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Thank you for taking the time to read this book on Additive Manufacturing (AM).
We hope you benefit from the time and effort it has taken putting it together and that
you think it was a worthwhile undertaking. It all started as a discussion at a
conference in Portugal when we realized that we were putting together books
with similar aims and objectives. Since we are friends as well as colleagues, it
seemed sensible that we join forces rather than compete; sharing the load and
playing to each other’s strengths undoubtedly means a better all-round effort and
result.

We wrote this book because we have all been working in the field of AM for
many years. Although none of us like to be called “old,” we do seem to have
60 years of experience, collectively, and have each established reputations as
educators and researchers in this field. We have each seen the technologies
described in this book take shape and develop into serious commercial tools, with
tens of thousands of users and many millions of parts being made by AM machines
each year. AM is now being incorporated into curricula in many schools,
polytechnics, and universities around the world. More and more students are
becoming aware of these technologies and yet, as we saw it, there was no single
text adequate for such curricula. We believe that the first edition of this book
provided such a text, and based upon the updated information in this 2nd edition,
we hope we’ve improved upon that start.

Additive Manufacturing is defined by a range of technologies that are capable of
translating virtual solid model data into physical models in a quick and easy
process. The data are broken down into a series of 2D cross-sections of a finite
thickness. These cross-sections are fed into AM machines so that they can be
combined, adding them together in a layer-by-layer sequence to form the physical
part. The geometry of the part is therefore clearly reproduced in the AM machine
without having to adjust for manufacturing processes, like attention to tooling,
undercuts, draft angles, or other features. We can say therefore that the AM
machine is a What You See Is What You Build (WYSIWYB) process that is
particularly valuable the more complex the geometry is. This basic principle drives
nearly all AM machines, with variations in each technology in terms of the
techniques used for creating layers and in bonding them together. Further variations
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include speed, layer thickness, range of materials, accuracy, and of course cost.
With so many variables, it is clear to see why this book must be so long and
detailed. Having said that, we still feel there is much more we could have written
about.

The first three chapters of this book provide a basic overview of AM processes.
Without fully describing each technology, we provide an appreciation for why AM
is so important to many branches of industry. We outline the rapid development of
this technology from humble beginnings that showed promise but still requiring
much development, to one that is now maturing and showing real benefit to product
development organizations. In reading these chapters, we hope you can learn the
basics of how AM works.

The next nine chapters (Chaps. 4—12) take each group of technologies in turn and
describe them in detail. The fundamentals of each technology are dealt with in
terms of the basic process, whether it involves photopolymer curing, sintering,
melting, etc., so that the reader can appreciate what is needed in order to under-
stand, develop, and optimize each technology. Most technologies discussed in this
book have been commercialized by at least one company; and these machines are
described along with discussion on how to get the best out of them. The last chapter
in this group focused on inexpensive processes and machines, which overlaps some
of the material in earlier chapters, but we felt that the exponentially increasing
interest in these low-cost machines justified the special treatment.

The final chapters deal with how to apply AM technology in different settings.
Firstly, we look at selection methods for sorting through the many options
concerning the type of machine you should buy in relation to your application
and provide guidelines on how to select the right technology for your purpose.
Since all AM machines depend on input from 3D CAD software, we go on to
discuss how this process takes place. We follow this with a discussion of post-
processing methods and technologies so that if your selected machine and material
cannot produce exactly what you want, you have the means for improving the part’s
properties and appearance. A chapter on software issues in AM completes this
group of chapters.

AM technologies have improved to the extent that many manufacturers are using
AM machine output for end-product use. Called Direct Digital Manufacturing, this
opens the door to many exciting and novel applications considered impossible,
infeasible, or uneconomic in the past. We can now consider the possibility of mass
customization, where a product can be produced according to the tastes of an
individual consumer but at a cost-effective price. Then, we look at how the use of
this technology has affected the design process considering how we might improve
our designs because of the WYSIWYB approach. This moves us on nicely to the
subjects of applications of AM, including tooling and products in the medical,
aerospace, and automotive industries. We complete the book with a chapter on the
business, or enterprise-level, aspects of AM, investigating how these systems
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enable creative businesses and entrepreneurs to invent new products, and where
AM will likely develop in the future.

This book is primarily aimed at students and educators studying Additive
Manufacturing, either as a self-contained course or as a module within a larger
course on manufacturing technology. There is sufficient depth for an undergraduate
or graduate-level course, with many references to point the student further along the
path. Each chapter also has a number of exercise questions designed to test the
reader’s knowledge and to expand their thinking. A companion instructor’s guide is
being developed as part of the 2nd edition to include additional exercises and their
solutions, to aid educators. Researchers into AM may also find this text useful in
helping them understand the state of the art and the opportunities for further
research.

We have made a wide range of changes in moving from the first edition,
completed in 2009, to this new edition. As well as bringing everything as up to
date as is possible in this rapidly changing field, we have added in a number of new
sections and chapters. The chapter on medical applications has been extended to
include discussion on automotive and aerospace. There is a new chapter on rapid
tooling as well as one that discusses the recent movements in the low-cost AM
sector. We have inserted a range of recent technological innovations, including
discussion on the new Additive Manufacturing File Format as well as other
inclusions surrounding the standardization of AM with ASTM and ISO. We have
also updated the terminology in the text to conform to terminology developed by
the ASTM F42 committee, which has also been adopted as an ISO international
standard. In this 2nd edition we have edited the text to, as much as possible, remove
references to company-specific technologies and instead focus more on technolog-
ical principles and general understanding. We split the original chapter on printing
processes into two chapters on material jetting and on binder jetting to reflect the
standard terminology and the evolution of these processes in different directions.
As a result of these many additions and changes, we feel that this edition is now
significantly more comprehensive than the first one.

Although we have worked hard to make this book as comprehensive as possible,
we recognize that a book about such rapidly changing technology will not be up-to-
date for very long. With this in mind, and to help educators and students better
utilize this book, we will update our course website at http://www.springer.com/
978-1-4419-1119-3, with additional homework exercises and other aids for
educators. If you have comments, questions, or suggestions for improvement,
they are welcome. We anticipate updating this book in the future, and we look
forward to hearing how you have used these materials and how we might improve
this book.
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As mentioned earlier, each author is an established expert in Additive
Manufacturing with many years of research experience. In addition, in many
ways, this book is only possible due to the many students and colleagues with
whom we have collaborated over the years. To introduce you to the authors and
some of the others who have made this book possible, we will end this preface with
brief author biographies and acknowledgements.

