, but overall it now has the ability to make parts ready for use.?

1.4.6 Evolution of CAD to AM and Its Influence on Manufacturing

The immense power of these different machines has made it so the real restraint on making
a part is the design.! One of the key things that makes AM so groundbreaking is it can build
a ready-to-use part from a CAD file. The advancements in CAD have made it, so almost
anything can be designed. Any part that can be theorized can now be made in a digital for-
mat. The CAD file can then be transferred to an STL file and made on an AM machine. This
ability has given engineers and designers the power to design more complex and efficient
prototypes and parts than when it was done on paper. Yet even when CAD was developed,
designers still had to make parts so they could be made using current manufacturing meth-
ods. Now they do not have that restraint and are free to make any geometry to optimize
their part. Any geometry made on the computer can become a real part.
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FIGURE 1.2
Summary of advantages and challenges of additive manufacturing.

Figure 1.2 summarizes advantages and challenges of AM as discussed before. Though
there are many challenges that need to be overcome, use of AM will significantly increase
over the years due to ease of operation, ability to explore creativity, and various other rea-
sons previously mentioned. As it happened with the Internet, it is anticipated that in the
next few years, the young generation will lead the development and applications of AM
technologies worldwide.

1.5 Global Engineering and AM
1.5.1 Moving from Localized to Globalized Engineering

AM has the ability to build parts from a CAD file; this will make companies and people
communicate information with no geopolitical boundaries. Companies will be able to
effectively and efficiently communicate designs and concepts anywhere in the world.
Anyone who has the ability to operate CAD will have the ability to create a part or alter a
design. All designs created will be able to be made into real working parts from a physi-
cal distance of 10,000 km or more without any problem. The Internet has provided us
with the ability to spread knowledge anywhere; AM and CAD give us that ability as well,
except they will not just be able to spread ideas but physical objects as well. Creation of a
part can be done from anywhere on Earth, or beyond Earth, so we now have the ability to
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FIGURE 1.3
AM and CAD will make it so the transfer and communication of ideas and designs is easy and efficient. (Data
from iStock. By Getty Images™ Global Communication—Stock Image. Stock Photo: 20923045. 2014.)

break away from localized engineering and move into global engineering. Figure 1.3 gives
a visual of how designs and ideas can be spread across the globe and made physically in
almost any location. Anything from simply engineered parts to large architectural designs
can be conceptualized and realized from any part of this world. Such openness in design
and manufacturing will transform the next generation of products due to inputs from
local population who will eventually use them.

1.5.2 Engineer from Anywhere in the World Efficiently and Effectively

AM and CAD will make commercial designing of parts much more efficient and be able to
be done from anywhere. The main advantage it gives is it makes communication of ideas
and designs much easier and straightforward. Many companies have multiple branches
in different countries and locations, and it is imperative that there is clear communication
between them. Having key people in the right location to work on a project is not always
an option. As well as there is sometimes the problem of having different facilities work-
ing on different parts of a project in different locations. These issues can lead to a delay in
completing a project because of issues between pairing parts made at different sites or the
difficulty in relaying ideas. In the past, schematics or drawings could be sent from other
designers to try and interpret what has been done. In current times, CAD files can be sent
over the Internet. This has a much greater advantage over trying to interpret 2D images.
Yet, still testing and seeing something on the computer is not the same as seeing the real
thing and knowing how it will act in real life. This can lead to issues with pairing parts.
Boeing experienced this problem with the production of the 787. They had many parts
built in many different areas of the globe, and when they were all brought back to Everett
Washington to be built, some of the parts did not integrate like they were supposed to.!
The AM makes it, so these issues are less of a problem. It allows for design teams in differ-
ent areas to relay information across the globe in the most effective way, by giving them a
literal model of the part. Designs can be sent to one location, altered, and sent to another
location. As well as they can do it all cost-effectively because they do not need to make new
tooling, send people to different sites, or wait very long to have the part built. This capabil-
ity will have huge effects that will change the way design can be done. Groups of people
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Data transfer of CAD
files to be printed on
the moon in situ
using AM machines

FIGURE 1.4
(See color insert.) Data transfer of CAD between Moon and Earth. (Data from iStock. By Getty Images™ Moon
and World—Stock Image. Stock Photo: 3928179. 2014.)

can be anywhere on earth and be a part of a team making designs. AM is already being
implemented for these uses in companies like Lockheed Martin. They originally had five
different business sectors that worked independent of each other. Qualification of differ-
ent parts was a slow and difficult process for them. Now they have implemented 3D print-
ers in different areas of production to try and speed this up, so each location is working
with the same systems and machines in order to speed up qualification.? It is now efficient
and feasible to have a design team anywhere in the world.

1.5.3 Manufacturing in Space: No Longer a Dream

This capability can even go beyond Earth. NASA currently is working on trying to develop
technology so that settlements can be made on the Moon. They are trying to develop AM
machines in order to utilize in situ resources to build structures or parts.® If, or more likely
when, we make settlements outside of Earth on the Moon or Mars, communication between
Earth and astronauts can be very effective and clear using AM machines. If there is a prob-
lem and some complex part or device must be made at a satellite location, engineers on
Earth will be able to send up CAD files to be printed at the location. Figure 1.4 gives a visual
image of this ability AM will provide. Just like a company designing from multiple loca-
tions, AM allows the same thing to be done over any space where a signal can transfer data.

1.6 Future Trends
1.6.1 On-Demand Manufacturing of Custom Products

This idea of global engineering does not stop at companies and engineers; it will incorpo-
rate the everyday consumer as well. CAD is now a standard tool that almost all people are
familiar with. Today kids are learning how to use some sort of 3D modeling software start-
ing from a young age in schools. It is no longer only a drafting tool that is taught in colleges,
but has trickled down to being educated as early as middle school.3* It is almost at the point
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where it is like typing; it is assumed that if you were born after a certain age you know how
to do it. Therefore, essentially anyone can design something that they want, as long as it is
not beyond their CAD abilities. Now with AM, people can build anything they design.
AM will make on-demand manufacturing of custom goods a reality and an easy pro-
cess. As mentioned earlier, the mass manufacturing method of producing goods has its
flaws. In many cases, it would be more economical if the goods could be made closer to the
location of sale and made on demand to the customer’s exact needs. This system of course
would be very costly for most goods and would cause their price to increase dramatically.
AM now makes it more economical to manufacture volumes of one.! Goods like tables
and chairs and other moderately priced home items could now able to be made using the
new AM technologies. Many industries that are characterized by increasing demand for
individual customization, such as furniture, are incorporating AM.?> Figure 1.5 shows a
very unique intricate chair that has been 3D printed. This shows the complexity and detail
that AM can produce. As well as if another customer wanted to change the design or alter
it, they could with ease. AM centers could be in many areas and making it so the items
would not have to be shipped as far. This makes the customization of those goods very
easy as well. In the beginning of this chapter, the example of the person wanting a specific
table was brought up. If that person knew how to use CAD, and modeled the exact table
he wanted, he could just send it to an AM manufacturer and have it built exactly how he

FIGURE 1.5

3D printed cellular loop chair. (Data from Folkway University of the Arts. Bionic Manufacturing Program.
Photo by Nathalie Richter, Design by Anke Bernotat, Partners: Authentics, Plant Biomechanics Group Freiburg,
Folkwang University of the Arts, Fraunhofer IWM, Fraunhofer UMSICHT, Fruth, KIT, RPM. Funded by the
BIONA funding program of the Federal Ministry of Education and Research.)
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wants it. The person could now get the table he needs, as well as add on any custom parts
he wants such as having his name engraved on it. Assuming these AM machines were
built to make these kinds of structures, it should cost no more than what a standard table
would cost when made there. Even if the person did not have CAD experience, in a mod-
ern AM company, a consumer ideally would be able to sit down with a designer and make
the ideal chair or table for him.3*%

1.6.2 Allowing People’s Creativity to Become a Reality

This revolution will enable consumers to easily have almost everything custom made to
their liking with little to no extra charge. With these capabilities, people will have the apti-
tude to be creative and come up with new things that were never thought of before. The
design team has now moved from the small group of engineers to the collective brains of
everybody. Now every person can come up with an idea and have it become a reality with
ease. How many times in people’s lives have they thought of an invention that could help
them in their day-to-day lives or just be something unique they want in their house. Then,
they let the idea pass by because they do not have the time, resources, or skills to make this
idea come to life. Having readily available AM machines nearby and ready to make parts,
all a person has to do is create their idea on a CAD file and it can be made.

1.6.3 Personal AM Machines as a Standard Household Application

There is also a growing industry of personal AM machines or 3D printers. People do not
even have to send their CAD file out to be built. This gives the ability to make custom
items for people’s own home as well as day-to-day items. For instance, if your hose handle
breaks, instead of buying a new one you can just design and 3D print one. Figure 1.6 shows
an image of a hose valve handle that was 3D printed to replace a broken one. As stated
before, the boundaries on what can be made are what the user can imagine. Many compa-
nies such as MakerBot® are making printers that are made for home use and are becoming
more affordable. Figure 1.7 is an image of the MakerBot Replicator Desktop 3D Printer
that is being sold for $2,899 on their website, but they also have printers priced as low as
$1,375.3¢ As these companies and the technology develop more, the price of household 3D
printers should drop and it won't be long before it becomes a standard household item.
This just adds to the global engineering by making it easier for people to spread ideas and
design new things. Now if somebody wants a custom part such as a unique lamp shade,
all they have to do is design it and can print it at home.

1.6.4 AM Advancing Medical Technology and Helping Lives

This globalized engineering does not only help with commercial good, it can be life chang-
ing in the medical industry. When it comes to an implant or tissue replacement, nobody
wants to settle for something that most closely fits their needs. The patient wants the
product to be perfect and is willing to spend any amount of money to make that happen.
Currently, in the medical field they have different sizes of implants to fit different patients.
Though there is a lot of versatility in different types of implants, it is sometimes necessary
to have total custom implants.¥” A custom implant could also better ensure the implant
will be successful. Making of a custom implant can be difficult using traditional manu-
facturing methods and also tends to involve a long demanding adaption phase before
an optimum result is achieved.® Along with that it also tends to involve high cost to the
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FIGURE 1.6

3D printed hose nozzle handle. MakerBot Replicator Desktop 3D Printer was used to build this. (Data from
G. Andersen. Valve Handle by Geir. MakerBot. Thingiverse. Published on June 19, 2011. http://www.thingiverse.
com/thing:9450; Courtesy of MakerBot, Brooklyn, NY.)

FIGURE 1.7
(See color insert.) MakerBot Replicator Desktop 3D Printer. (Data from MakerBot® Replicator Desktop 3D
Printer. Makerbot.com. 2009-2014. http://store.makerbot.com/replicator; Courtesy of MakerBot, Brooklyn, NY.)
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FIGURE 1.8

Spinal implants made of EOS Titanium Ti6Al4V. (Data from EOS. Additive Manufacturing in the Medical Field.
EOS. E-Manufacturing Solutions. 2013. http://ip-saas-eos-cms.s3.amazonaws.com/public/b674141e654eb94c/
¢5240ec3f487106801eb6963b578f75e/medicalbrochure.pdf; Courtesy of EOS, Krailling, Germany.)

patient.3® Whether the implant is going to replace a bone or act as a scaffold to be placed in
a damaged bone or tissue, it will more than likely be a hard or impossible part to machine
using traditional methods. AM now has the ability to make implants that fit optimally into
a patient as well as create new implants that could not be made before. Figure 1.8 shows an
image of some spinal implants made by EOS using AM. The parts are very complex and
would not be able to be made using conventional forms of manufacturing. These implants
could be made quickly with lower lead and healing time, as well as make it possible to fix
problems that we could not before. These implants are more cost effective for the hospital,
which can lower the price of the procedure as well as increase patient care.® Things such
as tissue engineered cranial implants and porous bone scaffolds can now be made using
AM.# Just like the example of furniture, these implants can be made on demand when the
patient comes in. From an X-ray, a CAD model can be made of the injury.** That model can
then be sent to the AM machine, whether it be down the hall or in another country, and
an implant can be printed exactly how the physician thinks is best. This will help to treat
patients where there was no treatment before, as well as decrease the time it takes for an
injury to heal. This is just another area where AM will make a difference.

1.7 Summary

Overall, AM will have a profound effect on the manufacturing of many goods as well
as create a world of global engineering where ideas and designs can be spread in the
most effective way. The current state of large-scale manufacturing leaves consumers set-
tling for products that are not quite exactly what they want. Also it does not provide the
consumer with customization of products. AM is a method that has the ability to make
complex geometries, alter material properties, and allow for versatility in the production
of parts.
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The applications it can be used for are unparalleled by any other manufacturing method.
Incorporating AM into companies will result in our ability to manufacture what was once
not possible. One of the most powerful things it will do is make the communication of
designs and parts uncomplicated and effective. Therefore, companies, consumers, and
anybody with access to CAD can design, critique, or customize a part. As well they can
print it on location and test it out physically. AM will make it so companies and design
teams in multiple locations can work together in the most effective way possible. In all,
AM makes the engineering of a part have no borders or barriers, and changes the world
from localized to globalized engineering.
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ABSTRACT In this chapter, we describe additive manufacturing (AM) processes
for polymers and for composites where polymers are used. These include cases where
polymers are the only material used, where they are added as binders in the case of
ceramics, and in polymer composites where they are used either as a thermoplastic resin
or as a thermoset resin with fiber reinforcement. Examples of AM processes for both
chopped fiber and continuous fiber-reinforced composites are described. Some special
cases such as nanocomposites and their applications are described. The chapter concludes
with current challenges and future trends in the AM field with emphasis on polymers and
composites.

2.1 Introduction

Additive manufacturing, or AM processes, initially known as solid freeform fabrication and
rapid prototyping and currently described as direct digital manufacturing, or rapid manufactur-
ing, art to part, additive layer manufacturing, or layer manufacturing, were originally developed
in the late 1980s to early 1990s (Gibson, Rosen, and Stucker 2010). This chapter will discuss
some of the historical perspectives on the development of AM technologies as related to
polymer-based materials and how that progress has controlled the development of AM
process for polymers and composites. Though the industry called these in generic terms as
rapid prototyping, an ASTM committee defined them more broadly as additive manufacturing,
under ASTM F2792, which is more descriptive of the current state of the art (ASTM-F2792).
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ASTM F2792 has categorized the various AM processes under seven categories (ASTM
2014; Paesano 2014). Among these, the categories that specifically relate to polymers and
composites are

* Binder jetting, where a liquid-binding agent is selectively deposited to bind
powder materials.

e Material extrusion, where a material is selectively dispensed through a nozzle or
orifice.

* Material jetting, where droplets of build material are selectively deposited.
e Powder bed fusion, where particles of a polymer could be bonded together thermally.

e Vat photopolymerization, where a liquid photopolymer is selectively cured by
light-activated polymerization.

Table 2.1 describes the various materials and equipment manufacturers who use AM pro-
cesses for polymers and composites. The earliest materials and equipment almost entirely
catered to polymers and for form and fit type of applications. However, as the capabilities
of the equipment as well as software have improved, various manufacturers are fabricat-
ing functional prototypes that can be directly used in actual applications (direct digital
manufacturing; General-Electric).

Among all the AM materials, polymers are perhaps the most advanced materials for AM
techniques. A good description of the early beginnings of the technology and the current
state of the art in materials is given by Gibson, Rosen, and Stucker (2010), Guo and Leu
(2013), and more recently, Paesano (2014). This chapter will however focus on specialized
polymers, especially those reinforced with self-reinforcing fibers and chopped fibers as
well as continuous fibers. The chapter will also discuss specialized polymers and blends
that are required to be added to ceramics to make them suitable to be fabricated into 3D
parts. Some additional discussion on polymers and composites that are used for biomedi-
cal applications different from traditional materials like polylactic acid-poly(lactic-co-glycolic
acid) (PLA-PLGA) or hydroxyapatite is also presented here.

Some of the earliest work for AM of polymer composites started in the mid-1990s but is
still continuing with new materials and processes, especially for higher strength thermo-
plastic polymers and composites. A majority of the AM processes developed for polymers

TABLE 2.1

Materials and Manufacturers of AM Technologies Using ASTM F2792 Classification for Polymers
and Composites

ASTM F2792 Materials Used for the AM Technology

Classification of Polymers and Composites Equipment Manufacturer

Binder jetting Polymers, powders, elastomers 3D Systems, ExOne, Z-Corp

(Z-Corporation 2014)

Extrusion Polymers, short fiber-reinforced polymers, Stratasys, MakerBot, Fab at Home,
ceramics, continuous fiber-reinforced MarkForged (MarkForged 2014) ABB,
polymers modified extrusion-based equipments

Material jetting Polymers, waxes 3D Systems, Solidscape, Objet

Powder bed fusion Polymers EOS, 3D Systems

Vat photopolymerization Photopolymers 3D Systems, Envisiontec

Source: Paesano, A., SAMPE Journal 50 (5):34-43, 2014.
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FIGURE 2.1
Schematic of the fused deposition modeling process.

and composites are extrusion-based processes, adapted to the original Stratasys equip-
ment developed by Scott Crump (1992, 1994), shown in the schematic in Figure 2.1.

Even though the original patent by Crump and Stratasys referred to the use of various
materials in the fused deposition modeling (FDM) process, such as waxes, thermoplastic
resins, and metals, the process is limited to prototypes made using ABS (acrylonitrile
butadiene styrene), polycarbonate, and Ultem (based on thermoplastic polyetherimide
resins) and a maximum operating temperature of approximately 260°C. This limitation
is due to two reasons: (1) temperature limit of the extruder in the FDM equipment limits
the polymers that can be used for prototyping and (2) the support material for fabricat-
ing the support structures is also temperature limited. Even with the Ultem material,
the standard soluble support material cannot be used and only a special thermoplastic
support material has to be used. This support material is not water soluble and has to
be removed after the fabrication process and could be quite challenging to remove in the
case of thin wall sections. This further requires the wall thickness of the parts built to be
above a certain value so that the support structure can be removed without damaging the
prototype part.

Stereolithography or SLA was the very first AM technology developed by Jacobs and
3D Systems, where a liquid photosensitive resin is converted into a solid by exposing
it selectively to an ultraviolet light or an ultraviolet laser (Jacobs 1992, 1995). Figure 2.2
shows a schematic of the SLA process. Variations exist in this process, where suspensions
of ceramic or metal particles in a photocurable monomer are used in the SLA process to
produce metal or ceramic parts. A typical process for ceramic part manufacturing has
been described by Griffith and Halloran (1996).

The selective laser sintering (SLS) technique originally developed at the University of
Texas, Austin, by Dr. Joe Beaman and his graduate student at the time Dr. Carl Deckard
can make parts out of metal and plastic powders using a high power laser (UT-Austin
2012). Parts can be created from a range of powder materials, including metals, nylon-11
and nylon-12 polyamides, or nylons with fillers such as glass beads or carbon fibers (to
enhance physical properties). SLS material properties can be comparable to those found
with traditional manufacturing methods. A schematic of the SLS process is shown in
Figure 2.3.

Yet another technology using polymers in the process is the three-dimensional printing
(3DP™) technology. The 3DP was originally developed at the Massachusetts Institute of
Technology in 1993 and is used in the Z Corporation’s prototyping process, one among
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FIGURE 2.2
Schematic of the stereolithography AM process. (Courtesy of www.solidconcepts.com.)
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FIGURE 2.4
(a—c) Process schematic for the 3DP process used in a typical binder jetting process. (Courtesy of www.3dsystems.
com.)

three such AM technologies to be developed from the original Michael Cima patent
(Cima et al. 1993). Similar to the process used in other AM technologies, this technology also
creates 3D physical prototypes directly from CAD models. A liquid binder is used to bind
layers of deposited powders to produce the final prototype.

A schematic of the Z-Corp 3DP process is shown in Figure 2.4. In the 3DP process, the
printers use standard ink-jet printing technology. In this case, the parts are created layer
by layer by depositing the liquid binder onto thin layers of powder. There is a feed piston
and platform that rises incrementally for each layer, while a roller mechanism spreads the
powder fed from the feed piston onto the build platform.

A major advantage of this process is that it can utilize standard ink-jet print heads to
dispense the binder fluid onto the powder bed. It is a relatively fast process compared to
other AM methods because of the multiple ink-jet heads used. The ink-jet print heads print
in discrete locations on the powder bed, binding the powder particles together. After each
layer is printed, the piston lowers by a set height and a new layer of powder is spread on
top of the previous layer. After printing, the new layer is bonded to the previous layer, thus
creating the final part.

2.2 AM of High-Strength Thermoplastics and
Fiber-Reinforced Thermoplastics

Even though AM processes have been well established for polymers and polymer blends,
similar progress in the case of high-strength engineering polymers and fiber-reinforced
thermoplastic parts (both short fiber and long fiber reinforced) has been difficult to achieve,
primarily due to the following issues:

¢ The capability to extrude a material is based on its column strength at the extrusion
temperature, that is, the amount of material capable of being extruded is depen-
dent on the force exerted at the nozzle tip and is drastically reduced at higher
extrusion temperatures. The fused deposition modeler or similar equipment uses
a filament type of feeding material, limited to an extrusion temperature of 260°C
and a column force of 0.35-0.4 MPa, limiting the choice of engineering polymers
that can be extruded (Stuffle et al. 2000).
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® The addition of fibers and their preferential alignment during deposition intro-
duces anisotropy in properties in the part (Calvert, Lin, and Martin 1997).

¢ The choice of fibers and matching polymers is limited.

e The properties of the fibers are anisotropic (thermal expansion coefficient,
mechanical properties, etc.), whereas the polymers are isotropic. Since the blend
of the fibers and the polymer will need to be heated prior to deposition, they will
tend to expand and contract at different rates, potentially leading to cracks during
the cooling step.

e This problem is exacerbated in the case of a ceramic composite, which needs to go
through a binder debinding and sintering step prior to consolidation. The crack-
ing is typically observed during the cooling step after sintering due to the large
difference in thermal expansion coefficient between the carbon or ceramic fibers
and the matrix material. Ceramic and carbon fibers typically have a negative
expansion coefficient in the thickness direction, while the matrix components can
have high, positive expansion coefficients.

® Support structure materials do not always match with the polymer binder or the
polymer that is holding the fibers together, leading to difficulties in manufactur-
ing parts with undercuts and overhangs.

To overcome the problems with the choice of thermoplastic polymers for AM technologies,
Stuffle et al. developed a high-pressure extrusion head that was attached to an X-Y table
and controlled by CAD software for AM. A schematic of the extrusion head is shown in
Figure 2.5 (Stuffle et al. 2000). Figures 2.6 and 2.7 show a fused deposition modeler retro-
fitted with the high-pressure extrusion head, while Figure 2.8 is a close-up image of an
operating high-pressure extrusion head (Vaidyanathan et al. 2000). Table 2.2 shows a list
of the different engineering polymers that have been used for AM with this high-pressure
extrusion head (Stuffle et al. 2000). Some of the materials were true thermoplastics, while
others were melt processed thermoset materials.
The apparatus and process of high-pressure extrusion involve the following:

® Feed rod consolidation—first step

e Extrusion freeforming—second step

Consolidation is the pressing of feed rods that are subsequently used in the extrusion step.
The materials from Table 2.2 are typically supplied in pellet form. These pellets are then
pressed in a single acting, heated cylindrical die and piston assembly at temperatures near
the material’s melting point under high pressure to produce a cylindrical feed rod without
voids or flaws. The feed rod pressing conditions for each material are shown in Table 2.3
(Stuffle et al. 2000). The optimized temperatures and pressures for fabricating feed rods
and the optimized deposition parameters are also included in Table 2.3. The rod pressing
cycle is based on 10 min hold at temperature and pressure. The deposition parameters are
defined with approximately 0.58 mm (0.023") diameter extrusion nozzle.

The high-pressure extrusion process works well with materials listed in Table 2.2 as
well as acrylic, ABS, silicon nitride, alumina, and zirconia. It is also possible for the high-
pressure extrusion head to be stationary while the base is moving or vice versa. Among
all the materials from Table 2.2, PEEK 450G, PEEK 450CA30, Lexan (with and without the
fiber reinforcement), and Elvacite were good modeling materials and provided consistent
results (Stuffle et al. 2000).
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FIGURE 2.5
Schematic of a high-pressure extrusion head for AM of high-strength engineering polymers, ceramics, and

metals. (Data from Stuffle, K.L. et al,, Method and apparatus for in-situ formation of three-dimensional solid
objects by extrusion of polymeric materials, US Patent No. 6,067,480, May 23, 2000.)

FIGURE 2.6
Retrofitted Stratasys FDM modeler. (Data from Vaidyanathan, R. et al., JOM, 52, 34-37, 2000.)
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FIGURE 2.7

Operation of FDM modeler with high-pressure extrusion head. (Data from Vaidyanathan, R. et al., JOM, 52,
34-37,2000.)

FIGURE 2.8

Close-up view of high-pressure extrusion head in operation inside the FDM modeler. (Data from Vaidyanathan,
R. etal., JOM, 52, 34-37, 2000.)

Stuffle et al. (2000) also tested the AM materials [polycarbonate, poly(methyl methac-
rylate) and PEEK, and polycarbonate as well as PEEK with fiber reinforcement] for their
tensile, compressive, and fracture toughness properties. Sample densities were also
measured using Archimedes’ principle. The test specimen geometry was of the typical
dog bone shape. Two types of specimen orientations were tested. Type V samples were


http://www.crcnetbase.com/action/showImage?doi=10.1201/b18893-3&iName=master.img-005.jpg&w=248&h=177
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TABLE 2.2
High-Strength Polymers (Reinforced and Unreinforced) Screened for AM

Polymers Screened

Trade Name Current Manufacturer Polymer Reinforcement
PEEK 150 Victrex USA Inc. Polyaryletherketone None

PEEK 450G Victrex USA Inc. Polyaryletherketone None

PEEK 450CA30 Victrex USA Inc. Polyaryletherketone 30% carbon fiber
Pellethane 2363 Dow Chemical Polyurethane None

Torlon Sabic Innovative Plastics Amide-imide None

Lexan 141 Sabic Innovative Plastics Polycarbonate None

Lexan 3413 Sabic Innovative Plastics Polycarbonate 20% glass fiber
Elvacite 2009 Lucite International Inc. Poly(methyl methacrylate) None

Source: Stuffle, K.L. et al., Method and apparatus for in-situ formation of three-dimensional solid
objects by extrusion of polymeric materials, US Patent No. 6,067,480, May 23, 2000.

TABLE 2.3

Optimized Rod Pressing and Deposition Parameters for Extrusion-Based AM for Some Typical
Engineering Thermoplastics

Optimized Rod Pressing and Deposition Parameters

\%
Trade Name Polymer TR (°C) Pr(MPa) T;(°C) T, (°C) (mmEs-l)
PEEK 450G Polyaryletherketone 345 41 400 320 0.4
PEEK 450CA30  Polyaryletherketone 345 41 390 320 0.4
Pellethane 2363 ~ Polyurethane 190 4.1 210 140 0.4
Lexan 141 Polycarbonate 185 4.1 240 168 0.4
Lexan 3413 Polycarbonate 185 4.1 260 185 0.4
Elvacite 2009 Poly(methyl methacrylate) 120 41 185 146 0.4

Source: Stuffle, K.L. et al., Method and apparatus for in-situ formation of three-dimensional solid objects by
extrusion of polymeric materials, US Patent No. 6,067,480, May 23, 2000.

Ty, rod pressing temperature; P, rod pressing pressure; Ty, extrusion temperature; Tp deposition tip

temperature; Vy, tip velocity.

tested along the writing direction, while type H samples were tested across the writing
direction. V and H refer to vertical and horizontal, which denotes the direction of mate-
rial deposition with respect to the mechanical testing equipment. The equipment used
was an Instron model 1011 with a 4448 Newton load cell with vertical specimen loading
and wedge-action type grips. The crosshead speed for all specimens was 5 mm min~'.
Tensile moduli, strength, 0.2% yield strength, and elongation and strain to fracture were
calculated and reported.

Stuffle et al. reported that the measured tensile and compressive strength as well as
fracture toughness values were lower than the manufacturer’s reported properties. They
observed that the densities of the fabricated specimens were only approximately 85% of
the values reported in the literature. However, the tensile strength for PEEK with 30%
carbon fiber (reported as early as in 1997) (Stuffle et al. 2000) showed approximately 200%
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higher tensile strength (71.6 MPa versus 250 MPa) than the strength of the best thermo-
plastic (Ultem 9085; Stratasys 2014) with approximately 300% improved tensile modulus
(2200 MPa vs. 8240 MPa). At the time these properties were reported, the high-pressure
extrusion technique was still not a mature technology. With current improvements in mate-
rials and AM methods, it can be expected that the properties demonstrated by engineering
thermoplastics could possibly show an improvement over the materials supplied by AM
equipment manufacturers.

2.3 AM of High-Strength Thermosets and Thermoplastics
and Chopped Fiber-Reinforced Composites

For AM of thermoset type of resin systems, there are two possibilities (Calvert 1998). The
total shrinkage during curing could be either a combination of minimal shrinkage dur-
ing deposition followed by large uniform post-cure shrinkage or a shrinkage only dur-
ing deposition that is as complete as possible before the next layer is deposited (Calvert
1998). Another method to achieve curing of the individual layers would be to internally
mineralize the structures by alternating layers of gel containing dissolved salts that will
cross-diffuse and precipitate. In an early demonstration of the AM process, Calvert and
Liu showed that cross-linked polyacrylamide and polyacrylic acid gels could be free-
formed by writing solutions of the monomer, cross-linking agent, and the catalyst onto
a hot plate, with the heat inducing the polymerization reaction (Calvert and Zengshe
1998). In the case of polyacrylamide, their recipe was based on 18% aqueous solution of
acrylamide, methylene bisacrylamide as a cross-linker at 2%-5% of the monomer, 0.03%
potassium persulfate, and 1% tetramethylenediamine as catalyst and activator. 12 wt.%
fumed silica was also added to make the mixture thixotropic and control its flow proper-
ties. The mixture was freeformed onto a hot plate that was kept at 60°C, with the curing
occurring within 3 minutes after deposition (Calvert and Zengshe 1998). Similar shapes
were also formed with polyacrylic acid. The major finding in their work was that multi-
layer stacks of cross-linked hydrogels would swell differently from anticipated behavior
if the materials were to be taken separately. This was explained in terms of high per-chain
stiffness for one of the components and a negative Poisson’s ratio for the other component
in a dilute base.

Calvert et al. also showed how freeforming could be used in chopped fiber-reinforced
thermoplastic and thermoset composites to obtain improved properties compared to unre-
inforced composite materials (Calvert, Lin, and Martin 1997). Even though chopped fiber
composites are not as stiff as continuous fiber-reinforced composites, they are amenable to
scaling up through processes such as injection molding.

Depending upon the particular processing conditions employed, it is well known that
the minor phase of a polymer blend has the tendency to become deformed when subjected
to shear conditions, especially when applying AM techniques to fiber-reinforced polymers.
The amount of deformation experienced by these droplets is a strong function of the shear
stress rate imparted to the blend, the viscosity of the individual polymers constituting the
blend, and the diameter of the minor phase material. Elmendorp (1986) has proposed a
relationship detailing the elongation of a minor phase droplet in a polymer blend when
subjected to shear stress.
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These factors are strongly dependent upon blend extrusion conditions. The polymer
component viscosity and interfacial tensions are influenced by extrusion temperature,
while shear stress imparted to the blend increases with extrusion pressure and decreased
extruder orifice diameter. Initial (quiescent) droplet diameter of the minor blend compo-
nent is dependent upon relative concentration of minor phase in the blend. The morphol-
ogy of these droplets is therefore strongly influenced by the amount of shear imparted
to the polymer (Chin and Han 1980; Fayt, Jerome, and Teyssie 1987; Han 1981; Kobayashi,
Kaku, and Saegusa et al. 1988; Moore and Kim 1992; Wu 1987). When a blend is initially
stressed, the spherical droplets become elongated into an ellipsoidal geometry (Elmendorp
1986). Increased stress causes the ellipsoids to become oriented with their major axes par-
allel to the polymer extrusion direction. Ultimately, these ellipsoids become elongated into
long continuous fibrils, which are oriented parallel to the flow direction. Vanoene (1972)
discussed the transition between spherical minor phase to ellipsoids and its subsequent
fibrillation while extruding a polymer blend through a nozzle. A schematic of the fibril-
lation that is usually observed in a nozzle is shown in Figure 2.9. Thus, in this case, it is
believed that the rheology of the polymer blend will have the property so that its minor
phase will undergo fibrillation when subjected to high shear extrusion through the AM
equipment (Vaidyanathan et al. 2000).

The effect of fiber content and fiber orientation in the freeformed mixture controls the
mechanical properties of the AM fabricated composites, as seen in the case of thermoset
epoxy composites that were freeformed using the extrusion freeform fabrication technique
(Calvert, pers. comm.). This is shown in Figure 2.10 for Epon 828 and Araldite MY720 tet-
rafunctional epoxy resins. The effect of aspect ratio of the fiber size is shown in Figure 2.11,

FIGURE 2.9
Schematic describing the fibrillation of a polymer blend through an extrusion orifice. (Adapted from Tsebrenko,
M.V. et al., Polymer, 17, 831-834, 1976.)
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FIGURE 2.10
Correlation of fiber content on the modulus of 220 um carbon fibers added to Epon 828 and MY720 resins.
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Predicted modulus versus aspect ratio and fiber volume fraction for Epon 828/glass fiber composites.
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TABLE 2.4

Mechanical Properties of Thermoplastic Composite Tensile Bars

Modulus Tensile Strength

Material Orientation (GPa) (MPa) Elongation (%)
PEEK Parallel 1.7 59 3.3
Perpendicular 1.8 88 5.3
PEEK + 30 wt.% carbon fiber Parallel 9.4 257 3.0
Polycarbonate Parallel 1.1 64 8.7
Perpendicular 3.6 124 3.6
Polycarbonate + 30 wt.% glass Parallel 3.0 106 3.8
fiber Perpendicular 1.0 46 5.6
PMMA Parallel 1.3 23 1.4
Perpendicular 1.5 61 5.8

Source: Peng, J. et al., Compos. A: Appl. Sci. Manufact., 30, 133-138, 1999.
Note: Instron model 1011; strain rate: 5 mm s~'; load cell: 4448 N; vertical specimen loading; wedge-action

type grip.
PEEK, poly(ether ether ketone); PMMA, poly(methyl methacrylate).

based on Halpin-Tsai equations, although the AM process will become complex and
difficult beyond a certain fiber aspect ratio and fiber content.

The effects of extrusion are prominent specifically through the addition of second-phase
particles that have different properties compared to the polymer (Newtonian vs. visco-
elastic). This has been observed both in the case of fiber-reinforced thermoplastic as well
as thermoset composites. Calvert et al. (1997) demonstrated the alignment effects due to
extrusion of short fiber composites both for thermoplastics and for thermoset compos-
ites (Peng, Lin, and Calvert 1999). Table 2.4 is a listing of typical mechanical properties
reported by Peng et al. showing the difference in properties when the material is deposited
in directions perpendicular and parallel to the length of the bar in a thermoplastic compos-
ite material composition. There is a clear anisotropy in the properties in the two directions,
which has to be taken into account while designing components to be fabricated using AM
techniques. Figure 2.12 shows the fracture surface of a composite, showing alignment of
the fibers as a result of extrusion in a thermoset composite material during the AM process
(Calvert, Lin, and Martin 1997).

The effect of fiber orientation on the elastic modulus in epoxy/carbon fiber composites
is shown in Figure 2.13. These samples were fabricated by writing the composites at vary-
ing angles to the axis of the test bars. It was seen that the modulus of the composite when
the fiber axis is parallel to the deposition direction is double that of the composite where
the material is deposited perpendicular to the testing direction.

Similar property differences have also been observed by a number of other research
groups in the case of chopped fiber-reinforced thermoplastic composite materials
(Goodridge et al. 2011; Hao et al. 2006; Kumar and Kruth 2010; Nikzad, Masood, and
Sbarski 2011; Zhang et al. 2014). Hao et al. suggest that the presence of fibers do not pro-
vide a smooth powder bed and lead to issues in obtaining high density and strength. In
their case, the best properties were obtained by coating one type of powder with another
type so that the composite powder could be fabricated by a standard AM technique such
as SLS (Hao et al. 2006). Zhong et al. (2001) added chopped glass fibers to ABS to create
filaments that were used as a feedstock in FDM. They observed that the compatibility of
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FIGURE 2.12

Fracture surface of a thermoset composite, showing alignment of fibers during extrusion in the AM process.
(Data from Calvert, P. et al., High Perform. Polym., 9, 449-456, 1997.)
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FIGURE 2.13

Measured modulus from three-point bend tests for 18 vol.% glass fibers, aspect ratio 7, formed into bars with the
write axis inclined to the long axis of the bar.

glass fibers to the thermoplastic ABS matrix is enhanced through the addition of a com-
patibilizer like hydrogenated Buna-N that has butadiene and acrylonitrile groups, struc-
turally similar to ABS (Zhong et al. 2001). It was observed that the mechanical properties,

toughness, and the appearance of the filament were improved compared to blends with
no glass fibers or compatibilizers.
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2.4 AM Processes Applicable to Nanocomposites

AM processes are especially suitable for nanocomposites that need very high forces to
be extruded into complex shapes, especially since these forces may limit the amount
of nanofiller that can be added to the composite beyond a certain level. Additionally,
it is well known that the amount of nanofiller that can be added may be limited due
to agglomeration and low surface energy of the particles (Njuguna, Pielichowski, and
Desai 2008).

Shofner et al. investigated the effect of an AM process (extrusion freeform fabrication) in
ABS filled with single-walled nanotubes (SWNTs) and vapor grown carbon fibers (VGCFs).
The addition of 5 wt.% SWNT improved tensile modulus by 93% and tensile strength by 31%,
respectively. Similarly, 5 wt.% VGCF improved tensile modulus by 44% and tensile strength
by approximately 27%, respectively. This is shown in Figures 2.14 (tensile strength) and 2.15
(tensile modulus), respectively (Shofner et al. 2003).

The effect of extrusion in the fiber alignment in a VGCF/ABS composite is shown in
Figure 2.16. It can be seen that the AM process would still achieve preferred fiber orienta-
tion even when the fibers are nanosized. Compared to an ABS blend with nanofillers that
shows uniform dispersion (Figure 2.17), there is clear evidence of fiber alignment after
the AM process. The nozzle size that is used for the AM process however would need to
be approximately 50-100 times that of the diameter of the fillers, as suggested by Calvert
(pers. comm.). Having a nozzle size that is smaller could potentially lead to clogging and
rapid increase in the pressure required to extrude the polymer blend. This is one of the
reasons why the standard FDM process is not capable of extruding polymer blends with
high solids loading (>50% by volume) and high fiber loading (>30% by weight).
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FIGURE 2.14

Tensile strength of filled ABS materials before and after AM processing. Percent changes are given for statistically
significant differences.
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FIGURE 2.15

Tensile modulus of filled ABS materials before and after AM processing. Percent changes are given for statistically
significant differences.

FIGURE 2.16
Scanning electron microscopy (SEM) image of a 5 wt.% VGCF/ABS composite subjected to selective dissolution
after AM processing. (Data from Shofner, M.L. et al., Compos. A: Appl. Sci. Manufact., 34, 1207-1217, 2003.)
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FIGURE 2.17
SEM image of a 5 wt.% SWNT/ABS composite after blending in a high shear mixer, showing good dispersion
and distribution. (Data from Shofner, M.L. et al., Compos. A: Appl. Sci. Manufact., 34, 1207-1217, 2003.)

Farmer et al. (2010, 2012) have recently proposed a method for combining the synthesis
of aligned carbon nanotube (CNT) forests on a substrate, curing a thermoset polymer using
a UV curable resin, and building it up layer by layer. Figure 2.18 is a schematic of the pro-
posed AM process. A thin layer of UV curable thermosetting polymer is first spread on
the part bed. An array of CNTs are grown in another part of the chamber and transferred
onto the part bed. The CNTs are held in place either by interfacial forces or by partially
curing the CNT/resin combination. A laser beam is then used to raster the resin surface
and cure the resin. The part bed is then dropped such that another thin layer of resin can
be introduced on the surface. A second layer of CNTs is introduced on the surface and the
process is continued. However, even though the growth of CNT forests is a well-developed

Laser-—— % H e Electrode
i = Power supply
= CNT forest
Part bed . J ~ Electrode
Uncured - Sealable CNT
th t pol : ealable
crmosEpoymer . <— growth chamber
o *  Ho * 3 * @ * 1
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e =——_— -~

L

FIGURE 2.18

Schematic of the required apparatus for combined CNT growth and additive manufacturing of nanocomposites.
(Data from Farmer, B.L. etal,, Strategies to combine nanocomposite and additive layer manufacturing techniques
to build materials and structures simultaneously, Paper read at ECCM15—15th European Conference on Composite
Materials, June 24-28, Venice, Italy, 2012.)
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FIGURE 2.19

Process schematic for AM fabrication of polymer composites reinforced with carbon nanotube bundles.

process, the combination of CNT and the AM process is still in development. The technol-
ogy may become successful after it takes into account the difficulties related to the removal
of the resin from areas where it is not needed in the individual layers as well as how
support structures could be introduced into the build process.

Farmer et al. also investigated the use of partial wetting of the CNT forest to evaluate
interleaving of CNT layers by using a patterned array to ensure through thickness continu-
ity. This was necessary to hold the CNT bundles in place and have the resin wet and cure
or bond to the bundles in place. This was done by dipping the CNT bundles in the resin
matrix. In the case of thermoset resins, the partial wetting was possible till the curing tem-
perature at which the resin viscosity dropped considerably, leading to wetted areas break-
ing up into pillars. Partial wetting was possible in the case of thermoplastic resins, but it
was a challenge to confirm that partial wetting was obtained (Farmer et al. 2012).

Farmer et al. (2012) also proposed a modification to the procedure described in
Figure 2.18 to increase the volume loading of the reinforcements. A schematic strategy for
this approach is shown in Figure 2.19. Additional modifications are possible where fiber
orientation control would be possible both interlayer and intralayer.

2.5 AM Processes for Continuous Fiber-Reinforced Composites

The AM processes that have been developed so far for continuous fiber-reinforced com-
posites are variations of the automated tow placement (ATP) process originally devel-
oped for laying down different composite prepreg layups. One of the earliest processes
developed and demonstrated by Don Klosterman and others at University of Dayton
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Research Institute (UDRI) was based on an improvement of the laminated object manu-
facturing (LOM) technique for designing and manufacturing ceramic matrix composites
(Klosterman et al. 1998, 1999; Meilunas 2001; Meilunas, Dillon, and Nardiello 2002). This
was funded from among the second set of solid freeform fabrication projects funded by
DARPA and the Air Force and carried out by a team from Northrop Grumman, Helisys,
and UDRI (Meilunas 2001). This team was put together by a set of individuals who had
worked on previous DARPA funded projects related to low cost ceramic composites (LC3)
and solid freeform fabrication of ceramics from the early to mid-1990s. The AM process
that was developed was a follow-up project from the LC3 program (Gonczy and Sikonia
2005) funded by DARPA from 1991 to 1997.

The basic issue with AM of continuous fiber-reinforced composites is that none of the
AM processes are really capable of accommodating continuous fiber preforms or prepregs
or woven mats, including the use of a laser to accurately machine the ends of the fibers
after each layer is laid down over the previous layer. It is difficult or impossible for AM
processes to take into account the geometrical issues such as fiber orientation and fiber con-
tinuity. For the first time, this group demonstrated that it was possible to modify the LOM
process to include fiber-reinforced structures, especially thin, curved shell components.
It should be noted that this process was developed when the AM process development
was still in its infancy and the software and hardware capabilities were still being resolved.
The process needed to take the following issues into account (Meilunas 2001):

® The curved LOM process (previously developed at UDRI under DARPA funding)
(Klosterman et al. 1999) had several limitations to generate complex curved structures.

¢ The curved LOM system as set up originally had several hardware and software inad-
equacies that impeded further hardware/software upgrades. Additionally, the build
envelope of the curved LOM machine after modifications was smaller compared
to required part sizes. The curvatures that could be introduced into the component
could not be built without introducing wrinkles during the layup process.

e This limited the commercial viability of the LOM process to be adapted for
continuous fiber-reinforced composites and components.