Singapore, Singapore Tan Gibson
Atlanta, GA, USA David Rosen
Louisville, KY, USA Brent Stucker
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Abstract

The technology described in this book was originally referred to as rapid
prototyping. The term rapid prototyping (RP) is used in a variety of industries
to describe a process for rapidly creating a system or part representation before
final release or commercialization. In other words, the emphasis is on creating
something quickly and that the output is a prototype or basis model from which
further models and eventually the final product will be derived. Management
consultants and software engineers both use the term rapid prototyping to
describe a process of developing business and software solutions in a piecewise
fashion that allows clients and other stakeholders to test ideas and provide
feedback during the development process. In a product development context,
the term rapid prototyping was used widely to describe technologies which
created physical prototypes directly from digital data. This text is about these
latter technologies, first developed for prototyping, but now used for many more
purposes.

1.1 What Is Additive Manufacturing?

Additive manufacturing is the formalized term for what used to be called rapid
prototyping and what is popularly called 3D Printing. The term rapid prototyping
(RP) is used in a variety of industries to describe a process for rapidly creating a
system or part representation before final release or commercialization. In other
words, the emphasis is on creating something quickly and that the output is a
prototype or basis model from which further models and eventually the final
product will be derived. Management consultants and software engineers both
also use the term rapid prototyping to describe a process of developing business
and software solutions in a piecewise fashion that allows clients and other
stakeholders to test ideas and provide feedback during the development process.
In a product development context, the term rapid prototyping was used widely to
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2 1 Introduction and Basic Principles

describe technologies which created physical prototypes directly from digital
model data. This text is about these latter technologies, first developed for
prototyping, but now used for many more purposes.

Users of RP technology have come to realize that this term is inadequate and in
particular does not effectively describe more recent applications of the technology.
Improvements in the quality of the output from these machines have meant that
there is often a much closer link to the final product. Many parts are in fact now
directly manufactured in these machines, so it is not possible for us to label them as
“prototypes.” The term rapid prototyping also overlooks the basic principle of these
technologies in that they all fabricate parts using an additive approach. A recently
formed Technical Committee within ASTM International agreed that new termi-
nology should be adopted. While this is still under debate, recently adopted ASTM
consensus standards now use the term additive manufacturing [1].

Referred to in short as AM, the basic principle of this technology is that a model,
initially generated using a three-dimensional Computer-Aided Design (3D CAD)
system, can be fabricated directly without the need for process planning. Although
this is not in reality as simple as it first sounds, AM technology certainly signifi-
cantly simplifies the process of producing complex 3D objects directly from CAD
data. Other manufacturing processes require a careful and detailed analysis of the
part geometry to determine things like the order in which different features can be
fabricated, what tools and processes must be used, and what additional fixtures may
be required to complete the part. In contrast, AM needs only some basic dimen-
sional details and a small amount of understanding as to how the AM machine
works and the materials that are used to build the part.

The key to how AM works is that parts are made by adding material in layers;
each layer is a thin cross-section of the part derived from the original CAD data.
Obviously in the physical world, each layer must have a finite thickness to it and so
the resulting part will be an approximation of the original data, as illustrated by
Fig. 1.1. The thinner each layer is, the closer the final part will be to the original. All
commercialized AM machines to date use a layer-based approach, and the major
ways that they differ are in the materials that can be used, how the layers are
created, and how the layers are bonded to each other. Such differences will
determine factors like the accuracy of the final part plus its material properties
and mechanical properties. They will also determine factors like how quickly the
part can be made, how much post-processing is required, the size of the AM
machine used, and the overall cost of the machine and process.

This chapter will introduce the basic concepts of additive manufacturing and
describe a generic AM process from design to application. It will go on to discuss
the implications of AM on design and manufacturing and attempt to help in
understanding how it has changed the entire product development process. Since
AM is an increasingly important tool for product development, the chapter ends
with a discussion of some related tools in the product development process.
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Fig. 1.1 CAD image of a teacup with further images showing the effects of building using
different layer thicknesses

1.2 What Are AM Parts Used for?

Throughout this book you will find a wide variety of applications for AM. You will
also realize that the number of applications is increasing as the processes develop
and improve. Initially, AM was used specifically to create visualization models for
products as they were being developed. It is widely known that models can be much
more helpful than drawings or renderings in fully understanding the intent of the
designer when presenting the conceptual design. While drawings are quicker and
easier to create, models are nearly always required in the end to fully validate the
design.

Following this initial purpose of simple model making, AM technology has
developed over time as materials, accuracy, and the overall quality of the output
improved. Models were quickly employed to supply information about what is
known as the “3 Fs” of Form, Fit, and Function. The initial models were used to
help fully appreciate the shape and general purpose of a design (Form). Improved
accuracy in the process meant that components were capable of being built to the
tolerances required for assembly purposes (Fit). Improved material properties
meant that parts could be properly handled so that they could be assessed according
to how they would eventually work (Function).
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To say that AM technology is only useful for making models, though, would be
inaccurate and undervaluing the technology. AM, when used in conjunction with
other technologies to form process chains, can be used to significantly shorten
product development times and costs. More recently, some of these technologies
have been developed to the extent that the output is suitable for end use. This
explains why the terminology has essentially evolved from rapid prototyping to
additive manufacturing. Furthermore, use of high-power laser technology has
meant that parts can now also be directly made in a variety of metals, thus extending
the application range even further.

1.3 The Generic AM Process

AM involves a number of steps that move from the virtual CAD description to the
physical resultant part. Different products will involve AM in different ways and to
different degrees. Small, relatively simple products may only make use of AM for
visualization models, while larger, more complex products with greater engineering
content may involve AM during numerous stages and iterations throughout the
development process. Furthermore, early stages of the product development pro-
cess may only require rough parts, with AM being used because of the speed at
which they can be fabricated. At later stages of the process, parts may require
careful cleaning and post-processing (including sanding, surface preparation, and
painting) before they are used, with AM being useful here because of the complex-
ity of form that can be created without having to consider tooling. Later on, we will
investigate thoroughly the different stages of the AM process, but to summarize,
most AM processes involve, to some degree at least, the following eight steps
(as illustrated in Fig. 1.2).

1.3.1 Step 1: CAD

All AM parts must start from a software model that fully describes the external
geometry. This can involve the use of almost any professional CAD solid modeling
software, but the output must be a 3D solid or surface representation. Reverse
engineering equipment (e.g., laser and optical scanning) can also be used to create
this representation.

1.3.2 Step 2: Conversion to STL

Nearly every AM machine accepts the STL file format, which has become a de
facto standard, and nowadays nearly every CAD system can output such a file
format. This file describes the external closed surfaces of the original CAD model
and forms the basis for calculation of the slices.
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1 CAD

2 STL convert

3 File transfer to machine
4 Machine setup

5 Build

6 Remove

7 Post-process

8 Application

Fig. 1.2 Generic process of CAD to part, showing all eight stages
1.3.3 Step 3: Transfer to AM Machine and STL File Manipulation

The STL file describing the part must be transferred to the AM machine. Here, there
may be some general manipulation of the file so that it is the correct size, position,
and orientation for building.

1.3.4 Step 4: Machine Setup

The AM machine must be properly set up prior to the build process. Such settings
would relate to the build parameters like the material constraints, energy source,
layer thickness, timings, etc.

1.3.5 Step 5: Build

Building the part is mainly an automated process and the machine can largely carry
on without supervision. Only superficial monitoring of the machine needs to take
place at this time to ensure no errors have taken place like running out of material,
power or software glitches, etc.
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1.3.6 Step 6: Removal

Once the AM machine has completed the build, the parts must be removed. This
may require interaction with the machine, which may have safety interlocks to
ensure for example that the operating temperatures are sufficiently low or that there
are no actively moving parts.

1.3.7 Step 7: Post-processing

Once removed from the machine, parts may require an amount of additional
cleaning up before they are ready for use. Parts may be weak at this stage or they
may have supporting features that must be removed. This therefore often requires
time and careful, experienced manual manipulation.

1.3.8 Step 8: Application

Parts may now be ready to be used. However, they may also require additional
treatment before they are acceptable for use. For example, they may require
priming and painting to give an acceptable surface texture and finish. Treatments
may be laborious and lengthy if the finishing requirements are very demanding.
They may also be required to be assembled together with other mechanical or
electronic components to form a final model or product.

While the numerous stages in the AM process have now been discussed, it is
important to realize that many AM machines require careful maintenance. Many
AM machines use fragile laser or printer technology that must be carefully moni-
tored and that should preferably not be used in a dirty or noisy environment. While
machines are generally designed to operate unattended, it is important to include
regular checks in the maintenance schedule, and that different technologies require
different levels of maintenance. It is also important to note that AM processes fall
outside of most materials and process standards; explaining the recent interest in the
ASTM F42 Technical Committee on Additive Manufacturing Technologies, which
is working to address and overcome this problem [1]. However, many machine
vendors recommend and provide test patterns that can be used periodically to
confirm that the machines are operating within acceptable limits.

In addition to the machinery, materials may also require careful handling. The
raw materials used in some AM processes have limited shelf-life and may also be
required to be kept in conditions that prevent them from unwanted chemical
reactions. Exposure to moisture, excess light, and other contaminants should also
be avoided. Most processes use materials that can be reused for more than one
build. However, it may be that reuse could degrade the properties if performed
many times over, and therefore a procedure for maintaining consistent material
quality through recycling should also be observed.
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1.4  Why Use the Term Additive Manufacturing?

By now, you should realize that the technology we are referring to is primarily the
use of additive processes, combining materials layer by layer. The term additive
manufacturing, or AM, seems to describe this quite well, but there are many other
terms which are in use. This section discusses other terms that have been used to
describe this technology as a way of explaining the overall purpose and benefits of
the technology for product development.

1.4.1 Automated Fabrication (Autofab)

This term was popularized by Marshall Burns in his book of the same name, which
was one of the first texts to cover this technology in the early 1990s [2]. The
emphasis here is on the use of automation to manufacture products, thus implying
the simplification or removal of manual tasks from the process. Computers and
microcontrollers are used to control the actuators and to monitor the system
variables. This term can also be used to describe other forms of Computer Numeri-
cal Controlled (CNC) machining centers since there is no direct reference as to how
parts are built or the number of stages it would take to build them, although Burns
does primarily focus on the technologies also covered by this book. Some key
technologies are however omitted since they arose after the book was written.

1.4.2 Freeform Fabrication or Solid Freeform Fabrication

The emphasis here is in the capability of the processes to fabricate complex
geometric shapes. Sometimes the advantage of these technologies is described in
terms of providing “complexity for free,” implying that it doesn’t particularly
matter what the shape of the input object actually is. A simple cube or cylinder
would take almost as much time and effort to fabricate within the machine as a
complex anatomical structure with the same enclosing volume. The reference to
“Freeform” relates to the independence of form from the manufacturing process.
This is very different from most conventional manufacturing processes that become
much more involved as the geometric complexity increases.

1.4.3 Additive Manufacturing or Layer-Based Manufacturing

These descriptions relate to the way the processes fabricate parts by adding material
in layers. This is in contrast to machining technology that removes, or subtracts
material from a block of raw material. It should be noted that some of the processes
are not purely additive, in that they may add material at one point but also use
subtractive processes at some stage as well. Currently, every commercial process
works in a layer-wise fashion. However, there is nothing to suggest that this is an
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essential approach to use and that future systems may add material in other ways
and yet still come under a broad classification that is appropriate to this text. A
slight variation on this, Additive Fabrication, is a term that was popularized by
Terry Wohlers, a well-known industry consultant in this field and who compiles a
widely regarded annual industry report on the state of this industry [3]. However,
many professionals prefer the term “manufacturing” to “fabrication” since “fabri-
cation” has some negative connotations that infer the part may still be a “prototype”
rather than a finished article. Additionally, in some regions of the world the term
fabrication is associated with sheet metal bending and related processes, and thus
professionals from these regions often object to the use of the word fabrication for
this industry. Additive manufacturing is, therefore, starting to become widely used,
and has also been adopted by Wohlers in his most recent publications and
presentations.

1.4.4 Stereolithography or 3D Printing

These two terms were initially used to describe specific machines.
Stereolithography (SL) was termed by the US company 3D Systems [4, 5] and
3D Printing (3DP) was widely used by researchers at MIT [6] who invented an
ink-jet printing-based technology. Both terms allude to the use of 2D processes
(lithography and printing) and extending them into the third dimension. Since most
people are very familiar with printing technology, the idea of printing a physical
three-dimensional object should make sense. Many consider that eventually the
term 3D Printing will become the most commonly used wording to describe AM
technologies. Recent media interest in the technology has proven this to be true and
the general public is much more likely to know the term 3D Printing than any other
term mentioned in this book.

1.4.5 Rapid Prototyping

Rapid prototyping was termed because of the process this technology was designed
to enhance or replace. Manufacturers and product developers used to find
prototyping a complex, tedious, and expensive process that often impeded the
developmental and creative phases during the introduction of a new product. RP
was found to significantly speed up this process and thus the term was adopted.
However, users and developers of this technology now realize that AM technology
can be used for much more than just prototyping.

Significant improvements in accuracy and material properties have seen this
technology catapulted into testing, tooling, manufacturing, and other realms that are
outside the “prototyping” definition. However, it can also be seen that most of the
other terms described above are also flawed in some way. One possibility is that
many will continue to use the term RP without specifically restricting it to the
manufacture of prototypes, much in the way that IBM makes things other than
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business machines and that 3M manufactures products outside of the mining
industry. It will be interesting to watch how terminology develops in the future.

Where possible, we have used additive manufacturing or its abbreviation AM
throughout this book as the generic term for the suite of technologies covered by
this book. It should be noted that, in the literature, most of the terms introduced
above are interchangeable; but different terminology may emphasize the approach
used in a particular instance. Thus, both in this book and while searching for or
reading other literature, the reader must consider the context to best understand
what each of these terms means.