In order to account for the possible complex geometries and sizes that could be encountered
in a component, it was found necessary to modify the build sequence in the curved LOM
so as to avoid the potential to introduce wrinkles in the part during the layup process. The
original curved LOM equipment had a scanning galvanometer-based mirror system that
had to be changed to a galvo scanner, which provided better laser positioning accuracy
and more uniform corner cutting and better edge definition in finished parts (Meilunas
2001). Due to several of these problems, the UDRI-Northrop Grumman team decided to
procure a new curved LOM system that was capable of handling all the technical issues
raised during the initial stages of the project.

The modification to the original plan combined the commercial 2D LOM build process
with a final composites forming step resulting in curved composite components, as shown
in Figure 2.20. The final step could be achieved by using either a matched mold or a dia-
phragm to compact the laminate as the final step. The benefit of this process is that it
can decrease manufacturing costs and obtain consistent properties by eliminating any
unnecessary or time-consuming hand layup procedures (Meilunas 2001).

In the process schematic shown in Figure 2.20, a series of ply stacks are generated
using commercially available CAD/CAM software or other software such as FiberSIM.
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FIGURE 2.20

Schematic of curved LOM/composite forming process developed by UDRI/Northrop Grumman. (Data from
Meilunas, R. Laminated object manufacturing-based design ceramic matrix composites. Final Report No.
AFRL-ML-WP-TR-2001-4074, DARPA /Wright Patterson AFB, 2001.)

The ply stack data are then utilized by the LOM system to fabricate individual flat 2D
laminate preforms incorporating any layup sequence. Utilizing this ply stack data, the
LOM system can now fabricate individual (2D) laminate preforms incorporating any
cuts or darts in individual ply layers that can be used to drape the laminate over a
curved tool. The final step is to place a conformable vacuum diaphragm on top of the
tooling and the prepreg layers and to cure it in place. This curing can be done either
on the LOM machine itself or in a separate oven. Several other modifications were also
made.
The major advantages of this technique are (Meilunas 2001)

¢ The laser positioning equipment installed in the modified LOM machine allowed
increased accuracy and speed.

® The LOM machine allowed the integration of fiber-reinforced composites analysis
software to be integrated to the layup selected and built.

e Itis possible to modify the geometric shape of the individual plies prior to the final
consolidation step, allowing extremely complex geometries to be fabricated using
AM processes.

A schematic of the composites forming cell and the actual forming cell built under this
project is shown in Figure 2.21, while Figure 2.22 shows the actual setup. It consists of a
vacuum box of approximate internal dimensions of 775 mm X 550 mm X 200 mm. There are
two 1.9-mm-thick silicone rubber diaphragms that are bonded to individual 76 mm wide
aluminum frames and a heat lamp array of six 375-watt IR lamps that are mounted on
adjustable sockets. The bottom silicone rubber is opaque while the top silicone rubber is
transparent so as to provide efficient heat transfer to the curing process. There is also a
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FIGURE 2.21

Schematic of composites forming cell for LOM. (Data from Meilunas, R. Laminated object manufacturing-based
design ceramic matrix composites. Final Report No. AFRL-ML-WP-TR-2001-4074, DARPA /Wright Patterson
AFB, 2001.)

FIGURE 2.22
LOM composites forming system. (Data from Meilunas, R. Laminated object manufacturing-based design
ceramic matrix composites. Final Report No. AFRL-ML-WP-TR-2001-4074, DARPA /Wright Patterson AFB, 2001.)

vacuum port on the aluminum frame attached to the top diaphragm for pulling a vacuum
during the curing process (Meilunas 2001).

A modified LOM equipment used to fabricate the demonstration component is shown in
Figure 2.23, while the demonstration component made using the LOM/composite forming
technology is shown in Figure 2.24.
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FIGURE 2.23
Modified LOM2030H system with laser scanner subsystem. (Data from Meilunas, R. Laminated object manufacturing-

based design ceramic matrix composites. Final Report No. AFRL-ML-WP-TR-2001-4074, DARPA /Wright Patterson
AFB, 2001.)

FIGURE 2.24
200 mm x 200 mm Nextel 312/Blackglas resin composite fabricated using LOM/composite forming AM process.

(Data from Meilunas, R. Laminated object manufacturing-based design ceramic matrix composites. Final
Report No. AFRL-ML-WP-TR-2001-4074, DARPA /Wright Patterson AFB, 2001.)
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Yet another method developed in the early 2000s was a technique based on the ATP
for polymer composites (Don, Gillespie Jr, and McKnight, 1997) and adapted for ceramic
matrix composites such as C/SiC and C/ZrC (Vaidyanathan et al. 2005). The ATP process is
an enabling technology, developed originally for thermoset composites and more recently
for in situ non-autoclave consolidation of large-scale thermoplastic composite materials
for high speed civil transport applications. The knowledge base of the ATP process for
thermoplastic prepregs can be utilized to lay down ceramic tows in the desired configura-
tion, thus allowing the use of a proven technology for low cost, rapid fabrication of large
complex ceramic parts.

The ATP system employs two hot-gas nitrogen torches to heat the material and two
rollers to provide the pressures required for consolidation. The purpose of the first torch
and roller is to preheat the composite surface and incoming tow together. The material is
thus tacked to the surface with this roller. This tacking procedure is useful in that the fed
material is carefully bonded to the surface and not pulled with the main consolidation
roller. This tacking approach also aids in improving the efficiency of the cut and re-feed
mechanism. The second torch (main heater) provides supplemental through thickness
heating to facilitate consolidation and bonding of the tow and substrate under the con-
solidation roller. These rollers provide the necessary forces to achieve complete intimate
contact across the tow interface, and as a boundary pressure for preventing any internal
void development. The forces applied to both rollers are controlled independently using
a series of pneumatic actuators. The composite tows can be placed in a regular repeat-
ing pattern or with brick-face symmetry. The brick-face geometry has the advantage that
more homogeneity is achieved throughout the composite structure. An image of the ATP
equipment used is shown in Figure 2.25, while a schematic of the process is shown in
Figure 2.26.

FIGURE 2.25
(See color insert.) A typical ATP setup used. (Data from Yarlagadda, S., Automated Tow Placement of
Composites, 2014.)


http://www.crcnetbase.com/action/showImage?doi=10.1201/b18893-3&iName=master.img-024.jpg&w=263&h=211

42 Additive Manufacturing

Main heater nozzle: H, Incoming prepreg tow

\ Preheater roller: F; Preheater nozzle: H;
Consolidation roller: F, /

Velocity: v

—

Preconsolidated material - Brickface layup
yu

FIGURE 2.26
Schematic of the ATP process. (Data from Yarlagadda, S.,, Automated Tow Placement of Composites, 2014.)

The ATP process for thermoplastics lays down prepreg tows, typically 0.125-0.2 mm in
thickness, with the tow width depending on the hardware. The ATP head can lay down
6.25 mm wide tows, while industrial machines, such as Cincinnati Milacron’s Gantry
System, can lay down tows as wide as 150 mm. The modified ATP or ceramic composite
ATP (CCATP) was primarily developed for a class of materials termed fibrous monoliths
(Kovar et al. 1997) reinforced with carbon fiber tows. However, issues such as difference
in thermal expansion coefficient between the matrix and the fibers are still outstanding
and the technique is not yet fully developed. For example, the large mismatch between
the coefficient of thermal expansion (CTE) of ultra high modulus (UHM) carbon fiber
(0.5 x10-¢ ppm K1) and the SiC matrix (3.6 X 10-¢ppm K-!) will result in residual stresses
and cracks within the post-consolidated matrix. Incorporating a suitable interfacial mate-
rial is crucial in reducing or eliminating matrix cracking in composites caused by the CTE
mismatch between matrix and fiber. Composite strength and toughness are improved
when the interface material deflects matrix cracks. Accordingly, a boron nitride interface
was applied between the fibers and the matrix prior to its introduction into the matrix.

Typical process parameters for tow placement of thermoplastics are listed in Table 2.5.
These parameters are optimal for APC/PEEK system, which has a glass transition temper-
ature of 156°C and a melting temperature (PEEK is semi crystalline) of 332°C. In contrast,
the thermoplastic binder used in a ceramic matrix system has a processing temperature in
the range of 100°C-140°C.

The critical process parameters are torch temperatures, torch heights, head velocity, and
consolidation force. Initial estimates on suitable operating ranges for these parameters were
based on thermal models developed for the ATP process. Based on these models, process
maps relating material temperature, head velocity, and torch temperatures are generated.

Several process modifications were performed to obtain better quality material and are
listed as follows:

¢ The preheater torch is set to operate at 500°C.
* Roller 1 is disabled.
® The main heater torch is positioned to actively cool roller 2.

* Gas flow rate for preheater torch is at 50 L min~! and for main heater torch (now
actively cooling) at 25 L min-..
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TABLE 2.5

ATP Process Parameters for Carbon/PEEK Prepreg Tows
Process Parameter Value
Initial thickness of tow 0.1778 mm

Width of tow 6.35 mm

Radius of roller 1 15.8 mm

Radius of roller 2 19.0 mm

Roller 2 location 80 mm from tacking roller
Initial composite temperature 100°C

Initial roller temperature 25°C

Ambient air temperature 25°C

Gas flow rate in torches 50 L min~!

Location of preheater torch
Location of main torch
Torch temperatures

Torch heights

Head velocity
Consolidation force

Panel size

Fiber orientation

75 mm from nip point location
35 mm from nip point

850°C

Variable

Variable (up to 100 mm s1)
300N

150 mm x 150 mm

Full range (=90 to 4+90)

The modified setup is shown in Figure 2.27. Roller 1 has been disabled completely, by
positioning it above roller 2. During tow placement of thermoplastic tows, roller 1 was
used to tack hot prepreg to the laminate and prevent it from being pulled by the consoli-
dation roller (roller 2). In the present case, the ceramic tows have a much lower processing
temperature, so that one heater torch and one roller are sufficient to achieve good tack and
consolidation. The main heater torch has been positioned above roller 2 to actively cool it

FIGURE 2.27

Modified ATP head configuration for ceramic tow placement, with roller 1 disabled (raised above roller 2).

(Data from Vaidyanathan, R. et al., JOM, 52, 34-37, 2000.)
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FIGURE 2.28

ATP fabrication of (a) a composite panel and (b) a blisk component using a turntable/winding mandrel consoli-
dating ceramic tows for the laminate. (Data from Vaidyanathan, R. et al., JOM, 52, 34-37, 2000.)

and maintain its temperature below the glass transition temperature of the thermoplastic
binder. This prevents the matrix of the tows from adhering to the roller and creating bare
fiber spots and inconsistent quality.

A turntable/winding mandrel system (Figure 2.28) with an accuracy of +1° was used.
The system can be used in a horizontal mode (for flat components) or vertical mode (for
axisymmetric components such as thrusters and cylinders). This device can interface
directly with robot programming software to perform the CAD/CAM implementation on
the ATP head. This modification can also improve the life of the robot. The Robotstudio
software aids in simulating the tow placement process and provides the tool path infor-
mation to the ABB robot. An image of the simulation from consecutive layers is shown in
Figure 2.29.

The process parameters for CCATP are listed in Table 2.6. Some typical components
fabricated are shown in Figure 2.30. The entire robot movement sequence is set up by
computer programs developed for the ATP thermoplastic tow placement experiments.
The torch parameters (temperatures, heights, and gas flow rates), consolidation force,
and head velocity can be controlled on the fly as inputs to the computer program. Final
panel dimensions and layup sequences are also inputs to the program. Once these inputs
are given to the program, it can operate the robot in automatic mode and lays down
the tows as specified. Green ceramic matrix laminates of any size (within limits of the
robotic workcell), fiber orientation, and material system can be fabricated by this tech-
nique. The work in the project was not focused on optimizing process parameters, but
on demonstrating the feasibility of rapid, low cost fabrication of fiber-reinforced ceramic
composites.

As can be seen from the images of the ATP fabricated panels (Figure 2.30), the
tow-placement mechanism experienced some difficulties regarding the nature of the jux-
taposed tow placement. Some tows were not placed in a straight, in line fashion, resulting
in some gaps between adjacent tows. There are four major issues identified that will need
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FIGURE 2.29
A simulation of the tool path from Robotstudio software. (Data from Yarlagadda, S., Automated Tow Placement
of Composites, 2014.)

TABLE 2.6

Process Parameters for Ceramic Tow Placement of CMC Laminates
Process Parameter Value

Initial thickness of tow 1.0 mm

Width of tow 2.0 mm

Roller 1 Disabled

Radius of roller 2 19.0 mm

Roller 2 location 80 mm from roller 1

Gas flow rate in preheater torch 50 L min-!

Gas flow rate in main torch 25 L min~!

Location of preheater torch 75 mm from nip point location
Location of main torch Above roller 2

Preheater torch temperature 500°C

Main torch temperature 25°C

Preheater torch height Maximum (12 mm)

Head velocity 50 mm s~

Consolidation force Minimum (190 N)

to be addressed if the CCATP were to be adopted by the AM enthusiasts. These are as
follows:

e Tape width

¢ Tape overlap requirements in the planar and thickness directions
* Gap between adjacent radial fibers in a polar weave configuration
® Rotation speed
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FIGURE 2.30
Some typical components fabricated using the CCATP process. (a) sintered orthotropic 0/90 composite panel
and (b) sintered composite tube. (Data from Vaidyanathan, R. et al., JOM, 52, 34-37, 2000.)

Jang et al. (1999) also received a patent in 1999 for AM processing of fiber-reinforced com-
posites. However, this is more a description of a process rather than the actual examples
of continuous fiber-reinforced composites built by AM processes. Similarly, Ryan Dehoff
and Lonnie Love at Oak Ridge National Laboratory run a manufacturing demonstration
facility that appears to be more on the lines of the extrusion freeform fabrication of high-
strength polymers filled with chopped carbon fibers (Dehoff 2014). MarkForged (2014) is
one of the many 3D printing machines that can handle carbon fiber-reinforced compos-
ites, although this also seems to be a polymer filled with chopped carbon fibers. What is
exciting is that the technology developed at Oak Ridge National Lab is now being used
to produce the world’s first 3D printed automobile that was test run at the International
Manufacturing Technology Show (IMTS) in Chicago in September 2014. Reportedly, the
entire car body was built in 44 hours on-site using a huge 3D printing machine. If AM
technologies have to truly take off, such acceptance needs to come from the public so that
the machine manufacturers as well as users can adopt and adapt to new materials based
on fiber-reinforced composites. The challenge of continuous fiber-reinforced composites
is still remaining and needs to be resolved for it to be adapted to AM.

2.6 Role and Selection of Appropriate Binders for AM Processes

In an AM freeforming system for ceramics, the feedstock, consisting of ceramic powders
plus wax binder, melts during deposition, especially if it is based on extrusion. After
extrusion, the binder has to be removed very carefully and the part is then sintered.
The feedstock typically comprises a multicomponent blend of waxes and polymers with
greater than 50 vol.% ceramic powder (typical volume percentages). The feedstock’s
melting and flow properties and the binder behavior during removal are crucial to the
process and need to be characterized for both process development and QC purposes.
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The rheology of particle-filled polymers is very sensitive to particle content, particle
surface chemistry, and the binder chemistry at these high volume fractions. Therefore,
it is critical that the appropriate binder be chosen based on the type of AM processing
methodology chosen.

For example, the quality of the green ceramic feedstock has a strong influence upon the
robustness of the process and its ability to reproducibly fabricate high-strength, dimen-
sionally accurate ceramic components using the extrusion-based processes such as fused
deposition of ceramics (FDC) (Agarwala et al. 1996) and the extrusion freeforming (EFF)
(Vaidyanathan et al. 2000). A high degree of homogeneity is desirable in order to minimize
density gradients between the binder and ceramic powders. If density gradients are pres-
ent in the feedstock, it could lead to non-uniform firing shrinkage and formation of defects
within the freeformed ceramic bodies. The feedstock should also possess a reproducible
rheology so that it can be accurately freeformed into the desired green ceramic component.
Further requirements for the rheology of EFF feedstock are a low melt viscosity (extrud-
able at low pressures) as well as the ability to undergo rapid solidification upon deposition
(enabling more rapid part build rates). The binder should be easily removable from the
freeformed green bodies under controlled conditions and leave minimal pyrolysis residue.
The ease of binder removal is determined by the binder burnout schedule, which in turn
is defined by the part thickness. Finally, the resulting bodies should be readily sinterable
into dense ceramic components.

The following is an example of how the rheological properties will affect the AM process
and how the polymer binder composition will affect the final component features and
properties. Adding a ceramic powder such as Si;N, to the binder increases its viscosity
quite considerably, even at very low shear rates (1-10 s!). There also appears to be a criti-
cal solid loading content, beyond which the viscosity of the filled systems would increase
dramatically. Figure 2.31 is a representation of the viscosity of the filled systems as a func-
tion of solids loading content at a constant shear rate of approximately 1 s='. The critical
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FIGURE 2.31
Variation of viscosity versus silicon nitride content in a typical polyethylene co-ethacrylate (EEA)-based binder
system.
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viscosity limit for the binder used was obtained at approximately 15% by weight, in the
case of SizN,.

Dynamic rheological measurements are another powerful method for predicting the
extrusion behavior of a ceramic formulation that is used in an extrusion-based AM process.
Dynamic rheological characterizations presented below were made using a Rheometrics
model controlled-stress rheometer. Dynamic measurements characterize the flow of mate-
rials at near equilibrium states by applying a small strain. There are two types of dynamic
measurements. In the first type, external sinusoidal conditions of known frequency and
amplitude are imposed on the fluid to induce an oscillatory flow. The frequency, amplitude,
and phase of the response of the fluid are measured. The second type is relaxational flow
where under external conditions such as force or strain, the fluid undergoes a rapid change
from one steady state to a second steady state. The response of the fluid as it approaches a
new equilibrium state is then measured.

Dynamic viscosity response as a function of frequency is essentially similar to the
steady shear viscosity versus shear rate response for unfilled polymers (Bigg 1982). The
basic equations are given below.

Y =7, sinwt 2.0
Y = Y,0Ccos of 2.2
T=1,sin(wf+3) (2.3)

where:
Tis the shear stress
tis the time
o is the frequency of rotation of the viscometer plate

G = [T"jcosﬁ (24)
Yo
where:
G' is the storage modulus
” TO 1
G =(Yjsm8 (2.5

where:
G” is the loss modulus

0.5

(]

where:
h* is the dynamic viscosity

Dynamic measurements are frequently applied at low shear rates approaching zero to
characterize polymer structures (Bigg 1983). For uncross-linked polymers, at very low
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frequencies, n* approaches to n (steady flow viscosity) but for cross-linked polymers
increasing frequency causes n* to fall monotonously. The rheological response of a sus-
pension depends on the degree and strength of particle—particle interactions and par-
ticle-matrix interactions. Most suspensions could be classified into three types, based
on the concentration. The first type is a dilute concentration, where the individual filler
particles do not interact with each other. The response of such a suspension is primar-
ily that of the matrix. At a certain concentration, the individual filler particles begin to
interact with neighboring particles. Such interactions are limited to particles in a local
neighborhood. This is the second type of suspension. The concentration at which these
particle-particle interactions begin depends on the geometry and surface activity of
the filler particles. The third type of suspension is where the filler particles form a com-
plete network within the matrix. In such a suspension, the movement of each particle
affects the position of all the others, the effect diminishing with distance away from the
particle in question. This also depends on the nature of the particles. In an extrusion-
based AM process, these forces and interactions are critical and need to be taken into
account.

Dynamic measurements should be made at a temperature close to the extrusion tem-
perature. In the case of silicon nitride formulations used in the EFF process (Vaidyanathan
et al. 2000), these were made at 150°C, since the extrusion of the standard silicon nitride
formulation on the high-pressure extruder head is also performed at 150°C. Figure 2.32
shows the measured viscosity as a function of frequency. It can be seen that the viscosity
decreases with increasing frequency. This suggests that the formulation has a very shear
dependent behavior over the range of 0.1 to 100 rad s~!. Additionally, the formulations are
also non-Newtonian and shear thinning. The non-Newtonian and shear thinning nature
is dependent on the particle size of the fillers (Kamal and Mutel 1985).

The free-formable slurry evaluated had 55 vol.% ceramic powder (Starck M-11 silicon
nitride). Measurements shown below were done in dynamic oscillatory shear. At 150°C
and 2% strain, the viscosity was 36 kPa s (360 kPoise) at 1 rad s=! and dropped by a factor
of 6 per decade of frequency increase (Figures 2.33 and 2.34). This compares with 50 Pa s
at 25 wt.% silicon nitride loading and 1 rad s~! frequency. The viscosity also drops roughly
in proportion to the reciprocal of the strain. Thus, this material is non-ideal and there are
strong particle—particle interactions.

Dynamic frequency sweep test of
SizN, dispersed polymer at 150°C
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FIGURE 2.32
Viscosity versus frequency response of standard high-pressure extruder-head ceramic feedstock composition.
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Dynamic strain sweep test at 1 s, 150°C on
SizN, dispersed polymer
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Storage modulus (G’), loss modulus (G”), and viscosity as a function of strain at a constant frequency of 1 rad s-!
and 150°C.

Dynamic strain sweep test at 100 s~1, 150°C on
Si,N, dispersed polymer
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FIGURE 2.34
Storage modulus (G’), loss modulus (G”), and viscosity as a function of strain at a constant frequency of
100 rad s~! and 150°C.

Simple polymer-fluid models predict a viscosity that is roughly constant up to a shear
rate equal to the reciprocal of the characteristic relaxation time, after which the viscosity
drops. The drop is seen but since there is no plateau at low shear rates, the relaxation time
is apparently more than 1 s. The implication is that particle-particle interactions dominate
the viscous flow but reform slowly once the melt is sheared.

It is sensible to compare these data with the expected range of operation of this material
during freeforming. Taking a capillary of 0.2 mm diameter delivering slurry at 1 cc min~,
a strain rate of about 10* s! could be expected. The viscosity data at 150°C extrapolate to
about 30 Pa s at this shear rate. Given a nozzle length of about 3 mm, the drive pressure
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Dynamic frequency sweep test of
SizN, dispersed polymer at 150°C
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FIGURE 2.35
G’ and G” versus o response of standard silicon nitride feedstock material at 150°C.

needed would be about 3.9 MPa, or 600 psi. However, should the flow stop, the viscosity
and pressure would rise by about three orders of magnitude, as there are no shear forces
on the material flowing through the capillary. While this may not be the source of any
instability that might seen, it is a plausible cause. Another possible reason for the insta-
bilities could be the extensional thickening of the formulation near the capillary open-
ing. The implication is that dispersing agents will need to be added to a ceramic or metal
powder formulation that will lead to much lower viscosities at similar particle loadings.

At low frequencies, the response of the polymer dominates the behavior of the system.
This accounts for the lower shear modulus at low frequencies. The timescale of the experi-
ment allows for movement of the particles in the molten polymer. From the G’ versus w and
G” versus o plots (Figure 2.35), it can be seen that the loss modulus response as a function
of frequency is greater than the storage modulus response. This indicates that the polymer
entanglements are not dominating the elastic behavior of the system. If polymer entangle-
ments were to dominate the elastic behavior of the system, the storage modulus response
would be greater than the loss modulus response (Dealy 1990). The overall amount of
polymer in the binder is lowered or diluted by the addition of a typical plasticizer (Butyl
Oleate) and the wax (AL3). This in turn possibly causes the effect of entanglements that are
directly attributable to the presence of polymers, to be lowered. At higher frequencies, the
particles have less time to move and their motion is further hindered by the close proxim-
ity of the neighboring particles. The material behaves more like a solid and G’ increases
with 0. However, we can see a strong dependence of viscosity and G” on frequency (Dealy
1982; Ferry 1982; Middleman 1968).

Capillary rheology measurements made using an Instron Model 3211 capillary rheom-
eter are shown here. Viscosity measurements performed at temperatures between 120°C
and 150°C. Figure 2.36 shows the viscosity—shear rate response of an EEA-based binder
formulation with 55 vol.% Si;N, between 120°C and 150°C. Increasing the temperature
from 120°C to 150°C is seen to decrease the viscosity and shear stress by approximately
one order of magnitude. These results suggest that the EFF formulations are highly non-
structured and non-Newtonian. Further, the capillary rheometer results generally support
the dynamic rheology results.
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FIGURE 2.36
Shear rate—viscosity relationship for an EEA-based binder system with 55 vol.% Si;N, between 120°C and 150°C.

TABLE 2.7

Typical Green Ceramic Feedstock Composition for EFF
Component Concentration (vol.%)
Silicon nitride or similar ceramic powder ~55
Saturated elastomer ~25

Fatty acid ester plasticizer ~10

Paraffin wax ~5
Acryloid additive ~5

The viscosity of the ceramic feedstock material used in the EFF process is higher than
that of the ceramic feedstock material by approximately half order of magnitude in the
shear rate ranges investigated. It should be pointed out that 70°C happens to be the FDM
temperature of pure binder system used for FDC formulations, due to the reason that the
feedstock is in the form of a filament rather than a ceramic powder/polymer binder blend.
Therefore, the viscosity of the pure FDC binder system provides a sort of viscosity limit
for the FDM process for successful FDC. Since the EFF Si;N, formulation is capable of
being freeformed successfully, this suggests that the EFF process can handle the increased
viscosity of the ceramic binder systems effectively. This also suggests that increased solids
loading in the binder system is possible with the EFF system. A typical feedstock material
developed for the EFF process is shown in Table 2.7.

The next step to be taken for a ceramic part to be built with sufficient mechanical prop-
erties is to derive an adequate binder burnout cycle to remove the polymer binder. Binder
burnout is one of the crucial steps in ceramic processing (Calvert and Cima 1990; Evans
and Edirisinghe 1991). The binder is an essential component in ceramic processing, particu-
larly in extrusion freeform fabrication imparting strength to green part (Calvert and Cima
1990). A better understanding and optimization of burnout could allow the processing of
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larger ceramic parts by AM processing and prevent defects from being introduced during
the decomposition of the binder.

A systematic study of the binder removal process has started only in the last couple of
decades (Evans and Edirisinghe 1991). Thus, there is no general basis behind the several
nonlinear binder removal temperature-time schedules quoted in the literature, except that
the heating rate up to the softening point of the powder-binder formulation is rapid in
comparison with that used during the actual pyrolytic degradation of the binder system
(Evans and Edirisinghe 1991). It is necessary to modify temperature—time pyrolysis sched-
ules to suit the binder system used, and the powder, which could in some instances assist
the thermal decomposition.

A typical process that can be used to optimize the binder burnout cycle, especially those
containing a ceramic powder and polymer blend as the binder, is described in the follow-
ing section. Feed-rods sectioned into pieces with thickness varying from 4 to 20 mm can
be used for the optimization of the binder burnout cycle.

The samples are packed in ceramic or graphitic powder bed, placed in high-purity alu-
mina crucibles and heated to 600°C at controlled ramp rates. In most cases, the binder is
completely burnt out prior to this temperature. Ramp rates varying from 2, 1, 0.5, 0.2, 0.1,
0.05, 0.03, 0.02 and 0.01°C min~! are chosen. In the experiments conducted, five samples of
the same thickness were placed in the crucible and burnt out at each different ramp rate.
Samples were taken out of the furnace at regular intervals. The total temperature range from
room temperature to 600°C for complete binder burnout was divided into equal temperature
zones. All samples were weighed initially before starting the experiment. One sample was
drawn during each temperature zone, cooled, and weighed. The weight of the individual
samples was normalized to account for the initial weight of the samples. The percentage
weight loss was calculated for each temperature zone. The rate of percentage weight loss was
calculated by considering the time interval between two temperature set points.

The normalized difference table is shown in Table 2.8 for a sample thickness equal to
5 mm with a ramp rate of 2°C min-.

The major issues to be concerned with during binder burnout are the prevention of
cracks, warpage, delamination, and oxidation. This occurs due to insufficient time for the
decomposed products to diffuse out to the component surface and subsequently vaporize.

TABLE 2.8

Normalized Difference Table for a Sample Thickness
Equal to 5 mm for a Ramp Rate of 2°C min™!

Temperature (°C) %W A(%W)/dt
35 0 0

85 0 0

135 0 0

185 0.1266 0.005064
235 0.4136 0.001148
285 1.3016 0.03552
335 2.181 0.03517
415 5.2867 0.124288
465 10.6625 0.21503
525 20.5645 0.33

575 20.687 0.0049




54 Additive Manufacturing

TABLE 2.9

Prominent Peak Information from TGA Plot Shown in Figure 2.40
Starting End Temperature %Wt. Loss

Peak No Temperature (°C) ({®) Associated

#1 160 250 42

#2 350 450 13

Porosity development during this stage can help prevent cracking and warpage. In the EFF
process, 3% microcrystalline wax was added as an ingredient. This 3% microcrystalline
wax added to the binder may prevent the cracking due to the formation of porous chan-
nels. Vaporization at early stages may leave porous channels and help high-temperature
degradation products to escape through these channels.

A typical thermogravimetric analysis (TGA) plot showed two prominent peaks at
160°C-250°C and 350°C—450°C, as shown in Table 2.9. These data were obtained by heating
the sample in a small platinum pan in flowing nitrogen of 100°C min~! at a ramp rate of
2°C min~.

The total percentage weight loss in Table 2.9 corresponds to approximately the total ini-
tial polymer content in the binder system, suggesting that binder burnout will be complete
at 450°C. However, when approximately same weight of the sample (considering same
cross-sectional area) was heated at 10°C min~!, the peaks shifted 30°C higher (Figure 2.36).
The total area under each peak seemed to be constant. So if the ramp rates are decreased
by 5 times (0.4°C min™), the peaks will shift by 30°C to the left, but this could be compen-
sated with an increase in the thickness of the sample. It was also seen that the individual
components are completely burned out by 600°C (Figure 2.37).

Binder evolution events are observed to shift to higher temperatures with increasing
ramp rates. Evolution events also should shift to higher temperature with increasing part
size (Evans and Edirisinghe 1991). This is mainly because sufficient time is not given to
events to reach thermal equilibrium. Due to this thermal excursion, bloating and cracks
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Thermal decomposition of the binder components and ceramic formulations for AM processes.
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Effect of ramp rates on the binder burnout of silicon nitride formulations used for extrusion-based AM processes.

are seen in the samples that have undergone higher heating rates, or larger samples where
sufficient time is not given for decomposed products to escape to surface (Figure 2.37).

With many factors affecting the binder removal process, the atmosphere surrounding the
samples in the furnace is a very important parameter to be considered. The thermogravi-
metric traces obtained are shown in Figure 2.38. These allow the comparison of thermal
decomposition kinetics of the binder system in the different atmospheres used. In the pres-
ence of flowing nitrogen, thermal degradation occurs with the major weight loss occurring
between 400°C and 500°C. One-third of the binder is lost before 300°C.

In the presence of flowing air and flowing oxygen, oxidative degradation was observed.
The major weight loss occurs at a much lower temperature range. It is also clear that com-
pared with static air, the use of flowing air accelerated the binder degradation processes
appreciably, due to the efficient removal of decomposition products. In flowing oxygen, at
about 240°C, rapid loss of binder is accompanied by a sudden increase in temperature, sug-
gesting that combustion could have occurred. Combustion could lead to the disintegration
of the specimen.

In the presence of flowing air, it may be very hard to control a rapid rate of weight loss
even with the slowest ramp rates. The next choice is static air, but oxidation can be a prob-
lem. Therefore, flowing nitrogen can be chosen as a safe binder burnout atmosphere with
reasonable binder burnout schedules (Figure 2.39).

It was already explained how to generate a normalized rate of weight loss table from
data collected on actual samples. The process can be repeated with different heating
rates on 5-mm thick-section ceramic samples in a nitrogen atmosphere. A binder burnout
cycle can be generated by assuming d(%W)/dt being equal to say 0.003, which may cor-
respond to 0.01 mg min~! weight loss, which is the boundary value between a crack-free
and cracked sample. This means that if the rate of weight loss is more than this value, the
samples would crack. If this is an acceptable rate of weight loss, which permits to burn
out in reasonable amount of time, then a heating rate cycle can be developed as given in
Table 2.10.
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FIGURE 2.39
Effect of binder burnout atmosphere on binder burnout behavior of the silicon nitride formulations used for
the AM process.

TABLE 2.10
Binder Burnout Schedule Developed for a 5 mm Ceramic Sample
Temperature (°C) Ramp Rate (°C min™) Duration Time (min)
35-135 2 50
135-185 2 50
185-325 0.1 1500
325-375 0.05 1000
375-475 0.03 3332
475-525 0.05 1000
525-575 0.1 500
575-625 1 50

The superimposition of this heating rate diagram on the TGA for the silicon nitride
binder is shown in Figure 2.40. It is clear from this that higher the rate of weight loss,
slower the optimum ramp rate.

The total burnout cycle time developed in this case was for 5.19 days. This schedule
was tested on actual samples. In this case, it was observed that samples with a thickness
less than 5 mm did not crack and 10 mm or more cracked. This implied that the bound-
ary line for crack-prone and crack-free zone is in between 5 and 10 mm section thickness
for this binder burnout schedule. The above burnout cycle seemed to work successfully for
sample thickness less than or equal to 5 mm.

For defining binder burnout variation with respect to the thickness, we could assume a
linear dependency or a parabolic rate of weight loss with the section thickness. According to
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FIGURE 2.40
Superposition of the heating cycle on the TGA curve for a typical AM binder system.

a linear weight loss model, the section thickness is directly proportional to burnout time. By
decreasing the time interval at each segment or increasing the ramp rate to four times to its
original value in the burnout cycle given in Table 2.10, crack-free samples with section thick-
ness 1.25 mm or less could be burnt out. Similarly, if the section thickness depends on a square
law with burnout time, decreasing the cycle time to one-fourth its original value should allow
to burn out and produce crack-free samples with section thickness 2.5 mm or less.

A typical graph between log (thickness) versus log (time) for the linear and square law,
which has slopes 1 and 2, respectively, are shown in Figure 2.41. The graph can be divided
into crack-prone and crack-free zones.
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Crack-free and crack-prone samples for the linear and square law models for a typical formulation used for AM
process of ceramics.
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A comparison of the linear and parabolic rate loss models is shown in Figure 2.41, which
reveals that section thickness dependency follows a square law. This allows to burn out
thick samples in less time.

2.7 Special Cases: In Situ Fiber Reinforcement during AM

In some cases, during the AM process, second-phase particles may coalesce due to the
action of heat and pressure and combine to create in situ fibers, leading to strengthening
during the AM process itself. For example, Lombardi et al. (1998) conducted EFF experi-
ments in polymer blends having controlled microstructures. These blends are composed
of at least two immiscible polymer components where its major phase is present in at least
twofold excess compared to the minor phase. The major phase is composed of poly-2-ethyl-
2-oxazoline (PEOx), a water soluble thermoplastic reinforced with fine talc filler, while the
minor phase is composed of a high glass transition temperature styrenic copolymer (Tg
ca. 140°C). In this case, the styrenic copolymer was added to the PEOx to increase the heat
distortion temperature of the polymer blend as well as reduce its sensitivity to ambient
humidity (Lombardi et al. 1998).

As can be seen from the scanning electron microscopy in Figure 2.42 that shows the
feedstock microstructure, the styrenic minor phase is present as spherical droplets uni-
formly dispersed throughout the PEOx major phase. This type of microstructure is typi-
cally encountered in blends composed of two immiscible polymer phases where the minor
phase adopts a spherical morphology to minimize its surface area and energy (Sperling
1997; Tsebrenko et al. 1976; Utracki 1990; Vanoene 1978, 1972). Coalescence is suppressed
within the blend by the presence of a small amount of a third compatibilizing polymer
that is miscible in both the styrenic and PEOx polymers by decreasing the compositional

FIGURE 2.42
Microstructure of PEOx/styrenic polymer blend feedstock for extrusion-based AM process.
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FIGURE 2.43
Microstructure of PEOx/styrenic polymer blend EFF feedstock after heat treatment at 140°C.

gradient and interfacial energy between the minor and major polymer phases (Fayt,
Jerome, and Teyssie 1987). Sufficient plasticizer has also been added to modify the rheol-
ogy of the PEOx phase of these blends such that it can be accurately extrusion freeformed
using the extrusion-based AM techniques. Heat treating the feedstock results in a micro-
structure with perfectly circular second-phase structures, which clearly shows the effect of
extrusion on the preferred alignment as shown in Figure 2.43.

The freeformed blend can also function as a water-soluble support structure and was
demonstrated for the fabrication of intricate ABS polymer prototype components using
extrusion-based AM techniques, as shown in Figure 2.44. This was one of the very first
water-soluble support structure materials successfully demonstrated for the FDM pro-
cess. In this case, the blend was formulated as a filament 1.778 mm in diameter and
extruded through a second nozzle, while the ABS filament was extruded in an FDM
1600 modeler (Artz, Lombardi, and Popovich 2000; Lombardi 1998). Figure 2.45 shows
the ability to wash out the support material from the AM part. This material could be
blended either as a filament or as a feed rod, making it suitable for either the FDM or the
EFF AM process.

2.8 Current Challenges and Future Trends

It is an accepted fact that AM processes are well developed for pure polymers or poly-
mer blends and any improvements might be incremental. However, we still have not seen
enough enhancements in polymers used in the tissue engineering area. For AM processes
to be truly ground breaking, especially for composite materials, it is necessary that new
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FIGURE 2.44
(See color insert.) Fabrication of intricate shapes in the FDM process using a water-soluble material as the
support material.

FIGURE 2.45
Ability to wash out the support structure from a complex-shaped FDM component using a PEOx/styrenic
polymer blend feedstock.
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materials, fibers, and interfacial coatings will need to be developed. Since most of the poly-
mer and composite technologies involves the heating and cooling of the ingredients, it is
necessary that the thermal expansion and shrinkages need to match or, at the very least,
the difference in properties needs to be mitigated with the help of appropriate interfacial
coatings. At some point, the ATP technique that is being used to produce components that
can be used in real applications will need to be merged with an AM process or the ATP
process will have to be modified to become a truly AM process.

The other path-breaking development will be in the chopped fiber composites area,
although we have started to see the developments in 3D printed cars and companies like
MarkForged. Perhaps these will overlap into the tissue engineering area, leading to new
materials, processes, and applications.

The most important requirement that will be needed uniformly by every AM technique
would be to obtain the reliability of many parts while only building one or two parts. It is
believed that this would be the greatest challenge for any AM technology and parts made
by those techniques.
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3.1 Introduction

Initially technologies to create three-dimensional (3D) components from computer-aided
design (CAD) files were termed rapid prototyping technologies as these were primarily used
to create prototypes of the parts with different materials, primarily plastics. However,
there has been a paradigm shift from prototyping to direct manufacturing/production of
3D components, and therefore, these technologies have improved over the last few decades
and are now being called additive manufacturing (AM) technologies. Currently, the out-
put of AM technologies includes up to 20% final products and is estimated to increase to
50% by 2020 (The Economist 2011). While the invention of technologies is being argued to
be a Third Industrial Revolution (The Economist 2012), huge investment and development
efforts are required to fully realize their potential (Reeves and Hague 2013). The unique
benefits of these agile manufacturing technologies include rapid production of compo-
nents with efficient utilization of available resources, reverse engineering to develop
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functional components, new materials development such as lightweight structures, com-
plex integration of materials including assemblies with moving parts, and functionally
graded materials.

Current AM technologies for metals/alloys are aimed at producing complex, unique
geometries; tailored materials development and customization; and functionally graded
materials development, which find applications in aerospace, defense, automotive, and
biomedical industries with demanding requirements. Although several AM techniques
have been developed for creating metallic objects, only deposition-based, solid-state and
some new AM techniques will be discussed in this chapter. These techniques can be cat-
egorized based on energy source, processing state (liquid or solid), and feedstock material
as shown in Figure 3.1.

Processes that fuse feedstock material include laser engineered net shaping (LENS™;
developed at Sandia National Laboratory, Albuquerque, NM, and marketed by Optomec,
Albuquerque, NM), direct metal deposition (DMD; developed at Michigan University,
USA, and marketed by Precision Optical Manufacturing, Inc., Plymouth, MI), laser augmented
manufacturing (LAM; developed by Aeromet, Eden Prairie, MN), directed light fabrication
(DLF), and electron beam freeform fabrication (EBF?; developed at NASA Langley Research
Center, USA). These processes use either lasers or electron beam as energy source to melt
the metal during deposition. Other fusion-based processes that use an arc-based energy
source are hybrid plasma deposition and milling (HPDM) and shape metal deposition
(SMD; developed at Stanford and Carnegie Mellon Universities, USA), where metal wire
is used as feedstock. Table 3.1 compares the characteristics of these energy sources. Solid-
state deposition processes include ultrasonic consolidation (UC; developed by Solidica,
Ann Arbor, MI); electrochemical fabrication (EFAB; marketed by Microfabrica, Inc.,
Van Nuys, CA, and developed at the University of Southern California, USA); and emerging
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FIGURE 3.1
Classification of AM processes for metallic objects.
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TABLE 3.1
Energy Sources Used for Fusion-Based AM Techniques
Characteristic Laser Electron Beam Arc
Atmosphere Inert Vacuum Inert
Energy density (W/mm?) 100 108 Very high
Power efficiency (%) Poor (2-5) Good (15-20) Excellent (>80)
Material utilization (%) 10-15 for powder ~100 ~100
~100 for wire
Deposition rate Medium Medium High
Unit size and cost Bulky and expensive Bulky and expensive Compact and economical
Deposit quality Good Excellent Good
Geometrical quality Near net shape Requires machining Requires machining

Source: Karunakaran, K.P. et al., Rapid Prototyping J., 18, 264-280, 2012.

technology, namely, friction freeform fabrication (FFF; developed at Indian Institute of
Technology Madras, India). Both UC and FFF are considered as hybrid AM technologies as
machining is required for each layer to give desired contour, where friction generated heat
and plastic deformation are the source of bonding. EFAB is based on electrodeposition and
primarily used to fabricate micron-scale devices.

3.2 Current Technologies
3.2.1 Powder Deposition-Based Techniques

The most popular powder deposition-based AM technique uses lasers as an energy
source; no other type of energy sources has been reported yet. In this process, the metal
powder is delivered to the melt pool using an inert gas such as argon, and therefore, use
of electron beam energy sources is precluded as it requires high vacuum. There are four
major versions of this process, namely, LENS, DMD, LAM, and DLF that share a com-
mon AM principle where high-power laser is used as energy source and metal powder
as feedstock material. However, in LENS and DLF the deposition process is carried out
in a glove box with controlled atmosphere, and DMD process uses inert gas shroud to
prevent oxidation of deposit with process being carried out in a chamber without inert
atmosphere. In all techniques, the deposition process begins with creation of small lig-
uid metal pool on the substrate to which predetermined amount of metal powder is
delivered using inert gas as carrier. The powder melts in the liquid metal pool and the
substrate (fixed to a computer numerical control [CNC] table) moves relative to the depo-
sition head creating solidified metal track. Deposition of overlapping metal tracks com-
pletes a layer, and the deposition head along with the powder delivery nozzles moves
up by small distance (slice thickness) to deposit the next layer. The process continues for
all layers producing near net shape metallic component represented by 3D CAD model.
The deposition path, distance between successive metal tracks, and slice thickness are
usually created using customized software in each process. Typical processing steps and
various components of LENS system are presented in Figure 3.2.
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FIGURE 3.2

(a) Typical processing steps involved in laser metal powder deposition (LMPD); (b) schematic of LENS system.
(Reprinted with permission from Das, M. et al., Transac. Indian Ceram. Soc., 72, 169-174, 2013.)

Latest laser metal powder deposition (LMPD) systems are equipped with multiple pow-
der feeders, multi-axis deposition, and closed-loop process control systems, which enable
fabrication of near net shape metallic components with high surface finish, dimensional
accuracy, microstructural uniformity, and compositional and/or structural gradients.
These techniques are also being used for repair, remanufacturing, feature addition, clad-
ding, and hardfacing of aerospace and engineering components. However, unique capa-
bilities of laser-based deposition techniques have been effectively exploited to produce
new/designed materials such as compositionally graded materials; structurally graded
materials; porous structures; and custom implants with tailored mechanical, physical, and
chemical properties (Mazumder 2000; Mazumder et al. 2000; Shin et al. 2003).