1.5 The Benefits of AM

Many people have described this technology as revolutionizing product develop-
ment and manufacturing. Some have even gone on to say that manufacturing, as we
know it today, may not exist if we follow AM to its ultimate conclusion and that we
are experiencing a new industrial revolution. AM is now frequently referred to as
one of a series of disruptive technologies that are changing the way we design
products and set up new businesses. We might, therefore, like to ask “why is this the
case?” What is it about AM that enthuses and inspires some to make these kinds of
statements?

First, let’s consider the “rapid” character of this technology. The speed advan-
tage is not just in terms of the time it takes to build parts. The speeding up of the
whole product development process relies much on the fact that we are using
computers throughout. Since 3D CAD is being used as the starting point and the
transfer to AM is relatively seamless, there is much less concern over data conver-
sion or interpretation of the design intent. Just as 3D CAD is becoming What You
See Is What You Get (WYSIWYG), so it is the same with AM and we might just as
easily say that What You See Is What You Build (WYSIWYB).

The seamlessness can also be seen in terms of the reduction in process steps.
Regardless of the complexity of parts to be built, building within an AM machine is
generally performed in a single step. Most other manufacturing processes would
require multiple and iterative stages to be carried out. As you include more features
in a design, the number of these stages may increase dramatically. Even a relatively
simple change in the design may result in a significant increase in the time required
to build using conventional methods. AM can, therefore, be seen as a way to more
effectively predict the amount of time to fabricate models, regardless of what
changes may be implemented during this formative stage of the product
development.

Similarly, the number of processes and resources required can be significantly
reduced when using AM. If a skilled craftsman was requested to build a prototype
according to a set of CAD drawings, he may find that he must manufacture the part
in a number of stages. This may be because he must employ a variety of construc-
tion methods, ranging from hand carving, through molding and forming techniques,
to CNC machining. Hand carving and similar operations are tedious, difficult, and



10 1 Introduction and Basic Principles

prone to error. Molding technology can be messy and obviously requires the
building of one or more molds. CNC machining requires careful planning and a
sequential approach that may also require construction of fixtures before the part
itself can be made. All this of course presupposes that these technologies are within
the repertoire of the craftsman and readily available.

AM can be used to remove or at least simplify many of these multistage
processes. With the addition of some supporting technologies like silicone-rubber
molding, drills, polishers, grinders, etc. it can be possible to manufacture a vast
range of different parts with different characteristics. Workshops which adopt AM
technology can be much cleaner, more streamlined, and more versatile than before.

1.6  Distinction Between AM and CNC Machining

As mentioned in the discussion on Automated Fabrication, AM shares some of its
DNA with CNC machining technology. CNC is also a computer-based technology
that is used to manufacture products. CNC differs mainly in that it is primarily a
subtractive rather than additive process, requiring a block of material that must be at
least as big as the part that is to be made. This section discusses a range of topics
where comparisons between CNC machining and AM can be made. The purpose is
not really to influence choice of one technology over another rather than to establish
how they may be implemented for different stages in the product development
process, or for different types of product.

1.6.1 Material

AM technology was originally developed around polymeric materials, waxes, and
paper laminates. Subsequently, there has been introduction of composites, metals,
and ceramics. CNC machining can be used for soft materials, like medium-density
fiberboard (MDF), machinable foams, machinable waxes, and even some polymers.
However, use of CNC to shape softer materials is focused on preparing these parts
for use in a multistage process like casting. When using CNC machining to make
final products, it works particularly well for hard, relatively brittle materials like
steels and other metal alloys to produce high accuracy parts with well-defined
properties. Some AM parts, in contrast, may have voids or anisotropy that are a
function of part orientation, process parameters or how the design was input to the
machine, whereas CNC parts will normally be more homogeneous and predictable
in quality.

1.6.2 Speed

High-speed CNC machining can generally remove material much faster than AM
machines can add a similar volume of material. However, this is only part of the
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picture, as AM technology can be used to produce a part in a single stage. CNC
machines require considerable setup and process planning, particularly as parts
become more complex in their geometry. Speed must therefore be considered in
terms of the whole process rather than just the physical interaction of the part
material. CNC is likely to be a multistage manufacturing process, requiring
repositioning or relocation of parts within one machine or use of more than one
machine. To make a part in an AM machine, it may only take a few hours; and in
fact multiple parts are often batched together inside a single AM build. Finishing
may take a few days if the requirement is for high quality. Using CNC machining,
even 5-axis high-speed machining, this same process may take weeks with consid-
erably more uncertainty over the completion time.

1.6.3 Complexity

As mentioned above, the higher the geometric complexity, the greater the advan-
tage AM has over CNC. If CNC is being used to create a part directly in a single
piece, then there may be some geometric features that cannot be fabricated. Since a
machining tool must be carried in a spindle, there may be certain accessibility
constraints or clashes preventing the tool from being located on the machining
surface of a part. AM processes are not constrained in the same way and undercuts
and internal features can be easily built without specific process planning. Certain
parts cannot be fabricated by CNC unless they are broken up into components and
reassembled at a later stage. Consider, for example, the possibility of machining a
ship inside a bottle. How would you machine the ship while it is still inside the
bottle? Most likely you would machine both elements separately and work out a
way to combine them together as an assembly and/or joining process. With AM you
can build the ship and the bottle all at once. An expert in machining must therefore
analyze each part prior to it being built to ensure that it indeed can be built and to
determine what methods need to be used. While it is still possible that some parts
cannot be built with AM, the likelihood is much lower and there are generally ways
in which this may be overcome without too much difficulty.

1.6.4 Accuracy

AM machines generally operate with a resolution of a few tens of microns. It is
common for AM machines to also have different resolution along different orthog-
onal axes. Typically, the vertical build axis corresponds to layer thickness and this
would be of a lower resolution compared with the two axes in the build plane.
Accuracy in the build plane is determined by the positioning of the build mecha-
nism, which will normally involve gearboxes and motors of some kind. This
mechanism may also determine the minimum feature size as well. For example,
SL uses a laser as part of the build mechanism that will normally be positioned
using galvanometric mirror drives. The resolution of the galvanometers would
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determine the overall dimensions of parts built, while the diameter of the laser beam
would determine the minimum wall thickness. The accuracy of CNC machines on
the other hand is mainly determined by a similar positioning resolution along all
three orthogonal axes and by the diameter of the rotary cutting tools. There are
factors that are defined by the tool geometry, like the radius of internal corners, but
wall thickness can be thinner than the tool diameter since it is a subtractive process.
In both cases very fine detail will also be a function of the desired geometry and
properties of the build material.