The stability and hence the quality of deposits prepared by LMPD depends on physical
phenomenon of the process, which is dictated by absorbance of laser beam by metals, sur-
face tension, and viscosity of the melt. The laser absorbance of metal powder is very impor-
tant factor to control heating and melting of the powder—too low absorbance requires
high energy input or results in partial melting leading to porous deposits and excessively
high could lead to evaporation of material during deposition. For example, net shape
bulk alumina ceramic parts have been successfully fabricated at a laser power of 175 W
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(Balla, Bose, and Bandyopadhyay 2008) and silica-based lunar regolith parts at 50 W (Balla
et al. 2012b), whereas the fabrication of fully dense metallic parts would require much
higher laser power. The difference is primarily attributable to more effective laser absor-
bance of ceramic materials compared to highly conductive metals. The optimal process-
ing window for laser processing of materials also depends on laser light absorptivities of
constituent element in the materials. Espafia, Balla, and Bandyopadhyay (2011) processed
Al-12Si alloy using LENS where large difference in laser absorptivities of Al and Si posed
severe difficulties in achieving sound and stable deposits.

Since LMPD process relies on melting of metals, the surface tension/wettability of liquid
metals against substrate and/or previous deposits is very important for deposit stabil-
ity during processing. Das (2003) reported that formation of oxide layer on the powders
due to contamination could lead to defects in the deposits such as balling, and therefore,
the protective atmosphere should be carefully controlled using high purity inert gases.
Additionally, the viscosity of liquid metal should be optimum to achieve good spread-
ing of freshly deposited metal on previous layers/substrate. It is generally accepted that
high total energy input (combined effect of laser power, scan velocity, and powder feed
rate) during deposition decreases the melt viscosity and aids spreading in majority of
metals and alloys. However, in multi-material deposition, the viscosity may increase
with energy input if intermetallic compounds form during deposition. Another impor-
tant consequence of melt viscosity is the balling effect in the LMPD processing. Very
high melt viscosity (at low energy input) generates severe balling effect (Figure 3.3), and
high energy input with very low melt viscosity results in melt spreading (Espafia, Balla,
and Bandyopadhyay 2011). It appears that precise control of melt pool temperatures and
hence the melt viscosity by process parameter optimization is very critical to deposit new
materials such as metal matrix composites, where constituent elements/compounds have
different laser absorbance capacities.

In general, the surface finish in terms of roughness of the parts produced by LMPD
processes is relatively high than the parts fabricated using powder bed-based processes.
The surface finish has been reported to be influenced by layer thickness, laser power,
deposition speed, and powder feed rate. Gharbi et al. (2013) reported that combination of
deep melt pools and thin layers can reduce the surface roughness of Ti6Al4V alloy parts
produced using DMD. The surface finish can also be improved with slow deposition speed
particularly the speed of wall/contour deposition (Mazumder et al. 2000). However, Kong

FIGURE 3.3

Laser deposited Al-12Si alloy. (a) Porous deposit at low energy input; (b) severe balling to due high melt viscosity;
and (c) melt spreading due to low melt viscosity at excessively high energy input. (Reprinted with permission
from Espana, F.A. et al., Philos. Mag., 91, 574-588, 2011.)
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et al. (2007) reported that the Inconel 625 parts produced using finer powder size exhibited
superior surface finish and deposition efficiency compared to coarse powder. Further, the
surface finish of the DMD processed parts has been shown to improve by changing the
position of powder entry into the melt pool (Zhu et al. 2012). Recently, it was found that
the use of pulsed lasers, instead of continuous lasers, helps in improving the surface finish
(Pinkerton and Li 2003). Deposition of Ni-based super alloy using DMD in pulsed mode
resulted in average surface roughness of 2 um (Xue, Li, and Wang 2011). Reduced thermal
gradients and Marangoni flows in the melt pool are thought to be responsible for form-
ing smoother deposits in pulsed mode compared to continuous mode of lasers (Gharbi
et al. 2014).

For stable deposition process, continuous and precise control over powder feed rate, laser
power, and deposition speed is very essential as these dictate the melt pool size, thermal
gradients, and cooling rates (Hofmeister et al. 1995). Therefore, real-time thermal imag-
ing of the melt pool and closed-loop feedback control for melt pool have been developed.
The cooling rates during LMPD can vary between 10° and 108 K/s (Das et al. 2010; Hofmeister
etal. 2001; Zheng et al. 2008) and can be controlled via process parameters enabling creation
of tailored microstructures and properties. One critical application area of such controlled
cooling rates is the processing of metallic glasses. Balla and Bandyopadhyay (2010) fabri-
cated Fe-based bulk glass forming alloy components without losing amorphous structure
of feedstock powder via high cooling rates achieved by maintaining low prior deposition
temperature using short time delay between successive laser scans. It appears that LMPD
techniques present a viable processing route to create amorphous components using exist-
ing bulk amorphous alloy powders. However, each deposit experiences several reheating
cycles during deposition of fresh layer leading to complex solidification and transformed
microstructures (Balla and Bandyopadhyay 2010). In addition, rapid cooling rates are also
responsible for locked-in residual stresses leading to warpage, cracking, and deterioration
of mechanical properties of final parts. The beneficial effects of rapid cooling rates during
LMPD are fine grains, fine precipitates, absence of segregation, and so on. Another inher-
ent characteristic of this process is directional solidification due to preferential heat flow
though the substrate, which results in some anisotropic properties. Further, the heat build
with deposition of large number of layers could produce large variation in microstruc-
tures between the first layer to the last layer of the part (Hofmeister et al. 2001, Wu 2007).
A detailed review on laser-based AM of metals can be found in Gu et al. (2012).

Development of materials with gradual change in composition using LMPD is regarded
as the best approach to incorporate such variations in net shape components with tai-
lored properties (Banerjee, Collins, and Fraser 2002; Banerjee et al. 2003; Collins et al. 2003;
Oruganti and Ghosh 2003; Schwendner et al. 2001). Compositionally graded coatings for
biomedical and other applications have been successfully fabricated using LENS (Balla
et al. 2007, 2009a; Bandyopadhyay et al. 2007; Dittrick et al. 2011; Krishna et al. 2008a). Balla
et al. (2009b) created thin ZrO, layer on zirconium via laser-assisted oxidation by control-
ling the concentration of oxygen in the glove box of LENS. These films have been shown
to exhibit good wear resistance and biocompatibility. Similarly, fabrication of unitized
acetabular shell structures with porous titanium on one side and compositionally graded
TiO, on the other side has also been successfully demonstrated (Balla et al. 2009a). Unique
capabilities of LENS process in creating novel structures are reported in Bandyopadhyay
et al. (2009), Das et al. (2013), DeVasConCellos et al. (2012), and Espafia et al. (2010). Custom
implants with desired porosity level in the proximal region of the implant to enable bone
ingrowth and the fully dense distal region to support mechanical load fabricated using
LENS are shown in Figure 3.4. Another unique possibility of fabricating two separate parts
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FIGURE 3.4

(a) LENS processed custom implants. Lower cross-sectional image shows the porosity in proximal region of the
implant; (b) complete assembled implant. (Reprinted with permission from DeVasConCellos, P. et al., Vet. Comp.
Orthop. Traumatol., 25, 286-296, 2012.)

in single step using this technique has also been reported by Espana et al. (2010). For example,
a part with dense sleeve and porous core requires assembly of these two parts in con-
vention manufacturing and the sharp interface could be a source of failure. However,
manufacturing them in single step using AM techniques (Figure 3.5) not only solve this
issue but also eliminate time-consuming machining of interface surfaces required for
assembly.

Extensive research has also been done in the area of creating porous structures using
LMPD process (Balla et al. 2010b; Bandyopadhyay et al. 2010; Krishna, Bose, and
Bandyopadhyay 2007, 2009; Krishna et al. 2008b; Xue et al. 2007). Novel design concept has
been proposed by Krishna, Bose, and Bandyopadhyay (2007) to create porous structures
with desired pore characteristics and distribution as shown in Figure 3.6. It has been dem-
onstrated that by controlling the extent of metal powder melting via appropriate combina-
tion of process parameters, the residual porosity in the deposited tracks can be tailored
(Figure 3.6a). By utilizing the design flexibility of AM processes, porous structures with
designed porosity characteristics (pore size, shape, and distribution) can be fabricated by
changing the layer thickness and distance between two successive metal tracks as shown in
Figure 3.6b. Three-dimensionally interconnected porosity in the structures can be created
by combining the above two approaches (Figure 3.6c). LENS-processed porous titanium
samples with and without designed porosity have also been tested for their mechani-
cal properties and deformation behavior (Balla, Bose, and Bandyopadhyay 2010c). It was
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FIGURE 3.5

LENS processed components and materials. (a) Left: porous sleeve; middle: solid core; right: unitized structure
fabricated in single step, and (b) CoCrMo alloy structure with solid shell and porous core. (Reprinted with
permission from Espana, F.A. et al., Mater. Sci. Eng. C, 30, 50-57, 2010.)

found that regular arrangement of pores (tailored pore distribution) in designed porosity
samples improves 0.2% proof strength to 485 MPa from 220 MPa in random porosity sam-
ples with comparable total porosity and pore size. This observation clearly demonstrates
that drop in mechanical strength of porous metals can be compensated by tailoring pore
distribution. Balla et al. (2011) discovered that brittleness associated with porous metals
processed using powder metallurgical routes can be eliminated in laser-processed porous
metals and is primarily due to differences in particle bonding in these processing routes.
However, Bernard et al. (2011) reported that presence of 10% porosity decreases the rotating
bending fatigue strength of NiTi alloy by 54%, while compression fatigue testing demon-
strated that porous NiTi alloy samples (up to 20% porosity) processed using LENS are able
to sustain stresses up to 1.4 times their yield strength without failure (Bernard et al. 2012).
Several biocompatible coatings and composite coatings (Balla, Bose, and Bandyopadhyay
2010d; Balla et al. 2010a, 2012a, 2013; Bhat et al. 2011; Das et al. 2011, 2012; Roy et al. 2008,
2012) and bulk ceramics (Balla, Bose, and Bandyopadhyay 2008; Balla et al. 2012b; Bernard
et al. 2010) processed using LENS have been reported.

3.2.2 Wire Deposition-Based Processes

Powder deposition-based AM techniques are the most widely used and researched tech-
nologies for metals. These technologies demonstrated their capabilities to manufacture
complex but small components. However, powder deposition-based techniques suffer
from low deposition rate and yield, high surface roughness, and residual gas porosity. For
example, the deposition efficiency of powder-based AM techniques depends on melt pool
area, and problems associated with powder recycling, contamination, and storage are also
high (Kukreja et al. 2012). As a result, fabrication of large area structures using these tech-
niques could become expensive. The majority of these issues can be obviated using alter-
native feedstock materials, and one such approach is the use of metal wire as feedstock.
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FIGURE 3.6

Design approaches to create functional implants with tailored pore characteristics such as size, shape, and dis-
tribution. Approaches: (a) partial melting of metal powders leading to porous structures, (b) porous structure
with design porosity, and (c) combinational approach (a + b). (Reprinted with permission from Krishna, BV.
et al., Acta Biomater., 3, 997-1006, 2007.)

Wire-based deposition for AM of components has been found very promising (Herali¢
2012; Nurminen 2008) particularly for large components where dimensional accuracy is
vital. Figure 3.7 shows the process of wire deposition-based AM of metallic components.
The process starts with creating of small melt pool on the substrate using appropriate
energy source. Then, the wire is fed to the melt pool at controlled rate and is melted by
focused energy source. By moving the wire nozzle and energy source, relative to the
substrate, along desired path creates thin metal bead. A complete layer is produced by
depositing overlapping beads, and the process is repeated until 3D component is created.
Normally, the deposition is carried out in controlled atmosphere. Post-processing such as
grinding or machining may be performed depending on the final requirements.
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FIGURE 3.7

Schematic showing wire deposition-based additive manufacturing. (a) Front feeding with different components
of the processing equipment; (b) rear feeding process and important geometrical process parameters. D, wire
diameter; d, stand-off (too small “d” leads to stubbing, and too high results in dripping); o, wire feed angle; v,
wire feed rate; I, stick-out length. The wire tip position can be at leading edge, middle edge, or tailing edge of
the melt pool.

Compared to powder feeding, the wire feeding for AM of metals offers several ben-
efits. Significantly, high deposition rates up to 1500 cm3/h have been reported for EBF®
(Seufzer and Taminger 2007; Taminger and Hafley 2003). Similarly, laser-based wire depo-
sition has been shown to provide high deposition rates (Nurminen 2008; Syed and Li 2005;
Syed, Pinkerton and Li 2005). Martina et al. (2012) reported deposition rate of 1.8 kg/h
with Ti6Al4V alloy wire using plasma wire deposition. Irrespective of energy source, wire
feeding gave better surface finish, material quality (Ader et al. 2003), and usage efficiency
(Nurminen 2008; Syed and Li 2005; Syed, Pinkerton and Li 2005). Other benefits include low
cost of wire preparation (Kim and Peng 2000), clean work environment due to almost 100%
wire utilization, and minimal health hazards. However, wire-based deposition is very sen-
sitive to several process parameters and should be carefully controlled. Therefore, process
optimization and control is extremely important to achieve stable deposition. Important
process parameters include type of energy source, energy input, wire feed rate and feed-
ing position, wire tip position in the melt pool, and traverse speed (Figure 3.7). Major
energy sources used for wire deposition-based AM are laser, electron beam, and electric
arc. Among these, laser-based wire deposition has been extensively studied followed by
electron beam-based deposition process. Although the electric arc source is not as precise
as laser and electron beam, recently 3D net shape components with mesoscale features
have been successfully fabricated using miniature deposition process consisting micron-
size wire and micron-tungsten inert gas welding system (Horii, Kirihara, and Miyamoto
2009). Combination of wire and powder feeding has also been reported (Syed, Pinkerton
and Li 2006; Syed et al. 2007a, 2007b; Wang, Mei and Wu 2006; Wang et al. 2007).

3.2.2.1 Laser-Based Metal Wire Deposition

Laser-based metal wire deposition has been widely used to deposit Ti and Ti6Al4V alloy,
and their microstructural and mechanical properties evaluations have also been done
(Abioye, Folkes, and Clare 2013; Baufeld, Brandl, and Biest 2011; Brandl, Schoberth, and
Leyens 2012; Brandl et al. 2010, 2011a, 2011b, 2011c; Cao et al. 2008; Hussein et al. 2008;
Kim and Peng 2000; Medrano et al. 2009; Mok et al. 2008a, 2008b; Miranda et al. 2008).
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Detailed microstructural analysis of single bead Ti6Al4V alloy deposited using laser
and wire as feedstock material was studied by Brandl et al. (2011a). It appears that the
laser power and deposition speed during wire deposition process had similar effect to
that of powder deposition processes. The microstructural features such as prior B-grains
are found to increase in size with laser power and decrease with deposition speed, while
increasing the wire feed factor (deposition speed/wire feed rate) increased the feature
size (Brandl et al. 2011a). The influence of these microstructural features on hardness of
single beads was studied (Brandl et al. 2011b). In this study, they measured the hardness
and bead dimensions and attempted to correlate with thermal history during deposition.
The bead dimensions provided good qualitative information of thermal history and hard-
ness mapping failed to provide good correlation. Large columnar grains spanning across
many layers were formed (Brandl, Schoberth, and Leyens 2012). Post-deposition heat treat-
ment had stronger influence on hardness compared to process parameters. As-deposited
Ti6Al4V alloy exhibited tensile yield strength in the range of 697 to 884 MPa and elongation
between 5% and 12% depending on process parameters and post-deposition heat treatment
(Brandl et al. 2011c). Importantly the impurity levels of wire-deposited Ti6Al4V alloy were
below acceptable levels of aerospace material specifications (AMS 4911L) and mechanical
properties meet AMS 4928 specifications (Brandl et al. 2011c). Example of deposits and
parts prepared in Brandl et al. (2011b) is shown in Figure 3.8.

Very recently, wire laser deposition has been employed to fabricate Ni-based superalloy,
Inconel 625, and process parameters have been optimized to achieve sound beads (Abioye,
Folkes, and Clare 2013), wherein energy input and deposition volume per unit track length
are identified as key process parameters. As shown in Figure 3.9a, wire dripping occurs
when the deposition volume is very low, and when it becomes excessively high, wire stub-
bing (Figure 3.9c) was observed. Smooth bead deposits with good dimensional stability
can only be attained (Figure 3.9b) with parameters that provide smooth wire transfer dur-
ing deposition (Abioye, Folkes, and Clare 2013). The distance from the wire tip and the
substrate (d in Figure 3.7) also has been reported to produce similar effect on deposited
beads (Herali¢ 2012). Low dilution was achieved with high wire feed rate, high deposition
speed, and low laser power (Abioye, Folkes, and Clare 2013). Wire feeding direction (front
feeding or rear feeding, Figure 3.7), feeding angle (o in Figure 3.7b), and the position of
wire tip in the melt pool (leading edge, middle or tailing edge) also found to have strong
effect on overall quality of the deposit in terms of porosity, surface finish, and geometrical
control (Syed and Li 2005). Feeding angle effect on bead roughness depended on wire
feeding direction—high angles resulted in rough and smooth beads for front and rear

3 cm

(a)

FIGURE 3.8
Archetypal thin wall deposit (a) and machined thruster (b) fabricated using Ti6Al4V wire deposition process.
(Reprinted with permission from Brandl et al. 2011b.)
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FIGURE 3.9
Laser wire deposited beads of Inconel 625. (a) Wire dripping, (b) smooth wire deposition, and (c) wire stubbing.
(Reprinted from Abioye, T.E. et al., J. Mater. Process. Technol., 213, 2145-2151, 2013, Open-access.)

feeding, respectively. For stable bead deposition, the wire tip position in the melt pool
should always be away from the solidification start point and good quality deposits can
be obtained with either front or rear feeding but with different set of process parameters
(Syed and Li 2005).

From the above discussion, it is clear that wire-based deposition process is sensitive
to large number of process parameters, and maintaining and controlling stable deposi-
tion is of utmost importance to achieve high-quality parts. Therefore, continuous monitor-
ing and control of wire deposition has been attempted by several authors (Hagqvist et al.
2014; Heralic, Christiansson, and Lennartson 2012; Heralic et al. 2008, 2010; Liu et al. 2014).
Hagqvist et al. (2014) proposed innovative approach for controlling laser metal wire depo-
sition process via electrical resistance between wire and the melt pool. They demonstrated
that this approach effectively control wire dripping and stubbing by automatic adjustment
of stand-off distance (d in Figure 3.7b). The result of resistance measurement for online
wire deposition control is shown in Figure 3.10. 3D scanning-based system has also been
used to control the stand-off distance thus achieving flat deposits (Heralic, Christiansson,
and Lennartson 2012). The wire feed rate control based on deposits” 3D scanned data
helped to compensate the deviations in deposit heights.

3.2.2.2 Electron Beam Freeform Fabrication

EBF® was developed at NASA Langley Research Center, USA, and is cable of producing
complex parts using variety of metals and alloys. The process is very similar to laser-based
wire deposition process except that it is carried out in high vacuum (typically between

FIGURE 3.10
Wire dipping without online controller (above) and smooth deposit produced using resistance measurement-
based online control (below). (Reprinted with permission from Hagqvist, P. et al., Opt. Laser. Eng., 54, 62-67, 2014.)
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1 x 10-*and 1 x 10-° Torr) with electron beam as energy source. Several advantages of EBF?
over laser-based deposition process have been reported (Stecker et al. 2006) including high
power efficiency (>90%) and high coupling efficiency. Therefore, this process is highly suit-
able for materials that reflect laser such as aluminum and copper, and is highly flexible in
terms of achieving desired surface finish and feature size. High vacuum environment of
EBF ensures clean deposits, while loss of some elements from the melt pool is also unavoid-
able. In general, fine diameter wires are used for complex components with fine features and
for high deposition rates large diameter wires are preferred. Recent developments enabled
deposition of compositionally graded components using dual wire feeders. Further, EBF?
process enables part fabrication in space as well (Taminger 2009). The surface finish of the
parts produced using EBF® is also excellent as shown in Figure 3.11.

EBF° process is controlled by several parameters, namely, beam power and beam pat-
tern apart from other parameters shown in Figure 3.7 for laser-based deposition process.
These parameters strongly influence the deposit quality, residual stresses, final chemical
composition, and so on. Matz and Eagar (2002) examined net shape fabrication of alloy 718
using EBF. It was found that the spherical carbide precipitates size can be significantly
reduced using EBF® process and is attributed to rapid cooling rates. Similarly, detrimen-
tal Cr-carbides were suppressed during EBF? processing of 347 stainless steel leading to
tensile properties comparable to that of wrought equivalent (Wanjara, Brochu, and Jahazi
2007). Several authors reported the influence of EBF® process parameters on microstruc-
tures and mechanical properties of aluminum alloys (Taminger and Hafley 2002, 2003;

FIGURE 3.11

Typical part produced using EBF. Note the macrostructure showing columnar grains oriented along the part
axis, which demonstrate EBF® ability to produce smooth parts. (Data from Taminger, K., Adv. Mater. Process.,
11/12, 45, 2009, Open-access.)
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Taminger, Hafley, and Domack 2006), which emphasize process optimization and control
(Seufzer and Taminger 2007). Other issues that require close attention include loss of cer-
tain elements from the deposit (e.g., Al from Ti6Al4V alloy), improvements in repeatability,
residual stresses and distortion, gradient deposits, and tailored microstructures.

3.2.2.3 Arc-Based Wire Deposition Processes

Arc-based wire deposition processes are known as SMD and use metal inert gas welding
technique to produce dense components (Akula and Karunakaran 2006). The process was
originally developed by Rolls-Royce. Typically, the process is controlled by commercial
welding robot with dimensional accuracy and surface finish comparable to that of beam-
based processes. Advantages of this technique over beam-based processes are relatively
high deposition rate, power density at low cost and ability to pulse the arc providing
additional microstructural control. Till date, the majority of weldable alloys have been
deposited using SMD technique, which include Ti alloys (Baufeld and Van der Biest 2009;
Baufeld, Van der Biest, and Gault 2009, 2010; Katou et al. 2007), steels (Skiba, Baufeld, and
Van der Biest 2009, 2011), and Ni base alloy (Clark, Bache, and Whittaker 2008). One impor-
tant challenge in this process is deposition of overhang structures due to lacks of support
to liquid metal pool. However, recently electromagnetic confinement of liquid metal pool
found to increase the tilt angle by 10° (Bai, Zhang, and Wang 2013). Typical Ti6Al4V alloy
components produced using SMD are presented in Figure 3.12.

(©

FIGURE 3.12
(See color insert.) Tubular parts fabricated using SMD; (a) and (b) thin wall components and (c) thick wall
(20 mm) component. (Reprinted with permission from Baufeld, B. et al., Mater. Design, 31, S106-5111, 2010.)
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Clark, Bache, and Whittaker (2008) developed combustion outer casing with alloy 718
using SMD based on their initial multi-pass deposits. However, they could not control
the formation of laves and delta phases in alloy 718 during solidification. Ti6Al4V alloy
samples fabricated by SMD exhibited tensile strength in the range of 929 and 1014 MPa,
which are comparable to equivalent cast material (Baufeld, Van der Biest, and Gault 2010).
To address feature resolution of SMD, recently micro-arc-based deposition processes have
been developed (Horii, Kirihara, and Miyamoto 2009; Jhavar, Jain, and Paul 2014). Net
shape manufacturing of mesoscale parts using micro-tungsten inert gas welding was
reported by Horii, Kirihara, and Miyamoto (2009). Very recently more energy efficient
and cost-effective deposition process based on micro-plasma transferred arc reportedly
produced tool steel deposits to repair dies and molds (Jhavar, Jain, and Paul 2014). The
process has been demonstrated to achieve wall width of approximately 2 mm with depo-
sition efficiency of 87% and deposition rate of 42 g/h. The deposits were also metallurgi-
cally and physically sound without any defects. The properties of Ti6Al4V alloy fabricated
using laser and arc beam deposition were found to be comparable (Brandl et al. 2010).
Similar observations were also reported by Baufeld, Brandl, and Biest (2011) where prop-
erties of same alloy produced via laser beam-based deposition and SMD processes were
compared. Other reports include fabrication of Ti6Al4V alloy using wire arc AM process
(Wang et al. 2013) and stainless steel powder consolidation using electric arc (Rangesh
and O’Neill 2011).

3.2.3 Solid-State AM Processes

Solid-state AM techniques have been developed to create complex 3D structures with
metals that are difficult to process using fusion-based techniques such as LENS, DMD,
and SMD. Additionally, solid-state processes enable processing of metallurgically incom-
patible metals and create laminated materials and embedded structures. UC is the only
solid-state AM technology based on ultrasonic metal joining that is commercially avail-
able since 2000 from Solidica Inc., USA. UC is a hybrid AM technique, and commercial
UC machines consist of ultrasonic welding head (sonotrode), thin metal foil feeding sys-
tem, and a CNC milling station. Like other AM processes, UC also uses custom software
to generate layers and processing conditions. However, the layer thickness is decided
based on available metal foil thickness. The UC process and bonding mechanism are
presented in Figure 3.13.

The process begins with feeding thin metal foil (typically between 100 and 150 pm
thick), which will be pressed against base plate using normal load applied through
sonotrode. The sonotrode vibrates transversely at 20 kHz under specified normal load
and travels across the length of the part creating metallurgical bond. A layer will be
created by deposition series of foil strips side-by-side and the final shape/contour of
the layer will be achieved using CNC milling. Then compressed air is used to clean the
surface off the machining debris and the next layer deposition starts. The CNC milling
usually performed after several layers have been deposited and the process of deposi-
tion and milling continues until the 3D component is produced. The ultrasonic weld-
ing head usually has rough knurl surface, which keeps the foil intact with sonotrode
head, while sonotrode oscillates at high frequency. The ultrasonic oscillations of top
foil against the bottom foil/base plate create frictional forces and break up oxide lay-
ers that bring the atomically clean metal surface together. The preheating and friction-
generated heat accelerate the atomic diffusion across the metal interfaces, and strong
metallurgical bond forms under the influence of normal force. UC has been extensively
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FIGURE 3.13
(See color insert.) (a) Ultrasonic consolidation process and its components; (b) illustration of foil geometrical
parameter (right) and formation of metallurgical bond between the foils during ultrasonic consolidation (left).

used to fabricate different multi-material and multi-functional metal structures with
embedded sensors and circuits (Friel and Harris 2013; George 2006; Janaki Ram et al.
2007a; Kong 2005; Obielodan et al. 2010; Siggard 2007). It has been demonstrated that
metal matrix composites can also be fabricated using UC (Yang, Janaki Ram, and Stucker
2007). Fabrication of novel Al composite with tailored coefficient of thermal expansion
has also been attempted by incorporating shape memory alloy in Al 3003 matrix using
UC (Hahnlen and Dapino 2014).

Important process parameters include normal force (500 to 2000 N), sonotrode texture
(Ra between 4 and 15 pm), sonotrode amplitude (5 to 150 um) and sonotrode travel speed
(10 to 50 mm/s), and preheating temperature (93°C to 150°C). Too low sonotrode ampli-
tude and normal force produce very weak bonds and very high values of these param-
eters could lead to excessive foil deformation and misalignment of the layers. Therefore,
to achieve strong bonding and bulk components, optimal choice of process parameters is
very important for each material and part geometry (Kong, Soar, and Dickens 2003, 2004).
UC of dissimilar metals has been reported by Obielodan et al. (2011), and the influence of
ultrasonic energy on material softening was studied by Langenecker (1966). A study by
Gonzalez and Stucker (2012) demonstrated that linear weld density strongly influenced
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by process parameters and highest linear weld density of 95.89% was obtained at 1800 N
normal load, 27 um ultrasonic amplitude, 11 mm/s sonotrode travel speed, and a tem-
perature of 204°C. Further, they emphasize the use of high power UC to achieve strong
structures using high-strength materials. Recently, the sonotrode surface texture found to
influence the bond strength in UC processed Al alloy and surface roughness around 6 um
has been suggested (Li and Soar 2009). Increasing the surface roughness can potentially
eliminate foil overlap and crinkling due to high ultrasonic energy transfer to the foil, while
improving the peel strength and linear weld density. It is also important to state here that
increased surface roughness of sonotrode may transfer this roughness to deposited foils,
which may affect bonding of subsequent foils. Excessively high and low roughness of
sonotrode was found to result in low linear weld density (Friel et al. 2010). It appears
that there exists optimal sonotrode topography that ensures strong and effective bonding
during UC due to efficient energy transfer and inter-foil deformation. Similarly, the build
geometry strongly influences the stability of UC process (Gibert, Austin, and Fadel 2010).

Understanding the fundamental mechanism of bond formation during UC is still an
important but challenging area of research. Plastic deformation is an essential part of
UC, which brings the two metals in intimate contact and breaks the surface oxide layer.
Earlier studies show that bond formation during ultrasonic welding, after intimate con-
tact is achieved, is due to mechanical interlocking, interfacial melting, and metal dif-
fusion (Joshi 1971). It is extremely important to identify process parameters dependant
dominant mechanism and which mechanisms enable formation of strong metallurgi-
cal bonding during UC. Experimental investigations on bond formation during UC of
similar and dissimilar metals have been reported (Janaki Ram et al. 2007b; Yang, Janaki
Ram, and Stucker 2009). The results showed no evidence of above mechanisms, namely,
mechanical loading, melting, and diffusion, which suggest that the bonding occurred
purely in solid state. It was concluded that removal of oxide layers and formation of inti-
mate contact between the metal surfaces are responsible for bond formation (Yang, Janaki
Ram, and Stucker 2009). To understand the influence of process parameters on bond-
ing a term, total transmitted energy” (E,) has been developed, which primarily depends
on normal force, sonotrode oscillating amplitude, and sonotrode travel speed (welding
speed). Earlier studies show clear dependence of linear weld density on E, (Janaki Ram,
Yang, and Stucker 2007; Kong, Soar, and Dickens 2004), where high E, improved the bond
formation. However, excessively high E, could damage the previous bonds leading to
drop in linear weld density. Interestingly, the deterioration of bonds was found to be
influenced by energy input during single cycle of ultrasonic vibration (E;) and not by E,
(Janaki Ram, Yang, and Stucker 2007; Kong, Soar, and Dickens 2004). These energy terms
were defined in Yang, Janaki Ram, and Stucker (2010), where process parameters such
as welding speed, sonotrode amplitude, and normal force were correlated with energy
terms and linear weld density. In this study, an analytical model also has been developed
to estimate the linear weld density from energy input. In line with this study, Kelly et al.
(2014) confirmed through experiments that the bonding in UC occurs in solid state and is
not due to thermal softening or melting. A model was developed to understand the influ-
ence of energy input on weld strength and linear correlation was observed. In another
study, acoustic softening was found to reduce the yield strength of Al 1100 foils up to 82%
and thermal softening was very minimum (Kelly et al. 2013). Interfacial microstructures
of UC processed Al 3003 alloy showed fine-scale microstructural modifications at the

foil-foil interface and are due to local plastic deformation as a result of sonotrode texture
(Dehoff and Babu 2010).
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3.2.4 Electrodeposition-Based Additive Manufacturing

EFAB is one of the AM technologies based on Instant Masking™ and electrodeposition pro-
cess that can effectively build miniature 3D metal structures with micro-scale resolution.
The process is currently being marketed by Microfabrica, Inc. Although originally devel-
oped at the University of Southern California in late 1990s (Cohen et al. 1998), later devel-
opments (Cohen 1999; Kruglick, Cohen, and Bang 2006; Reid and Webster 2006) enabled
the process to fabricate functional components as small as 4 X 25 x 25 um weighing 0.02 ug
can be easily fabricated (Cohen et al. 2010). This flexible process produces highly intricate
metallic structures/devices of the order of millimeters to centimeters in size and is cost
effective for batches up to 1000 parts. This process can be considered as hybrid AM process
where additive and subtractive steps are involved. In general, the process of making each
layer consists of electrodeposition of selective pattern followed by blanket deposition and
final mechanical planarization. Use of electrodeposition in EFAB enables extremely fine
deposits, low residual stresses, no shrinkage, and fine features. Apart from part complex-
ity, the EFAB process can create devices with moving parts that are preassembled during
fabrication process. Currently, the process geometrical capabilities include >4-um-thick
layers having + 1.5 pm inter-layer alignment, 10-20 pm in-plane features with tolerances of
+ 2 um and + 1 um for Z-axis and X-Y axis, respectively. The surface finish of the devices
fabricated using EFAB is typically around 0.15 um and further improvements are also pos-
sible (Cohen et al. 2010).

The EFAB process is a micro AM process and involves three basic steps to generate each
layer, and these three steps are repeated until complex 3D component is build (Vaezi, Seitz,
and Yang 2013). As with other AM technologies, the EFAB process also relies on deposition
of structural material (forming feature of final component/device) and sacrificial material
(forming support structures), and both materials should be electrically conductive because
these materials are deposited using electrodeposition technique. The three sequential pro-
cess steps for each layer include (1) electrodeposition of sacrificial material, (2) structural
material electrodeposition, and (3) mechanical planarization. The process starts with cre-
ation of instant masks that include cross-sectional geometry of each layer using custom
software (Layerize™) from 3D CAD model of the final device—single part or assembly of
multiple parts. Layerize generates (1) 2D cross sections of each layer in a format compatible
with commercial photomask pattern generators, and (2) automated EFAB process control
file used for electrodeposition of structural and sacrificial materials. The photomask pat-
terns produced using generated 2D cross sections are used to fabricate instant masks using
micromolding technique (Cohen 2002) and are used in the EFAB machine for selective
deposition of materials in each layer. The EFAB process begins with selective electrodepo-
sition of sacrificial material with the use of instant masks. Figure 3.14 shows typical EFAB
process.

The first step involves electrodeposition of sacrificial material on a substrate at selected
areas predetermined by the instant mask of first layer. This is achieved by pressing the
substrate (cathode) against instant mask (mounted on anode) placed in an electrodeposition
cell where the electrolyte occupies the openings in the masks. Then, the electrodeposition
process is initiated by passing an electric current through the cell electrodes leading to
selective deposition of sacrificial material on the substrate at areas defined by the mask.
After this, the instant mask along with the anode is removed leaving behind the deposited
sacrificial material. In the second step, the structural material is electrodeposited non-
selectively (blanket-deposited) covering the entire area including previously deposited
materials and other open areas on the substrate. This process takes place in a separate
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FIGURE 3.14
EFAB process flow.

electrodeposition cell with appropriate electrolyte and anode. As a third step, the entire
deposit is mechanically planarized using lapping plate until both materials are visible
and desired layer thickness with flatness and smoothness is achieved. Other reasons for
planarization can be found in Cohen (2002). Repetition of the above three steps for all
layers creates final device embedded in the sacrificial material, which is then chemically
etched producing desired structure as represented in 3D CAD model.

In principle, any material that can be deposited using electrolytic/electroless deposition
are good candidate materials for EFAB. Therefore, structures with many pure metals and
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alloys can be fabricated using EFAB. However, Microfabrica, Inc. developed some limited
number of materials such as Ni—Co, rhodium. Ni-Co alloy processed using EFAB has
been shown to exhibit good mechanical properties, corrosion resistance, and short-term
biocompatibility properties (Cohen et al. 2010). Rhodium also achieved good mechani-
cal properties in as-fabricated condition, and the interlayer adhesion of EFAB structures
was also found to be >20% of the bulk strength of the structural material (Cohen 2002).
One important material consideration for sacrificial material is that it should be selectively
etchable after EFAB process.

EFAB process is an enabling micro AM technology with very strong future potential.
However like other processes, EFAB has some liminations, which include throughput, part
size, stair-step effect, and maximum number of layers. Compared to other AM technolo-
gies, the build rates in Z direction (several hunderd microns/day) is significantly less for
EFAB process. The process is limited to maximum 50 number of layers, which is again
linked to build rates. Similarly, geometrically large devices (large volume) cannot be easily
frabricated using EFAB. The stair-step effect poses some problems in certain devices with
moving parts where the clearance between moving parts is smaller than minimum layer
thickness. While the effective removal of sacrificial materials requires designed release
holes, fabrication of microdevices with moving parts and other elements has been suc-
cessfully demonstrated by EFAB process (Cohen et al. 2010). Further developments in the
area of new metals, alloys, and other sensing devices are also anticipated (Vaezi, Seitz, and
Yang 2013).

3.3 Emerging AM Technologies
3.3.1 Friction Freeform Fabrication

Very recently, Dilip et al. (2013) proposed friction freeform fabrication that uses friction sur-
facing, a solid-state surface deposition process, to deposit material layer by layer creating
3D metal structures. In this technique, the process of depositing single track of metal on a
substrate is very similar to conventional friction surfacing. A consumable rod is rotated at
high speed and is forced against a substrate with desired axial force generating frictional
heat sufficient to plastically deform the consumable rod. Then, moving the substrate in a
predetermined path creates deposition of consumable rod on to the substrate forming a
track. Following this procedure, parallel tracks can be deposited creating a layer, which is
then machined using CNC machining to give desired slice/layer contour. The processing
of deposition and CNC machining is repeated several times to complete the fabrication of
3D metallic structures. Typically, the track width is of the order of consumable rod diam-
eter but can be varied along with layer thickness depending on the process parameters.
Typical FFF process is schematically shown in Figure 3.15.

Different samples with dissimilar metals and structures with enclosed internal cavi-
ties have been successfully fabricated using FFF (Dilip et al. 2013). FFF metals exhib-
ited excellent inter-track and inter-layer bonding, fine-grained microstructures, and
comparable mechanical properties with that of wrought equivalents (Dilip et al. 2013).
FFF processed Inconel 718 alloy also shown to have good room temperature mechani-
cal properties after direct aging (Dilip and Janaki Ram 2014). However, FFF appears
to be detrimental to mechanical properties of heat treatable Al alloys due to precipitate
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Friction freeform fabrication process.

coarsening (Dilip and Janaki Ram 2013). The precipitate coarsening is attributable to
very high friction generated temperatures and repeated heating and cooling cycles (Puli
and Janaki Ram 2012; Rafi et al. 2011). Therefore, like fusion-based AM techniques, evo-
lution of microstructure during FFF of metals is also highly complex.

3.3.2 Hybrid Techniques

Anew hybrid AM technique named HPDM has been proposed by Xiong, Haiou, and Guilan
(2008). The HPDM unit consists of plasma torch and CNC milling station. In this process,
metal is deposited using plasma arc and CNC milling creates layer contour. Important
advantages of this process include high deposition rates, near net shape manufacturing,
and economical energy source. Good surface finish and dimensional accuracy have been
achieved using HPDM (Xiong, Haiou, and Guilan 2008). Another process based on plasma
deposition known as electromagnetic compressed plasma deposition manufacturing (PDM)
has also been reported (Zhang, Xu, and Wang 2003). The feedstock material is metallic pow-
der that is fed into the molten metal pool created by plasma heating. The powder melts and
moving the deposition head relative to the substrate creates thin metal track. Overlapping
the tracks creates one layer and the process is repeated to fabricate 3D structure. The major
difference compared to HPDM is that the plasma is magnetically confined and this may
help in achieving better feature resolution than HPDM. It appears the overall process is
similar to laser-based deposition technique, except the energy source. The deposit quality
depends on powder feed rate, scan velocity, and arc current (Zou et al. 2009).

Fusion-based AM techniques lack optimal balance of efficiency and accuracy with addi-
tional problems such as residual porosity, coarse columnar microstructure, and anisotro-
pic properties (Dinda, Dasgupta, and Mazumder 2009). To address some of these issues, a
novel hybrid AM process was introduced by Zhang et al. (2013), which combine all advan-
tages of AM and microstructural benefits of metal deformation. The basic principle of
this hybrid AM process is fusion deposition of metal followed by hot deformation the
same. To achieve this, a micro roller will be positioned behind the deposition head and the
distance between these two is one important process parameter, the other being the roll-
ing deformation. As a result of hot rolling, the deposit top surface is always flat and the
microstructure changes from cast to wrought. The flat top surface of the deposit ensures
stable and accurate deposition of subsequent layer.
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The flatness and quality of deposit after rolling were found to depend on the distance
between deposition head and the roller, and the amount of deformation (Zhang et al. 2013).
Too short distance between energy source and the roller would lead to deposit surface peel
off possibly due to sticking at high temperature, while large distance cannot deform the
deposit due to drop in deposit temperature (require high pressure). Good deposit shape
and dimensions can be achieved at optimal process parameters. The process refined the
deposit microstructure leading to improved mechanical properties (Zhang et al. 2013).
Accurate slice thickness control, tailorable deposit width, and economical large-scale part
production are some of the other benefits of this process.

3.4 Opportunities and Challenges

Having known the capabilities of various AM technologies available for manufacturing
metallic components, it is too early to comment on their readiness to compete conventional
manufacturing at least in some important areas (Reeves and Hague 2013). For example,
fundamental understanding of the process and precise process control is an essential
requirement to reduce or even eliminate variability and uncertainty in product properties.
AM standards may be required to qualify their products for use in applications related to
aerospace and military. Initially, these materials should meet the performance of materials
manufactured via conventional routes. In this context, large number of opportunities and
serious challenges exist to realize full potential of these enabling technologies, which are
discussed briefly in the following sections.

3.4.1 Materials Related

AM technologies have been used to process several existing metals and alloys but compre-
hensive correlation and understanding of processing-microstructure-property—performance
relationships of these alloys is yet to be established. Such an understanding not only enables
development of new materials but also helps designers consider AM-processed existing
materials so that full potential of these technologies can be realized (Scott et al. 2012). Other
requirements include availability, consistency and quality of feedstock materials (all mate-
rials not available in either powder/wire or foil form), complete properties and character-
istics of feedstock materials (dictate process stability and quality of final product), creation
and access to materials database that includes microstructures and properties of finished
product, feedstock, and recycled materials. Further, the influence of post-processing
operations on properties and performance also needs to be studied (Roadmap Workshop
Summary Report 2013). Important challenges related to AM materials are presented in
Table 3.2.

3.4.2 Process Related

Path-dependant attributes such as residual stresses, distortion, microstructure, related
properties, and part geometry-dependant temperature fields, thermal gradients/history
must be clearly understood for fusion-based technologies to minimize variability and
uncertainty. For this purpose, process sensing such as melt pool size, temperature, and
temperature variations are required, while these signals are used to control the process on-
line. Similar types of processing monitoring and closed-loop control systems are required
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TABLE 3.2

Identified Challenges for AM

Area Challenges

Materials e Lack of processing—microstructure—property—performance relationships

* Understanding issues related to post-processing of AM parts
e Feedstock materials characterization, testing, and availability

Process ¢ High-speed image process enabling real-time process diagnosis and control
® Models and devices for new real-time measurement capabilities composition,
dimensions, stresses, distortion
® Models that can effectively combine AM design, process, and materials

Machine * Non-availability of research versions of AM machines with high flexibility

* New sensors to monitor and measure process parameters such as temperature, stress,

and their effective integration of above for robust feedback control

e Real-time measurement and control of microstructures, surface finish, and so on
Ability to produce net shape components (currently near net shape) with improved
feature resolution, part size, and isotropic properties
¢ Lack of standards for AM processes, materials properties, defects, geometrical

parameters, test procedures, and samples

Source: Roadmap workshop on measurement science for metal-based additive manufacturing, Workshop
Summary Report, May 2013. http:/ /events.energetics.com/NIST-AdditiveMfgWorkshop /pdfs /NISTAdd_
Mfg_report_FINAL.pdf.

for other solid-state and emerging AM processes as well (Kinsella 2011). Currently, these
facilities are partly available in only selected AM processing equipment but they lack
desired ability to control and require further improvements. For example, they cannot
detect defects and correlate them with processing variations (such as powder, speed, and
deposited material thickness variations) in real time and make necessary corrections.
Development of non-destructive evaluation systems that can detect defects and provide
feedback to control the same in real time is also required to improve the product quality
(Bourell, Leu, and Rosen 2009).

Multi-scale and multi-level modeling, simulation, and analysis need to understand the
physical phenomenon operating during processing and predict final microstructures,
residual stresses, properties, and surface quality (Frazier 2010). It is intuitive to expect that
the accuracy of developed models relies on comprehensive and fundamental understand-
ing of AM processes and materials. Moreover, AM machine capabilities in terms of in situ
sensing, monitoring, and control process are also essential to develop reliable and accu-
rate models based on information such as temperature fields, dimensions, composition.
The modeling efforts provide more options to tailor materials properties to suit desired
end use while providing information on essential requirements to achieve these such as
sensing, measuring, monitoring, and control systems.