1.6.5 Geometry

AM machines essentially break up a complex, 3D problem into a series of simple
2D cross-sections with a nominal thickness. In this way, the connection of surfaces
in 3D is removed and continuity is determined by how close the proximity of one
cross-section is with an adjacent one. Since this cannot be easily done in CNC,
machining of surfaces must normally be generated in 3D space. With simple
geometries, like cylinders, cuboids, cones, etc., this is a relatively easy process
defined by joining points along a path; these points being quite far apart and the tool
orientation being fixed. In cases of freeform surfaces, these points can become very
close together with many changes in orientation. Such geometry can become
extremely difficult to produce with CNC, even with 5-axis interpolated control or
greater. Undercuts, enclosures, sharp internal corners, and other features can all fail
if these features are beyond a certain limit. Consider, for example, the features
represented in the part in Fig. 1.3. Many of them would be very difficult to machine
without manipulation of the part at various stages.

1.6.6 Programming

Determining the program sequence for a CNC machine can be very involved,
including tool selection, machine speed settings, approach position and angle, etc.
Many AM machines also have options that must be selected, but the range,
complexity, and implications surrounding their choice are minimal in comparison.
The worst that is likely to happen in most AM machines is that the part will not be
built very well if the programming is not done properly. Incorrect programming of a
CNC machine could result in severe damage to the machine and may even be a
human safety risk.

1.7 Example AM Parts

Figure 1.4 shows a montage of parts fabricated using some of the common AM
processes. Part a. was fabricated using a stereolithography machine and depicts a
simplified fuselage for an unmanned aerial vehicle where the skin is reinforced with
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The cavity here may be
too deep to machine

The undercut here cannot be
performed without more than
3 axis machining

b . Sharp internal features
w— cannot be machined
Base cannot be machined without a tool radius

since machine must hold
using a fixture

Fig. 1.3 Features that represent problems using CNC machining

Fig. 1.4 Montage of AM parts

a conformal lattice structure (see Chap. 4 for more information about the process). A
more complete description of this part is included in the Design for Additive
Manufacturing chapter. Parts b. and c. were fabricated using material jetting
(Chap. 7). Part b. demonstrates the capability of depositing multiple materials
simultaneously, where one set of nozzles deposited the clear material, while another
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set deposited the black material for the lines and the Objet name. Part c. is a section
of chain. Both parts b. and c. have working revolute joints that were fabricated using
clearances for the joints and dissolvable support structure. Part d. is a metal part that
was fabricated in a metal powder bed fusion machine using an electron beam as its
energy source (Chap. 5). The part is a model of a facial implant. Part e. was
fabricated in an Mcor Technologies sheet lamination machine that has ink-jet
printing capability for the multiple colors (Chap. 9). Parts f. and g. were fabricated
using material extrusion (Chap. 6). Part f. is a ratchet mechanism that was fabricated
in a single build in an industrial machine. Again, the working mechanism is achieved
through proper joint designs and dissolvable support structure. Part g. was fabricated
in a low-cost, personal machine (that one of the authors has at home). Parts h. and
i. were fabricated using polymer powder bed fusion. Part h. is the well-known “brain
gear” model of a three-dimensional gear train. When one gear is rotated, all other
gears rotate as well. Since parts fabricated in polymer PBF do not need supports,
working revolute and gear joints can be created by managing clearances and
removing the loose powder from the joint regions. Part i. is another conformal lattice
structure showing the shape complexity capability of AM technologies.

1.8  Other Related Technologies

The most common input method for AM technology is to accept a file converted
into the STL file format originally built within a conventional 3D CAD system.
There are, however, other ways in which the STL files can be generated and other
technologies that can be used in conjunction with AM technology. This section will
describe a few of these.

1.8.1 Reverse Engineering Technology

More and more models are being built from data generated using reverse engineer-
ing (RE) 3D imaging equipment and software. In this context, RE is the process of
capturing geometric data from another object. These data are usually initially
available in what is termed “point cloud” form, meaning an unconnected set of
points representing the object surfaces. These points need to be connected together
using RE software like Geomagic [7], which may also be used to combine point
clouds from different scans and to perform other functions like hole-filling and
smoothing. In many cases, the data will not be entirely complete. Samples may, for
example, need to be placed in a holding fixture and thus the surfaces adjacent to this
fixture may not be scanned. In addition, some surfaces may obscure others, like
with deep crevices and internal features; so that the representation may not turn out
exactly how the object is in reality. Recently there have been huge improvements in
scanning technology. An adapted handphone using its inbuilt camera can now
produce a high-quality 3D scan for just a few hundred dollars that even just a few


http://dx.doi.org/10.1007/978-1-4939-2113-3_5
http://dx.doi.org/10.1007/978-1-4939-2113-3_9
http://dx.doi.org/10.1007/978-1-4939-2113-3_6

1.8 Other Related Technologies 15

years ago would have required an expensive laser-scanning or stereoscopic camera
system costing $100,000 or more.

Engineered objects would normally be scanned using laser-scanning or touch-
probe technology. Objects that have complex internal features or anatomical
models may make use of Computerized Tomography (CT), which was initially
developed for medical imaging but is also available for scanning industrially
produced objects. This technique essentially works in a similar way to AM, by
scanning layer by layer and using software to join these layers and identify the
surface boundaries. Boundaries from adjacent layers are then connected together to
form surfaces. The advantage of CT technology is that internal features can also be
generated. High-energy X-rays are used in industrial technology to create high-
resolution images of around 1 pm. Another approach that can help digitize objects
is the Capture Geometry Inside [8] technology that also works very much like a
reverse of AM technology, where 2D imaging is used to capture cross-sections of a
part as it is machined away layer by layer. Obviously this is a destructive approach
to geometry capture so it cannot be used for every type of product.

AM can be used to reproduce the articles that were scanned, which essentially
would form a kind of 3D facsimile (3D Fax) process. More likely, however, the data
will be modified and/or combined with other data to form complex, freeform
artifacts that are taking advantage of the “complexity for free” feature of the
technology. An example may be where individual patient data are combined with
an engineering design to form a customized medical implant. This is something that
will be discussed in much more detail later on in this book.

1.8.2 Computer-Aided Engineering

3D CAD is an extremely valuable resource for product design and development.
One major benefit to using software-based design is the ability to implement change
easily and cheaply. If we are able to keep the design primarily in a software format
for a larger proportion of the product development cycle, we can ensure that any
design changes are performed virtually on the software description rather than
physically on the product itself. The more we know about how the product is
going to perform before it is built, the more effective that product is going to
be. This is also the most cost-effective way to deal with product development. If
problems are only noticed after parts are physically manufactured, this can be very
costly. 3D CAD can make use of AM to help visualize and perform basic tests on
candidate designs prior to full-scale commitment to manufacturing. However, the
more complex and performance-related the design, the less likely we are to gain
sufficient insight using these methods. However, 3D CAD is also commonly linked
to other software packages, often using techniques like finite element method
(FEM) to calculate the mechanical properties of a design, collectively known as
Computer-Aided Engineering (CAE) software. Forces, dynamics, stresses, flow,
and other properties can be calculated to determine how well a design will perform
under certain conditions. While such software cannot easily predict the exact
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behavior of a part, for analysis of critical parts a combination of CAE, backed up
with AM-based experimental analysis, may be a useful solution. Further, with the
advent of Direct Digital Manufacture, where AM can be used to directly produce
final products, there is an increasing need for CAE tools to evaluate how these parts
would perform prior to AM so that we can build these products right first time as a
form of Design for Additive Manufacturing (D for AM).