3.4.3 Machine Related

Production type AM machines may be qualified per government qualification procedures
thus improving overall repeatability (Kinsella 2011). The most important issue with cur-
rent AM machines is their flexibility, that is, that they come with restricted ability to create/
test custom processing parameters and materials. Therefore, development of new materi-
als and processing routes is hampered. It is opined that AM machine should be grouped
into production types and development types, the former types may be customized for
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production where new material development is not required. However, AM machines
for developmental activities must have greater flexibility to change process parameters,
custom materials, and composites. Other immediate requirements appear to be improved
overall product quality (dimensional accuracy, surface finish, etc.), production rate, pro-
cess efficiency, and cost competiveness of AM equipment. Some AM processing require
controlled atmosphere and their overall process efficiency is typically less than conven-
tional processing. Standards are another key area, which helps making parts with identical
properties and geometrical quality using different AM techniques.

The quality and performance of parts produced by AM depend on inherent physical phe-
nomenon during processing, which rely on manufacturing paths. Therefore, these must
be considered at priori and may be right from beginning of designing the components.
This approach requires concentrated efforts in the area of design for AM (DAM) (Ponche
et al. 2014). DAM enables effective designing of components after considering unique
capabilities and limitations of AM processes (Vayrea, Vignata, and Villeneuvea 2012). For
example, build orientation has been recognized to strongly affect mechanical properties in
different directions of the parts, which must be considered in the process of designing a
component. Similarly, rate of acceleration and deceleration during deposition usually leads
to variations in deposition height between contour and away from it. Therefore, designing
a part without sharp corners may eliminate this problem. Due to the agile nature of AM
techniques, designers can consider complex geometries that can improve the performance
and efficiency during service.

3.5 Summary and Future Directions

Concentrated efforts over the past two decades made some of the AM technologies matured
and are able to produce components that are of high quality and superior properties compared
to conventionally processed materials. Some AM technologies offer outstanding benefits in
manufacturing components such as micro-scale devices with moving parts. Other demon-
strated capabilities of AM technologies for metals include creation of novel compositional
variations across the sample, multi-materials such as composites/alloys, structurally graded
materials (such as porous metals) with tailored mechanical, physical, chemical, and multi-
functional properties. However, fusion-based AM processes are highly complex problems to
understand and model primarily due to multi-factorial effects. Solid-state processes also have
similar complexities related to material and heat flow, bonding mechanisms, and properties.
Several inherent aspects of processes controlling the stability of AM processes, process and
microstructural control, process optimization, and machine capabilities still require significant
improvements.

The major barriers for widespread utilization and development of AM are relatively
immature technology (compared to conventional manufacturing technologies), limited
number of available materials, cost-effectiveness, and lack of confidence among vari-
ous industries as these processes are not robust enough to create components with high
repeatability, accuracy, and properties. The future potential of these enabling technologies
depends on how effectively we can overcome these barriers. Further, the future research
focus will remain on development of novel and unique material with designed properties,
feedstock materials providing more flexibility, process modeling, simulation and control,
materials and property database and standards.
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ABSTRACT Additive manufacturing (AM) in metal objects can be used in various
applications such as aerospace, medical, tooling, automotive, general industry, consumer
goods lifestyle, prototyping, and many more. The applications are rapidly growing with
the increasing acceptance of the AM capabilities. As a general statement, it is possible to say
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that AM will not replace conventional machining in the near future. It is a complementary
technology to conventional machining like milling, drilling, welding, turning, and EDM
processes that can add value to the product manufactured. This is possible as an example
for parts where a near-net shape component is additively manufactured and only final func-
tional features like threads, fittings, and high tolerance areas need to be post machined by
conventional machining methods. It can as well aid in the reduction of manufacturing or
assembling effort by using functional integration. Very often objects manufactured by AM
are more expensive than conventional machining methods but cost benefits could be gained
through the lifetime of the component. As an example you could use in aviation components
on an aircraft that would save weight. The initial manufacturing and validation costs can
be significantly higher than conventional machined components but save the customer in
the end a lot of money through reduced fuel consumption over the lifetime of an aircraft.
Another example is the medical device sector in which lattice structures on implants can save
the manufacturer labor intensive post-processing like plasma spray coatings and bead sinter-
ing among others. Lattice structures can also extend the lifetime of implants in two ways.
One way is the reduction in stress-shielding caused by stiff implants, which leads to bone
resorption. The other is the effect of cell ingrowth that improves the strength of the bone-
implant interface for possible better primary fixation and cementless implantation. Selective
laser sintering/melting makes it possible to produce complex structures and to create indi-
vidualized implants with the biocompatible titanium alloy Ti6Al4V. This chapter shall give
the reader a brief overview about the selective laser melting/sintering process using a laser
as source of energy.

4.1 From Rapid Prototyping to Rapid Manufacturing

Which were the key factors EOS’s success story drove? In the end, it is four critical factors
that played an essential role: The freedom of design-driven manufacturing, the continuous
improvement of systems, the development of new materials for new application fields, and
consequent strategy on the way to rapid manufacturing.

Dr. Hans Langer, founder and CEO of EOS, recaps the very early days: “We were able
to provide our first customers with completely new possibilities for prototype production
instead of using slow and costly manual hand work. The creation of complex geometries
was possible using stereo-lithography. Our first customer the BMW-group was quickly
convinced of a cooperation” (2013, pp. 45-51).

From the very beginning, one of the main drivers for EOS was the idea that design has to
drive manufacturing and not the other way around. The industry calls this design-driven
manufacturing. What you can design on a computer should be possible to manufacture.
A big advantage of AM is the possibility to create complex geometries that are hardly or
impossible to manufacture in a conventional way. As a good example, you can think of sub-
surface cooling channels within a mold for injection molding of plastics, or features inside
a part requiring separate manufacturing and assembly. The nice thing about AM can be
expressed at its best by the idea that adding features to a design is decreasing the final costs
of a component, whereas by conventional machining every bore, thread, taper, chamfer,
varying wall thickness, lattice structures for light weight, ... is increasing the processing
time and therefore increasing the part costs. Thus, every added feature to a design is in the
additive world decreasing the amount of material to be solidified and therefore decreasing
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the manufacturing costs by decreasing the processing time. The manufacturing costs are
decreasing where the possibilities of realization of design ideas are increasing. The part
properties have reached meanwhile such good quality that they can be and are already
used in very demanding applications like medical or aerospace. High strength, long-term
performance under high thermal stresses is no showstopper anymore.

Dr. Langer started developing key components for the laser industry since the early
eighties. After founding EOS, it was possible to create prototypes quickly using ste-
reolithography. Until 1994 first commercial systems from the Stereos product line were
introduced, using computer-aided design (CAD)-data and light curing resins to produce
prototypes. From 1994, laser sintering (2013, pp. 45-51) was introduced into the industry
being the first global company to offer stereolithography and laser sintering. Soon disad-
vantages of the resin-based systems like long building times, low strength, labor intense
manual finishing, toxic resins, and cost for the resin appeared. Laser sintering simply
allowed more flexibility and functionality. The great potential of laser sintering was clear
to Dr. Langer leading to the decision to focus solely on laser sintering in 1997.

What now followed was a remarkable career during the past 20 years of new product
launches where only few shall be named. In 1994, the first European polymer-based laser
sintering system the EOSINT P350 was introduced. This system has received several
upgrades over the past decades and is now available as the EOSINT P396.

In 1995, the world’s first direct metal laser sintering system (DMLS) the EOSINT M250 for
the production of metallic tools for the injection molding industry was introduced. In 2004,
M270 was launched, which is until today the world’s most successful in the area of metal laser
sintering. The most critical change was the availability of reliable and high power yttrium-
aluminium-garnet (YAG)-lasers for affordable prices versus CO, lasers having some disad-
vantages in the additive processing of metals. Today with the EOSINT M290 and M400 the
latest developments were made.

In the same year, the EOSINT S700 was introduced as the first technology for AM of cast
molds and casting cores using sand in the direct corning process. Step by step the company
established, so its valid technology leader position until today.

With the introduction of DMLS, a big milestone was set in the area of rapid tooling. With the
DCP process, another innovation a twin scan head sand system was released to enable another
application-driven market. Today, the sand system is in its version as the S750 available.

In 2000 with the EOSINT P700, the world’s first double head polymer sintering system
became available. It opened users a whole new world of dimensions. This is not only in
terms of productivity, process chamber size, build rate, and part quality but also in economic
production of series parts where new standards were set. At the same time, capacities for
quick and flexible models for investment and vacuum casting became available; especially,
the automotive, medical, and aerospace industries need such systems.

In 2007, the Formiga P100 became a synonym for a high degree of automation, function-
ality, and quality. Until today, people are requesting from service providers FORMIGA-
quality parts. E-manufacturing in the compact class of systems became real. The system
in its today’s version as the FORMIGA P110 is ideal for economic production of small
batch series with complex geometries. Demands are applicable for first-class consumer
components or medical devices as well as extremely short cycle times with respect to a
low initial investment. At the same time, it offers capacities to manufacture full functional
prototypes.

In 2008, the EOSINT P800 another flagship was revealed for totally new dimensions of
manufacturing. This is the world’s first high-temperature system with process tempera-
tures of up to 385°C for laser sintering of high-performance polymers. This system is based
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on the proven and reliable design of the EOSINT P730 and especially designed for the
medical device sector as well as the aerospace industry.

With laser sintering, it is not good enough to only release new system innovations on a
regularly basis but also to keep the available materials on the same innovative level. They
define how systems have to be further developed and serve special customer demands.
The beginning of material development at EOS was initiated by polymers.

One of the first customers, Morris Technologies, wanted to make tooling for local health-
care giant Proctor and Gamble. As Dr. Langer (founder of EOS) pointed out:

In Cincinnati you have not only Proctor and Gamble but also General Electric (GE) who
picked up on the technology and started to investigate further. In 2007 Morris and GE vis-
ited EOS in Krailling and announced that they were working on a special project together
that would come to fruition publicly as the acquisition of Morris by GE Aviation in 2012.
(2013, pp. 45-51)

As a turning point to production, GE’s involvement in metals AM was a paradigm shift for all
involved as for the first time a business model was created that was larger than the companies
providing the machinery. This change in the landscape into a true manufacturing technology
spurred on a substantial change in the way EOS has organized itself to move forward and
points to the direction of the company in future.

We realised that companies like GE were really serious about series manufacturing
using additive manufacturing. If they are being serious, then we also need to be serious,
hence the changes to the management structure to ensure that EOS continues to be at
the forefront of innovation in the manufacturing applications of AM. (2013, pp. 45-51)

explained Dr. Langer. Moving from prototyping to series production throughout the com-
pany’s history, the evolution has been easy to chart—from bespoke stereolithography sys-
tems to laser sintering systems and eventually sand and metal laser sintering. Until recently
however, all of these systems were taken away and used most often in prototyping, but
they were being used in some of the most innovative companies in the world, and these
companies saw the potential for AM as a serious production tool. And once they had seen
it, they wanted it. Where open collaboration with other companies had served EOS well in
the early years, it was now time to bring the expertise in-house and make changes to the
fundamental structure of the business, as Dr. Adrian Keppler, CMO, went on to explain:

I started with EOS four years ago as Hans realized that the company needed to move in a
different direction. Transforming from a maker of prototyping machines to a solution pro-
vider for series production is a big move and we need a different mindset, different tools and
different technology. Our technology was developed for mostly rapid prototyping but our
customers could see already the value of additive techniques for series parts. Hans asked me
to join to help change the direction of the company to the part production focus. I was work-
ing for 10 years at Siemens in a number of roles—one of the things I brought with me from
there was that a company must sell a solution to a problem. We don't sell a product we sell
a solution that includes machine, material services as well as upfront software to design the
part, simulate the process, monitor the process and then on to hipping, heat treating, finish-
ing and surface optimisation. Based on our long-term expertise we can help our clients build
up this process chain so that they get the best out of the technology. (2013, pp. 45-51)

There have been a host of other changes to the management structure, a QA manager
plucked from the medical industry, a software lead from the automotive industry, and a
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head of engineering from the laser machining industry. Dr. Tobias Abeln came to EOS just
over two years ago with experience that is invaluable for a company looking to break into
true production, as he explained:

Before I came to EOS I worked in the machine tool industry and before that in a company
that made special machines for the automotive industry. Both industries share an approach
to modularity, reliability and standardisation that is needed when you are making machines
that run three shifts per day for 365 days per year. If machines are used in a rapid prototyp-
ing environment it is maybe not so much of a problem that the machine doesn’t run on Friday
afternoons because of maintenance, or that the process of getting the machine running a job
is very labour intensive. For a production machine however this is unthinkable, especially
when you are competing with other machine tools on the production floor. (2013, pp. 45-51)

The route to production acceptance is no longer about making the most of the freedom of AM;
it is about taking the benchmarks set by other manufacturing technologies, meeting them, and
then adding the unique benefits of layer-by-layer production to them, as Dr. Keppler explained:

In the past a user of an additive manufacturing system would look at the parts from their
machine and say ‘this part looks nice, I can use it.” Now they want the right material,
mechanical properties and even microstructure that is available from their existing techniques
with the freedom of the AM process as well. We now have to combine something known,
such casting, forging, milling with the characteristics only available to AM. (2013, pp. 45-51)

The development of new solutions is driven by three points of interest: the further optimi-
zation of the process, the increase in productivity, and the reduction in cost per part com-
bined with offering new features as well as materials. At the moment, the team believes that
the main focus should be on the process in combination with the process-relevant hardware
and software. Optimizing the process for production includes the reliability and speed to
reduce the final cost per part. After the process, materials will become the area that offers the
greatest benefits as Dr. Keppler explained: “Once the process is properly optimized people
will start to create new alloys that can exploit the unique features of AM, but this will take
until certain industries to accept AM as a true manufacturing technology” (2013, pp. 45-51)
Meeting production readiness at the upcoming EuroMold in Frankfurt EOS will unveil the
first machine that truly reflects the new thinking at the company, the EOS M 400 system. A
400 mm x 400 mm X 400 mm modular metals laser sintering machine, the EOS M 400, is the
first step on the road to production machines capable of high-throughput series production
and the large-scale production platforms that EOS predict will be the future of AM for series
production. Featuring semi-automated process to aid throughput and reduce cycle times, the
modular principle will launch first with a single field 1 kW laser before being adapted for a
multi-field set up with four 200/400 W lasers in a second step, the EOS M 400-4.

4.2 Functional Description of Powder Bed-Based
Additive Manufacturing Systems
Beside EQOS, there are a few major providers that manufacture systems using a powder

bed-based technology. The phrases selective laser melting (SLM Solutions®), laser cusing
(Concept Laser®), laser sintering (PhenixSystems®/3D-Systems®), direct metal laser sintering



102 Additive Manufacturing

(EOS GmbH?®), and laser melting (Renishaw®) among others are literally describing the same
or similar processes. They all use lasers as source of energy to weld or better said re-melt
areas of the applied layer of powder to create a specific component. Of course, all of them
have machine-dependant proprietary features, exposure parameters, and an own exper-
tise about ideal building strategies to manufacture components. Since the variety between
machine features is very wide, I will describe the EOS process in detail and mention differ-
ences, if known.

EOS GmbH, Krailling, Germany is a private-owned machine manufacturer that sees
itself as a solution provider with a strong background in AM. The current EOS metal
printing machine M280/290/400 is a laser sintering machine, with which it is possible
to process different metal powders. In addition to various steels, titanium alloys, nickel-
based super alloys, and aluminum alloys are used for production of components [1].
Theoretically, every weld-able material can be processed by these systems; however, the
availability of exotic materials as defined metal powders in constant qualities is limited
at the moment.

This type of machine (Figure 4.1) is equipped with a 200/400 W Nd:YAG-fiber laser.
It combines the advantages of high beam quality, high beam intensity, and high dynamics.

The laser sintering machine is composed of a laser, optical unit, scanner, process computer,
process chamber, and inert gas recirculating filter system. The building process is operated
under inert gas atmosphere (in general nitrogen or argon but other atmospheres are possible).
For controlling the building process, several sensors are available. The systems are controlled
by standard industry computers.

It is responsible for the control of machine components, surveillance, calculating of the
scanning patterns, and scanner/laser communications.

The central point of the process chamber is the elevator system. These components are
the building-, dispenser-, and collector platforms. The build platform lowers while the
manufacturing process stepwise depending on the layer thickness and is performed after
every exposed layer.

EOSINT M 280

FIGURE 4.1
EOSINT M280. (Data from eos.info.)
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The building platform carrier is responsible for movements in z-height and thus the
required layer thickness of the part. Onto the platform carrier, a replaceable metallic plat-
form is fixed. This metal platform (generally made from the same material as the currently
used powder, or materials with similar thermal expansion coefficients) acts as a substrate
and has two major functions. It first acts as a heat-sink to absorb the high energy concen-
trations from the melt pool and second as a bonding substrate for the metallic components
printed on top. It holds the parts on position and compensates internal stresses from the
process that could cause warpage or delamination off the platform. After the process is fin-
ished, the platform together with the printed components is removed from the machine.
In general, a stress-relieving heat treatment is performed, and the parts are then separated
from the platform by wire EDM or band saw cutting. This platform can be easily recycled
after component removal by just milling/grinding it flat again. It is also possible to build
hybrid components, so for instance a preform can be mounted to the platform and only
complex features are added on top. Part repair is also possible by this technology on tur-
bine blades, gas turbine injection nozzles, among others.

On the right hand side of the building platform, the dispenser platform is located. (It is
also possible to feed fresh powder from above.) It feeds fresh metal powder for the manu-
facturing process. The powder is deposited from the dispenser over the build platform via
a recoater arm.

The recoater applies the required amount of powder onto the building platform in the
adjusted layer thickness. On the left hand side, the collector system is positioned. It collects
the metal powder overflow and process side-products (condensates/splashes) of the building
process. Like the building platform, it is lowered after several recoating steps (Figure 4.2).

The laser beam is funneled from the laser rack through an optical fiber into a collimator
and then the beam expander (Figure 4.3).

Two deflection mirrors, inside the scanner system, align the beam and position it dynam-
ically onto the powder bed. This beam is focused through an F® lens. (Some systems also use
3D-scan optics instead of FO® lenses.) Specific characteristics of the lens focus the laser beam
over the entire surface of the building area in the same height. Hence, the beam quality over
the entire building platform is constant, and paralaxation effects are compensated.

Recoater

<,‘:| Recoater blade

Building
platform f /.
nJ nJ nJ / nd
Building
Collector platform Dispenser
platform carrier platform

FIGURE 4.2
Functional description of the building process. (Data from EOS Unterlagen.)
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FIGURE 4.3

Simplified optical path of the laser.

The DMLS process is not a conventional sintering process. The energy output of the
laser during the DMLS process is so high that the current powder layer is fully melted
and welded to the underlying layer. The terminology sintering is misleading from the
history. In the very first systems and machine generations (i.e., M250) of the systems were
equipped with CO, lasers. Nd:YAG fiber lasers were not reliable enough and too expensive
at certain high power outputs. For this reason, CO, lasers were used to really sinter pow-
der conglomerates of high/low-melting mixtures. Today, each powder particle is already
the final alloy or element of the final part material.

During the process, the surface temperature of the melt pool or individual powder
beads can exceed the vaporization temperature. Material vaporizes and condenses
immediately within the relatively cold protective gas atmosphere of the process chamber
and could be deposited inside the process chamber. Since metal condensate emissions
or splashes from the melt pool would absorb (in an undefined and non-repetitive way)
laser energy in the optical path of the process chamber, it is necessary to remove emerg-
ing condensates from the optical path as quickly as possible. EOS solves this problem
with the introduction of a laminar flow over the build bed. A constant, material/process-
parameter-dependant flow of recirculating protective gas conducts process side products
(condensates/splashes/...) away from the melt pool and ensures that a consistent energy
deposition into the powder bed is possible. Not taking care of this effect is increasing
the variability of material properties (total density/pore size distribution/mechanical
properties/surface finish) over different zones in the process chamber as well as consis-
tency from build job to job. In order to ensure the quality of manufacturing, the process
chamber needs to be constantly flooded with a small amount of fresh inert gas. This inert
gas is filtered and fed back to the process chamber through the recirculating filter system.
Depending on the reactivity of the materials, different gas types are used. For instance, a
standard for processing highly reactive titanium is argon as protective gas. Aluminum can
be processed with either argon or nitrogen. Most nickel-based super alloys are operated
under argon atmosphere. Stainless steels or cobalt-chrome superalloys can be processed
under nitrogen.

The level to which the build platform is lowered represents the nominal layer thickness.
This layer thickness is the powder deposition layer thickness plus X. Depending on the
material, the powder density is approximately 50% lower compared to solid. Due to the
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solidification and increase in density, the X-thickness (approximately 1/2 of layer thick-
ness) is added to the nominal layer thickness. After approximately 10 processed layers, a
constant real-layer thickness balances between a factor of 1.6 and 2.0. For developing the
parameter set, at least 10 layers are required for reliable statements.

EOS uses for reproducibility and high part density a so-called hard recoating technol-
ogy. For this reason, the recoater blade is made of high-speed steel (HSS) or ceramics ZrO,
(processing material dependant). The advantage is that the applied layer thickness is con-
stant over the entire building time. This is because there is no significant wear happen-
ing since the recoater blade is significantly harder than the material that is processed.
Another advantage is that there is no noticeable contamination of the powder happening
from recoater residues. Some machine manufacturers use so-called soft recoating technolo-
gies like rubber/silicon/carbon—fiber lips, which are prone to wear during build (influence
on layer thickness over the jobtime) plus contamination of the powder/parts.

One disadvantage of hard recoating is that the process is not as failure forgiving as soft
recoating technologies. For this reason from the very beginning of the process parameter
development, recoatability is a significant influencing variable. During the exposure pro-
cess especially part contours tend to curl creating sharp part edges (wearing down soft
recoater technologies quickly). On hard recoating, these are sheared by the recoater blade
and deposited into the collector platform. Process-related shear forces can appear between
blade and component. Therefore, a strong connection between building platform and part
is important.

If, for instance, the process parameters are not very carefully developed, rough recoat-
ing appears due to the previously built layer and the part quality can be affected. Due
to the relatively cold building process combined with high energy density, extremely
high thermal gradients are present. Good heat conduction to the underlying component
is necessary to transport the energy away from the melt pool. Heat accumulations cause
instability of the building process and can result in job crashes in worst-case/bad sur-
face finishes or increased porosities in best case. As a general statement, thermal conduc-
tivity of powder is compared to solidified material very poor. In fact, the powder acts as
a thermal isolator because of the embedded atmosphere gasses. There are two possible
ways to conduct heat away from the melt pool: a solid bonding to the base plate or the
use of support structures.