1.8.3 Haptic-Based CAD

3D CAD systems are generally built on the principle that models are constructed
from basic geometric shapes that are then combined in different ways to make more
complex forms. This works very well for the engineered products we are familiar
with, but may not be so effective for more unusual designs. Many consumer
products are developed from ideas generated by artists and designers rather than
engineers. We also note that AM has provided a mechanism for greater freedom of
expression. AM is in fact now becoming a popular tool for artists and sculptors,
like, for example, Bathsheba Grossman [9] who takes advantage of the geometric
freedom to create visually exciting sculptures. One problem we face today is that
some computer-based design tools constrain or restrict the creative processes and
that there is scope for a CAD system that provides greater freedom. Haptic-based
CAD modeling systems like the experimental system shown in Fig. 1.5 [10], work
in a similar way to the commercially available Freeform [11] modeling system to
provide a design environment that is more intuitive than other standard CAD
systems. They often use a robotic haptic feedback device called the Phantom to

Fig. 1.5 Freeform modeling system
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provide force feedback relating to the virtual modeling environment. An object can
be seen on-screen, but also felt in 3D space using the Phantom. The modeling
environment includes what is known as Virtual Clay that deforms under force
applied using the haptic cursor. This provides a mechanism for direct interaction
with the modeling material, much like how a sculptor interacts with actual clay. The
results using this system are generally much more organic and freeform surfaces
that can be incorporated into product designs by using additional engineering CAD
tools. As consumers become more demanding and discerning we can see that CAD
tools for non-engineers like designers, sculptors, and even members of the general
public are likely to become much more commonplace.

1.9 About this Book

There have been a number of texts describing additive manufacturing processes,
either as dedicated books or as sections in other books. So far, however, there have
been no texts dedicated to teaching this technology in a comprehensive way within
a university setting. Recently, universities have been incorporating additive
manufacturing into various curricula. This has varied from segments of single
modules to complete postgraduate courses. This text is aimed at supporting these
curricula with a comprehensive coverage of as many aspects of this technology as
possible. The authors of this text have all been involved in setting up programs in
their home universities and have written this book because they feel that there are
no books to date that cover the required material in sufficient breadth and depth.
Furthermore, with the increasing interest in 3D Printing, we believe that this text
can also provide a comprehensive understanding of the technologies involved.
Despite the increased popularity, it is clear that there is a significant lack of basic
understanding by many of the breadth that AM has to offer.

Early chapters in this book discuss general aspects of AM, followed by chapters
which focus on specific AM technologies. The final chapters focus more on generic
processes and applications. It is anticipated that the reader will be familiar with 3D
solid modeling CAD technology and have at least a small amount of knowledge
about product design, development, and manufacturing. The majority of readers
would be expected to have an engineering or design background, more specifically
product design, or mechanical, materials or manufacturing engineering. Since AM
technology also involves significant electronic and information technology
components, readers with a background in computer applications and mechatronics
may also find this text beneficial.

1.10 Exercises

1. Find three other definitions for rapid prototyping other than that of additive
manufacturing as covered by this book.
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. From the web, find different examples of applications of AM that illustrate their

use for “Form,” “Fit,” and “Function.”

. What functions can be carried out on point cloud data using Reverse Engineering

software? How do these tools differ from conventional 3D CAD software?

. What is your favorite term (AM, Freeform Fabrication, RP, etc.) for describing

this technology and why?

. Create a web link list of videos showing operation of different AM technologies

and representative process chains.

. Make a list of different characteristics of AM technologies as a means to

compare with CNC machining. Under what circumstances do AM have the
advantage and under what would CNC?

. How does the Phantom desktop haptic device work and why might it be more

useful for creating freeform models than conventional 3D CAD?
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Abstract

It is important to understand that AM was not developed in isolation from other
technologies. For example it would not be possible for AM to exist were it not
for innovations in areas like 3D graphics and Computer-Aided Design software.
This chapter highlights some of the key moments that catalogue the development
of Additive Manufacturing technology. It will describe how the different
technologies converged to a state where they could be integrated into AM
machines. It will also discuss milestone AM technologies and how they have
contributed to increase the range of AM applications. Furthermore, we will
discuss how the application of Additive Manufacturing has evolved to include
greater functionality and embrace a wider range of applications beyond the
initial intention of just prototyping.

2.1 Introduction

Additive Manufacturing (AM) technology came about as a result of developments
in a variety of different technology sectors. Like with many manufacturing
technologies, improvements in computing power and reduction in mass storage
costs paved the way for processing the large amounts of data typical of modern 3D
Computer-Aided Design (CAD) models within reasonable time frames. Nowadays,
we have become quite accustomed to having powerful computers and other com-
plex automated machines around us and sometimes it may be difficult for us to
imagine how the pioneers struggled to develop the first AM machines.

This chapter highlights some of the key moments that catalogue the develop-
ment of Additive Manufacturing technology. It will describe how the different
technologies converged to a state where they could be integrated into AM
machines. It will also discuss milestone AM technologies. Furthermore, we will
discuss how the application of Additive Manufacturing has evolved to include
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greater functionality and embrace a wider range of applications beyond the initial
intention of just prototyping.

2.2 Computers

Like many other technologies, AM came about as a result of the invention of the
computer. However, there was little indication that the first computers built in the
1940s (like the Zuse Z3 [1], ENIAC [2] and EDSAC [3] computers) would change
lives in the way that they so obviously have. Inventions like the thermionic valve,
transistor, and microchip made it possible for computers to become faster, smaller,
and cheaper with greater functionality. This development has been so quick that
even Bill Gates of Microsoft was caught off-guard when he thought in 1981 that
640 kb of memory would be sufficient for any Windows-based computer. In 1989,
he admitted his error when addressing the University of Waterloo Computer
Science Club [4]. Similarly in 1977, Ken Olsen of Digital Electronics Corp.
(DEC) stated that there would never be any reason for people to have computers
in their homes when he addressed the World Future Society in Boston [5]. That
remarkable misjudgment may have caused Olsen to lose his job not long
afterwards.

One key to the development of computers as serviceable tools lies in their ability
to perform tasks in real-time. In the early days, serious computational tasks took
many hours or even days to prepare, run, and complete. This served as a hindrance
to everyday computer use and it is only since it was shown that tasks can be
completed in real-time that computers have been accepted as everyday items rather
than just for academics or big business. This has included the ability to display
results not just numerically but graphically as well. For this we owe a debt of thanks
at least in part to the gaming industry, which has pioneered many developments in
graphics technology with the aim to display more detailed and more “realistic”
images to enhance the gaming experience.

AM takes full advantage of many of the important features of computer technol-
ogy, both directly (in the AM machines themselves) and indirectly (within the
supporting technology), including:

— Processing power: Part data files can be very large and require a reasonable
amount of processing power to manipulate while setting up the machine and
when slicing the data before building. Earlier machines would have had diffi-
culty handling large CAD data files.

— Graphics capability: AM machine operation does not require a big graphics
engine except to see the file while positioning within the virtual machine space.
However, all machines benefit from a good graphical user interface (GUI) that
can make the machine easier to set up, operate, and maintain.

— Machine control: AM technology requires precise positioning of equipment in a
similar way to a Computer Numerical Controlled (CNC) machining center, or
even a high-end photocopy machine or laser printer. Such equipment requires
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controllers that take information from sensors for determining status and
actuators for positioning and other output functions. Computation is generally
required in order to determine the control requirements. Conducting these
control tasks even in real-time does not normally require significant amounts
of processing power by today’s standards. Dedicated functions like positioning
of motors, lenses, etc. would normally require individual controller modules. A
computer would be used to oversee the communication to and from these
controllers and pass data related to the part build function.

— Networking: Nearly every computer these days has a method for communicating
with other computers around the world. Files for building would normally be
designed on another computer to that running the AM machine. Earlier systems
would have required the files to be loaded from disk or tape. Nowadays almost
all files will be sent using an Ethernet connection, often via the Internet.

— Integration: As is indicated by the variety of functions, the computer forms a
central component that ties different processes together. The purpose of the
computer would be to communicate with other parts of the system, to process
data, and to send that data from one part of the system to the other. Figure 2.1
shows how the above mentioned technologies are integrated to form an AM
machine.

Actuators Sensors

Environmental control

— temperature, Interle;lyer r;ont(rjol, Z control for platform | | XY control for layer
humidity, atmosphere, recog ing, hea movement plotting

etc cleaning, etc.

T~ —

Process Controller

A

User Interface

Slicing Support
system generation
«—» Internet
Process setup PrOCfess
monitor

Fig. 2.1 General integration of an AM machine
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Earlier computer-based design environments required physically large main-
frame and mini computers. Workstations that generally ran the graphics and input/
output functions were connected to these computers. The computer then ran the
complex calculations for manipulating the models. This was a costly solution based
around the fact that the processor and memory components were very expensive
elements. With the reduction in the cost of these components, Personal Computers
(PCs) became viable solutions. Earlier PCs were not powerful enough to replace the
complex functions that workstation-based computers could perform, but the speedy
development of PCs soon overcame all but the most computationally expensive
requirements.

Without computers there would be no capability to display 3D graphic images.
Without 3D graphics, there would be no CAD. Without this ability to represent
objects digitally in 3D, we would have a limited desire to use machines to fabricate
anything but the simplest shapes. It is safe to say, therefore, that without the
computers we have today, we would not have seen Additive Manufacturing
develop.

23 Computer-Aided Design Technology

Today, every engineering student must learn how to use computers for many of
their tasks, including the development of new designs. CAD technologies are
available for assisting in the design of large buildings and of nano-scale
microprocessors. CAD technology holds within it the knowledge associated with
a particular type of product, including geometric, electrical, thermal, dynamic, and
static behavior. CAD systems may contain rules associated with such behaviors that
allow the user to focus on design and functionality without worrying too much
whether a product can or cannot work. CAD also allows the user to focus on small
features of a large product, maintaining data integrity and ordering it to understand
how subsystems integrate with the remainder.

Additive Manufacturing technology primarily makes use of the output from
mechanical engineering, 3D Solid Modeling CAD software. It is important to
understand that this is only a branch of a much larger set of CAD systems and,
therefore, not all CAD systems will produce output suitable for layer-based AM
technology. Currently, AM technology focuses on reproducing geometric form and
so the better CAD systems to use are those that produce such forms in the most
precise and effective way.

Early CAD systems were extremely limited by the display technology. The first
display systems had little or no capacity to produce anything other than alphanu-
meric text output. Some early computers had specialized graphic output devices
that displayed graphics separate from the text commands used to drive them. Even
so, the geometric forms were shown primarily in a vector form, displaying wire-
frame output. As well as the heavy demand on the computing power required to
display the graphics for such systems, this was because most displays were
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monochrome, making it very difficult to show 3D geometric forms on screen
without lighting and shading effects.

CAD would not have developed so quickly if it were not for the demands set by
Computer-Aided Manufacture (CAM). CAM represents a channel for converting
the virtual models developed in CAD into the physical products that we use in our
everyday lives. It is doubtful that without the demands associated with this conver-
sion from virtual to real that CAD would have developed so far or so quickly. This,
in turn, was fuelled and driven by the developments in associated technologies, like
processor, memory, and display technologies. CAM systems produce the code for
numerically controlled (NC) machinery, essentially combining coordinate data
with commands to select and actuate the cutting tools. Early NC technologies
would take CAM data relating to the location of machined features, like holes,
slots, pockets, etc. These features would then be fabricated by machining from a
stock material. As NC machines proved their value in their precise, automated
functionality, the sophistication of the features increased. This has now extended to
the ability to machine highly complex, freeform surfaces. However, there are two
key limitations to all NC machining:

— Almost every part must be made in stages, often requiring multiple passes for
material removal and setups.

— All machining is performed from an approach direction (sometimes referred to
as 2.5D rather than fully 3D manufacture). This requires that the stock material
be held in a particular orientation and that not all the material can be accessible
at any one stage in the process.

NC machining, therefore, only requires surface modeling software. All early
CAM systems were based on surface modeling CAD. AM technology was the first
automated computer-aided manufacturing process that truly required 3D solid
modeling CAD. It was necessary to have a fully enclosed surface to generate the
driving coordinates for AM. This can be achieved using surface modeling systems,
but because surfaces are described by boundary curves it is often difficult to
precisely and seamlessly connect these together. Even if the gaps are imperceptible,
the resulting models may be difficult to build using AM. At the very least, any
inaccuracies in the 3D model would be passed on to the AM part that was
constructed. Early AM applications often displayed difficulties because of
associated problems with surface modeling software.

Since it is important for AM systems to have accurate models that are fully
enclosed, the preference is for solid modeling CAD. Solid modeling CAD ensures
that all models made have a volume and, therefore, by definition are fully enclosed
surfaces. While surface modeling can be used in part construction, we cannot
always be sure that the final model is faithfully represented as a solid. Such models
are generally necessary for Computer-Aided Engineering (CAE) tools like Finite
Element Analysis (FEA), but are also very important for other CAM processes.