Internal stresses occur because of the local high temperature differences. This can cause
deformations on the parts. In order to eliminate these internal stresses, most materials
need to be heat treated in a furnace after the completed building process. It is also possible
to decrease the internal part stresses by elevated platform or powder bed heating systems
or specific exposure strategies to a certain extent.

The model grows layer by layer out of the powder bed until its final z-height is reached.
The building process itself is fully automated and does not need machine operator sur-
veillance. After the building process, unused powder is removed from the process cham-
ber and can directly be recycled by a simple sieving process. The sieved powder is just
refilled into the machine and can be reused. The sieving process is important to elimi-
nate sheared particles, splashes, or condensates from the process to having clean powder
beads for the next build. It can be distinguished by automatic machine internal powder
handling and external powder handling. External powder handling would use in general
a conveying module to extract powder out of the machine/a sieving station to sieve the
powder amounts and a refilling module. These modules can also be integrated into the
system. Most applications see a disadvantage of using internal powder transportation due
to possible cross contaminations after material changes or powder batch control issues.



106 Additive Manufacturing

Filament - —_

Grid cup
Anode ~

Focus coil

Deflection coil

Electron beam
Powder container

Vacuum chamber

Building table

FIGURE 4.4
Principle of EBM. (Data from www.calraminc.com/services.htm.)

However, all of the current available solutions have their very specific advantages and
disadvantages. So stating one solution is better than another wouldn't reflect the neutral
meaning of this chapter.

A very closely related technology is called electron beam melting (EBM) from Arcam
AB (Figure 4.4). It is just another possibility to generate additive components using as a
source of energy an electron gun instead of a laser. The basic principles are equal to the
laser-based processes with deviations in atmosphere and building temperature. In a direct
comparison, the EBM process operates under a high vacuum atmosphere. The EBM pro-
cess operates in general with an elevated heated powder bed in most cases closer to the
melting temperature of the material than on laser-based systems. The electron beam is
scanned selectively over the surface and adds the last delta of energy to melt the powder.
In a direct comparison today, the EBM process can be seen as a complementary technology.
In the past, a big advantage of electron beam processes was higher build rates with the
disadvantage of worse surface finishes. However, with new evolutions of machine genera-
tions, the EBM process improved significantly on surface finishes. On the other side with
the introduction of higher power lasers and more advanced exposure strategies, the laser
processes picked up in terms of productivity. One big difference is, however, still present
in a direct comparison. Due to the elevated building temperatures, the EBM process is
known to have less residual stresses in their components. Some disadvantages to mention
in comparison with the laser-based solutions are as follows:

¢ The powder cake sinters together and the parts need to be blasted free from
unmelted powder.

e Time for pulling the vacuum, sensitive vacuum pumping technology.
® Heat-up and cool-down times add on the machine turnaround time.
e Detail resolution worse than on laser-based systems.

* Repeatability tolerances.
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Advantages to mention are as follows:

® Less internal stresses.
e Ability to stack components in one job.

¢ Less support structures necessary than in laser-based systems.

The sintered powder cake together with the embedded parts can be a challenge especially
in internal pathways of components as where unmelted powder from laser processes can
be just poured out of a component. In the end, the decision which technology to choose
depends always on the application and has to be considered very carefully.

4.3 Generic Process

The AM process contains several steps from the virtual CAD file to the manufactured
part.
For the generation of a manufactured part, the following steps are necessary:

e Step 1: CAD file

¢ Step 2: Standard tessellation language (STL) conversion into slice file
e Step 3: File transfer to the machine

e Step 4: Building process

e Step 5: Unpacking

® Step 6: Post-processing

Figure 4.5 shows the general workflow of AM technology. First step is the slicing of the 2D
slice data from the 3D STL model. These slice data are uploaded on the corresponding AM
machine. Here the part is being processed.

4.3.1 CAD File

It is necessary for all parts to have a CAD model. This model is being converted into an
STL file that describes the external surface (Figure 4.6, right side) by triangulation. It is
basically needed for the conversion of a slice file.

4.3.2 STL Conversion into Slice File

First, it is necessary for a successful manufacturing process to prepare the build data on a
computer. For the preparation, STL files are used. The format is particularly suited to fur-
ther processing into slice files. At first, the geometry needs to get checked for defects in the
surface. That means to fix all potential mistakes in the triangulation like inverted triangles
or holes. This is important to prevent problems within the slicing process.

The data preparation is done at EOS via Magics from Materialise, Leuven, Belgium,
but other software solutions are available as well. The program also offers the possibility
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FIGURE 4.5
(See color insert.) Functional sequence of additive manufacturing.
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FIGURE 4.6
On the left side a conventional CAD file. On the right side a STL file with triangles. (Data from Gibson, L. et al.,
Additive Manufacturing Technologies, Rapid Prototyping to Direct Digital Manufacturing, Springer-Verlag, 2010.)

of placing parts on a virtual building platform and the processing of simple geometries.
A crucial function is the generation of support structures (Figure 4.7).

These support structures are automatically generated by an EOS-specific module within
Magics. After creating these, modifications can be made. These structures are a simple ras-
tered hatch (Figure 4.8) made from individual exposure lines. It is possible to adjust several
support parameters like raster spacing, fragmentation, and predetermined breaking points
among others.


http://www.crcnetbase.com/action/showImage?doi=10.1201/b18893-5&iName=master.img-002.jpg&w=382&h=123

Additive Manufacturing of Metals Using Powder-Based Technology 109

FIGURE 4.7

Sample with a support structure. The left one is a design space with the support structure. The right one is a
supported trabecular lattice part.

|. (1

FIGURE 4.8
Rastered spacing of the support structure.

These adaptations are necessary for an individual modification of support within the
used lattice structure. While recoating, high forces can be transferred from the recoater arm
to the building part. Variations are needed for an adequate connection between support
structure and model. Another aspect is the nondestructive removal of the support from the
lattice and the building platform.

For generating slice files, EOS RP tools are used. After slicing, a check of the exported
files should be done to check the correct slicing. For the support structure (Figure 4.9) and
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FIGURE 4.10
Slice file of a lattice structure.

the part (Figure 4.10), two different slice files are written to hard disk. This is necessary to
allocate different exposure strategies.

4.3.3 File Transfer to the Machine

After finishing the slicing process, all necessary files need to be loaded into the machine
computer. The slice files can be uploaded to the process software PSW/EOSPRINT and posi-
tioned on the virtual building platform (Figure 4.11). Respectively, the job can be prepared
offline and loaded directly into the machine computer.

Recoater

FIGURE 4.11
Virtual building platform.
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FIGURE 4.12
Example of an exposing process.

4.3.4 Building Process

The manufacturing process of the designed parts is, for the most part, an automated process
and laser sintering machine can largely carry on without any supervision.

The operator only needs to assure that an adequate amount of powder for the building
process is provided. After starting the manufacturing process, it is advantageous to moni-
tor the exposing of the first few layers. This is necessary to ensure that enough powder is
fed and the recoating behavior of the first few layers is correct.

Figure 4.12 is an example for the exposure process of support structures.

4.3.5 Post-Processing

Afterward, the parts are cleaned and the adhesive support structure is removed. Another
process is the removal of the embedded powder. For this, several methods exist:

® Use of compressed air
* Shot peening with different media

With respect to shot peening, it is important to consider the size of the blasting media.
It needs to be small enough to not clog the lattice structure/internal passages of the parts.
Other post-processing steps for lattice cleaning are currently developed like dry-ice blast-
ing and ultrasonic cleaning among others.

4.4 Parameters of the Laser

The radiation of a laser has several properties such as average power, beam diameter,
beam divergence, wavelength, and frequency. For this application, the quality of the laser
is an important factor as well. Depending on the application output power, wavelength
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width, temporal/spatial coherence, and size of beam divergence are important. This is
related to the focus ability of the radiation.

The Gaussian beam is best for most applications because of its low divergence. This is
the ideal theoretical case for laser beams but in reality deviations often appear. The reason
can be oscillation of higher transversal modes. Due to interfering amplitudes or phases
of inhomogeneous enhancement of the laser medium, part overlap and radiation can be
formed (Figure 4.13).

Real laser beams are having higher divergences. The raw beam is focused by a lens.
Afterward, the beam diameter is larger than the diameter of a Gaussian beam. To compensate
this effect, power and radiance are reduced.

(8

JGauss Ft-0 97 M2-3 3 TEM*{(1.0)-16Z_ (0.1)-44%_(1.1}-20Z (2.0)-12%_(2.1)-8%) _[5] x]

FIGURE 4.13

(See color insert.) Beam characterization: (a) Gaussian fit 0.97, (b) TEM,,, (c) TEM,,, (d) TEM};, (e) TEM,,, and (f) TEM,,.
(Data from http:/ /www.laserfocusworld.com/articles /2008 /04 /beam-characterization-camera-based-sensors-
characterize-laser-beams.html.)
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FIGURE 4.14

Parameters of the laser beam. (Data from Boyan, B.D. et al., Titanium—Bone Cell Interface. Titanium in Medicine, D.

Brunette et al,, eds., Berlin, Germany, Springer, 562-579, 2001.)

The Gaussian optical path (Figure 4.14) describes beam course and most of the influencing
factors.

1. Optical characteristics

a.

Laser power P [W]

The power of a laser is not a constant value. It is one of the measurements that
varies. This parameter is defined by the user. The current laser has a maximum
output power of 400 W. 1 kW lasers are also available on certain machines.

Emission wavelength A [nm]

The emission wavelength is the wavelength of the radiation. It is emitted by the
stimulated laser medium. The emission wavelength is a fixed parameter with a
value of 1070 nm in case of EOS lasers.

Emission line width AA [nm]

The line width of a laser is the width of its optical spectrum.

It is also one of the parameters defined by the laser itself and not by the user.
In this case, it has a value of 3.5-5 nm.

2. Optical output (Figure 4.15)

a.

Beam diameter W [mm]

The beam diameter W (Figure 4.16) is the diameter of the beam’s waist. The beam
diameter is generally defined as twice the beam’s radius. It is the laser beam
diameter without focusing [8].

Focal beam diameter, W; [um]

The focal beam diameter W; of a laser beam in the TEM,,, grows with the dis-
tance z from the beam’s waist. Therefore, the beam diameter point z = 0 is the

113
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Diagram of defining the beam diameter. (Data from www.laser-journal.de, Strahlqualitédt von Lasern.)

smallest possible value and named W; (Figure 4.16). It can be calculated by the
following equation [6]:

M) [
Wf—T Z—E—W—[mm] 1)

Focus beam diameter

Beam divergence © [mrad]

The beam divergence of a laser beam (Figure 4.17) is the value of the expansion
rate defined by the divergence angle.

Instead of referring to directions with 1/¢? (Figure 4.17) times the maximum
intensity, the Gaussian beam radius at full width with half the maximum
divergence angle can be used. For this beam, a full beam divergence angle is
1.18 multiplied by half the divergence defined via the Gaussian beam radius
(1/e* radius) (Figure 4.17).

The divergence angle can be calculated with the following equation [6]:

®, A
®,=—"= = d 4.2
0 0, n*wp [mra] “.2)

Divergence angle



Additive Manufacturing of Metals Using Powder-Based Technology 115

600

400 fF

200

-200

Beam radius (m)
=

—400 |

-600 ! . : : . ’ : . .
-100 -80 -60 40 20 0 20 40 60 80 100

z position (mm)

FIGURE 4.16
Beam radius. (Data from http://www.rp-photonics.com/gaussian_beams.html.)

d. Beam quality M?

The beam quality is defined by the behavior of how tightly a laser beam is
focused under certain conditions.

M=t @.3)
K
Beam quality
1< M <o @4
Avea of the beam quality

400 f

200 .
Divergence

half-angle

Beam radius (Um)

-100 -80 -60 40 20 0 20 40 60 80 100

z-Position (mm)

FIGURE 4.17
Definition of the beam divergence. (Data from http://www.rp-photonics.com/gaussian_beams.html.)
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A few ways to quantify the beam quality are as follows:
i. The beam parameter product (bpp)
ii. The M? factor (ideally 1) [6]
iii. The inverse M? factor, named 1/K [6]

K=oFwo_ A @.5)
Oxw TEO*wW
Inverse factor of M?
0<K<1 4.6)

Avrea of the inverse factor of M?

Equations 4.3 and 4.5 present the area of validity of M? and its inverse.

e. Rayleigh length 7,
The Rayleigh length or Rayleigh range of the beam is the distance at which the

beam radius increased by a factor of 2°° or the beam diameter doubles, reducing
the intensity by half. It can be calculated with the following equation [6]:

TEW, W,
=y 0 - @—Z =[mm] @.7)
Rayleigh length

f. Beam parameter product g

The bpp is defined as the product of beam radius (measured at the beam’s
waist) and the beam’s half-divergence angle. It is calculated by the following
equation [6]:

7* =0, * w, =%=[mm*mrad:| 4.8)

Beam parameter product

The bpp is often used to specify the quality of a laser beam. A higher bpp
value indicates a lower quality beam (Figure 4.18).

g. Z-shift Z[mm]
Z-shift is defined as an offset of the laser beam’s focal position in correla-
tion with the power output of the laser. This is due to thermo-optical effects.
The laser focal position moves closer to the lens with increasing power
(Figure 4.19).

For a standardized and repeatable flowchart, the z-position of focus loca-
tion is measured with 10% and 100% power output. The difference of both
presents the area of z-shift. A delta z-shift to the value of 1.7 mm is inside
tolerances.
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Beam parameter product and M? values for various laser types. (Data from http://www.rp-photonics.com/

gaussian_beams.html.)

Z-shift

FIGURE 4.19

Laser

Simplified optical path of the laser for an explanation of the z-shift. (2) Focal position at 20 W (10%) and (1) focal
position at 200 W (100%). (Data from eos.datasheet.)

4.5 Specific Requirements for Implants or Biomedical Devices

An implant is any medical device made from one or more materials that is intentionally

placed within the body;, either totally or partially buried beneath and epithelia surface.

These medical devices are required, if the natural regeneration process due to age, illness,
or an accident is not efficient enough or not working any longer. But they do not feature an
innate ability of regeneration. These implants, which are inserted into the human body,
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need to be manufactured of a biocompatible material. For these medical devices, it is
necessary to use a non-viable material. These materials need conventionally to interact
with the biological system.

Implants in general need to manifest a high biofunctionality. That means, it is necessary to
conform an interchangeability of one or more functions in the biological system by a techni-
cal one. For best results, the physical and chemical properties of the implant’s material and
the replacing tissue should cooperate widely. A significant restriction is the fact that the nat-
ural tissue is a living system. Regarding this, it has the ability to regenerate self-contained.

For load-bearing medical devices, the application of force should occur in a physiological
way. So the bones integrity needs to be respected especially on the cutting edge between
implant and bone. The majority of defects are located on this transition because of the
change in physiological stiffness of substrates. Simulations of mechanical stress at cut-
ting edges confirm the effect of stress-shielding. The negative aspects of flexible implants
appear at high shear stresses.

The transition between bone and implant is commonly realized by bone cement like
polymethylmethacrylat. To avoid usage of bone cement, a direct adherence of bone to
the implant is desired. Achieving a high surface area to volume ratio of an implant is
required to optimize the bone-implant interaction. For the bone cell ingrowth, a specific
porosity on the implant surface according to literature is optimal. This is an impor-
tant point for the colonization of osteoblasts. The ingrowth of bone cells increases the
strength between medical device and bone and avoids degeneration of bone due to stress
shielding. This connectivity amends the durability. Mismatch of the moduli between
the implant and surrounding bone can cause stress shielding in bone. This eventually
leads to bone resorption and is one of the primary causes of implant loosening, which
requires painful revision surgery. The pore size is a crucial factor of influencing the bone
ingrowth.

A case study has proven that samples with a pore size of 5-20 pm, 20-50 um, and 50-200 um
show good results. In this book, the considered samples with pore sizes of 50200 pm
give best results in total strength. A comparison of several case studies has shown that an
increased ossification occurs at a strut diameter of 300 pm.

Bones are comparable to a composite material. Their mechanical properties are defined
by the external/internal and shape/structure as well as the properties of the material. The
design of bone is a natural process that is mainly steered by the loading conditions and
optimized to withstand them with minimal usage of cellular material.

Bone cores are made of a fine frame of spongiosa. This frame is coated by an outer layer
called substantia corticalis with varying wall thicknesses. A bone represents an excellent
example of composite materials because it is optimized very well to the loading conditions
or more simply expressed not over engineered.

A very important influencing factor of the strength and stiffness is the level of miner-
alization of a bone. In addition to this factor, the density or rather the porosity of bone
augmentation is crucial. Typical Young’s moduli are in the range of 10-24 GPa. This mag-
nitude suits for tissue of the cortical and spongiosi bone. The frame of spongiosi bone
has a stiffness depending exponentially on the porosity. Values are arranged in a wide
field of approximately 10-2000 MPa. Solid metallic medical devices have Young’s moduli
of more than 100 GPa. This value is significantly higher than that of bones. Different
dimensions of stiffness implicate a change in loading conditions on the bone. In prin-
ciple, the force flows within the bone change dramatically and the implant shields most of
the appearing stresses from the bone. This reduction is called stress-shielding and occurs
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most prominently on the transition loadings that are reflected by the implant. Depending
on loading conditions, bone structure alters or degenerates.

For preventing bone resorption, implants with lower stiffness are advantageous.
A reduction in the durability is affected through the loss of stiffness, smaller elastic strain,
and the hysteresis of solid metallic medical devices. Fast bone ingrowth and following
consistent connections are required because relative movements between medical device
and bone might appear. In this case, the ossification can be disturbed and only a weak
connection between tissue and implant grows, which is not efficient enough and will
never mineralize correctly. For a better biocompability and better connection of the bone—
implant interface, both surfaces are usually coated with hydroxyapatite.

4.6 TiAlV,

EOS Ti64 is a material with selectable characteristics depending on the application field.
The ratio of two phases in microstructure plays a crucial role. The titanium alloys are
divided according to their phases (o-Ti : $-Ti) in different classes (Figure 4.20).

The various elements of titanium alloy can be divided in two different charts for
characterization (Table 4.1).

Alloys with high percentage of a-stabilizer are characterized by good strength, creep
resistance, weldability, and low temperature resistance. In contrast to this, B-stabilizers
cause low temperature brittleness (Figure 4.21).

TiAlyV, is the most common alloy over all industries. The chemical composition of this
material is shown in Table 4.2.
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FIGURE 4.20
Possible microstructure of titanium with different microstructural phases: p-titanium krz (left side) and
a-titanium hdp (right side). With particular main glide plane.
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TABLE 4.1
Different Types of Stabilizers
a-Stabilizer p-Stabilizer
Aluminum (Al) Molybdenum (Mo)
Tin (Sn) Ferrite (Fe)
Zircon (Zr) Vanadium (Va)
Oxygen (O) Chromium (Cr)
Nitrogen (N) Niobium (Nb)
T(C) A T(C) A
B
o+
882 — 882 —
p
o
o o+p
> >
Tl + o-stabilisatoren Tl + B-stabilisatoren
FIGURE 4.21
Possible influence of the o-B-phase transition by allowing elements.
TABLE 4.2
Chemical Composition as per ISO 5832-3: 1996
Element Compositional Limits (%)
Aluminum 5.5-675
Vanadium 3.5-4.5
Iron Max. 0.3
Oxygen Max. 0.2
Carbon Max. 0.08
Nitrogen Max. 0.05
Hydrogen Max. 0.015
Titanium Balance

Source: DIN ISO 5832-3: 1996, Implants for surgery—
Metallic materials, Part 3: Wrought titanium
6-aluminium 4-vanadium alloy, August 2000.

Due to a titanium oxide layer formation on the surface, this alloy has an excellent corrosion
resistance. The material exhibits high strength at low density. Ti64 is often used as a high-
strength lightweight material in the aerospace and medical industries [10].

Table 4.3 shows the mechanical properties of the EOS Ti6Al4V alloy. Because of an excel-
lent biocompatibility, the material is often used for medical implants, for example, knees, hips,
and other joints. Biocompatibility is the ability of a material to perform with an appropriate
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TABLE 4.3

Extract of Mechanical Properties of the EOS Ti6Al4V Acc. to EOS-Datasheet
Density (g/cm?) Tensile Strength (MPa) Modulus of Elasticity (GPa)
441 1230 + 50 110 + 10

host response in a specific application. For biomaterials, special requirements exist like corro-
sion resistance, biocompatibility, bioadhesion, and good mechanical properties.

4.7 Standards for Porous Structures

Adjustments to mechanical properties of lattice structures being used for medical devices
are also applied for lightweight parts.

The use of lattice structures and foam-cores sandwich structures is also advantageous.
The ratio of mass and stiffness can be increased of this hybrid material.

The most influencing factor of mechanical properties for 3D lattice structures and porous
structures is the relative density Pre12 [11]. It describes the quotient of porous material’s

density and used raw material’s density [12].
_P_
Prel = - [%] (49)
Ps
Relative density

where:
p* is the density of the porous material [g/cm?]
0. is the density of the raw material [g/cm?]

Due to the lack of former manufacturing processes, it was only possible to build fine
porous structures using stochastic procedures like foams. An influence of internal struc-
ture is often restricted to the relative density. With the latest manufacturing technologies,
it is possible to build these fine internal geometries with full control over density, strut
distribution, shape, stiffness, and flexibility, among others. The disadvantages are usually
higher costs per part but adding value by technical details can compensate these increased
manufacturing costs.

The easiest form of lattice structures is providing a shell or design space. It is filled with a
framework and designed using unit cells or rather tessellations. In the best case, frameworks
have constant cross sections. This is the reason why it is possible to allow a description of the
linear elastic behavior by analytical approaches [13].

The mechanical properties depend upon the basis of the cross section, number, and
configuration of the struts like connectivity.

This parameter corresponds to the number of beams which interacts in one nodal point.
In the 3D case with a number of 12, only tensile forces and compressive forces occur instead
of bending moments within the struts.

The primary stretching structures are more efficient than the primary bending structure
and contain higher peeks of strength.
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Unit cell

FIGURE 4.22
Hexagonal model of rod-like columnar structure. (Data from Kim, H., Inte. |. Mechan. Sci., 43, S1027-51060, 2001.)

An important aspect is the occurring failure after reaching the yield point. In contrast to
thi