Most CAD systems can now quite readily run on PCs. This is generally a result
of the improvements in computer technology mentioned earlier, but is also a result
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in improvements in the way CAD data is presented, manipulated, and stored. Most
CAD systems these days utilize Non-Uniform Rational Basis-Splines, or NURBS
[6]. NURBS are an excellent way of precisely defining the curves and surfaces that
correspond to the outer shell of a CAD model. Since model definitions can include
free form surfaces as well as simple geometric shapes, the representation must
accommodate this and splines are complex enough to represent such shapes without
making the files too large and unwieldy. They are also easy to manipulate to modify
the resulting shape.
CAD technology has rapidly improved along the following lines:

— Realism: With lighting and shading effects, ray tracing and other photorealistic
imaging techniques, it is becoming possible to generate images of the CAD
models that are difficult to distinguish from actual photographs. In some ways,
this reduces the requirements on AM models for visualization purposes.

— Usability and user interface: Early CAD software required the input of text-
based instructions through a dialog box. Development of Windows-based GUIs
has led to graphics-based dialogs and even direct manipulation of models within
virtual 3D environments. Instructions are issued through the use of drop-down
menu systems and context-related commands. To suit different user preferences
and styles, it is often possible to execute the same instruction in different ways.
Keyboards are still necessary for input of specific measurements, but the usabil-
ity of CAD systems has improved dramatically. There is still some way to go to
make CAD systems available to those without engineering knowledge or with-
out training, however.

— Engineering content: Since CAD is almost an essential part of a modern
engineer’s training, it is vital that the software includes as much engineering
content as possible. With solid modeling CAD it is possible to calculate the
volumes and masses of models, investigate fits and clearances according to
tolerance variations, and to export files with mesh data for FEA. FEA is often
even possible without having to leave the CAD system.

— Speed: As mentioned previously, the use of NURBS assists in optimizing CAD
data manipulation. CAD systems are constantly being optimized in various
ways, mainly by exploiting the hardware developments of computers.

— Accuracy: If high tolerances are expected for a design then it is important that
calculations are precise. High precision can make heavy demands on processing
time and memory.

— Complexity: All of the above characteristics can lead to extremely complex
systems. It is a challenge to software vendors to incorporate these features
without making them unwieldy and unworkable.

— Usability: Recent developments in CAD technology have focused on making the
systems available to a wider range of users. In particular the aim has been to
allow untrained users to be able to design complex geometry parts for them-
selves. There are now 3D solid modeling CAD systems that run entirely within a
web browser with similar capabilities of workstation systems of only
10 years ago.
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Many CAD software vendors are focusing on producing highly integrated design
environments that allow designers to work as teams and to share designs across
different platforms and for different departments. Industrial designers must work
with sales and marketing, engineering designers, analysts, manufacturing
engineers, and many other branches of an organization to bring a design to fruition
as a product. Such branches may even be in different regions of the world and may
be part of the same organization or acting as subcontractors. The Internet must
therefore also be integrated with these software systems, with appropriate measures
for fast and accurate transmission and protection of intellectual property.

It is quite possible to directly manipulate the CAD file to generate the slice data
that will drive an AM machine, and this is commonly referred to as direct slicing
[7]. However, this would mean every CAD system must have a direct slicing
algorithm that would have to be compatible with all the different types of AM
technology. Alternatively, each AM system vendor would have to write a routine
for every CAD system. Both of these approaches are impractical. The solution is to
use a generic format that is specific to the technology. This generic format was
developed by 3D Systems, USA, who was the first company to commercialize AM
technology and called the file format “STL” after their stereolithography technol-
ogy (an example of which is shown in Fig. 2.2).

The STL file format was made public domain to allow all CAD vendors to access it
easily and hopefully integrate it into their systems. This strategy has been successful
and STL is now a standard output for nearly all solid modeling CAD systems and has
also been adopted by AM system vendors [8]. STL uses triangles to describe the
surfaces to be built. Each triangle is described as three points and a facet normal vector
indicating the outward side of the triangle, in a manner similar to the following:

facet normal —4.470293E—02 7.003503E—01—7.123981E-01
outer loop

vertex —2.812284E + 00 2.298693E + 01 0.000000E + 00
vertex —2.812284E + 00 2.296699E + 01—1.960784E—02
vertex —3.124760E + 00 2.296699E + 01 0.000000E + 00
endloop

endfacet

1

Fig. 2.2 A CAD model on the left converted into STL format on the right
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The demands on CAD technology in the future are set to change with respect to
AM. As we move toward more and more functionality in the parts produced by AM,
we must understand that the CAD system must include rules associated with
AM. To date, the focus has been on the external geometry. In the future, we may
need to know rules associated with how the AM systems function so that the output
can be optimized.

24  Other Associated Technologies

Aside from computer technology there are a number of other technologies that have
developed along with AM that are worthy of note here since they have served to
contribute to further improvement of AM systems.

2.4.1 Lasers

Many of the earliest AM systems were based on laser technology. The reasons are
that lasers provide a high intensity and highly collimated beam of energy that can be
moved very quickly in a controlled manner with the use of directional mirrors.
Since AM requires the material in each layer to be solidified or joined in a selective
manner, lasers are ideal candidates for use, provided the laser energy is compatible
with the material transformation mechanisms. There are two kinds of laser
processing used in AM; curing and heating. With photopolymer resins the require-
ment is for laser energy of a specific frequency that will cause the liquid resin to
solidify, or “cure.” Usually this laser is in the ultraviolet range but other frequencies
can be used. For heating, the requirement is for the laser to carry sufficient thermal
energy to cut through a layer of solid material, to cause powder to melt, or to cause
sheets of material to fuse. For powder processes, for example, the key is to melt the
material in a controlled fashion without creating too great a build-up of heat, so that
when the laser energy is removed, the molten material rapidly solidifies again. For
cutting, the intention is to separate a region of material from another in the form of
laser cutting. Earlier AM machines used tube lasers to provide the required energy
but many manufacturers have more recently switched to solid-state technology,
which provides greater efficiency, lifetime, and reliability.

2.4.2 Printing Technologies

Ink-jet or droplet printing technology has rapidly developed in recent years.
Improvements in resolution and reduction in costs has meant that high-resolution
printing, often with multiple colors, is available as part of our everyday lives. Such
improvement in resolution has also been supported by improvement in material
handling capacity and reliability. Initially, colored inks were low in viscosity and
fed into the print heads at ambient temperatures. Now it is possible to generate
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Fig. 2.3 Printer technology used on an AM machine (photo courtesy of Stratasys)

much higher pressures within the droplet formation chamber so that materials with
much higher viscosity and even molten materials can be printed. This means that
droplet deposition can now be used to print photocurable and molten resins as well
as binders for powder systems. Since print heads are relatively compact devices
with all the droplet control technology highly integrated into these heads (like the
one shown in Fig. 2.3), it is possible to produce low-cost, high-resolution, high-
throughput AM technology. In the same way that other AM technologies have
applied the mass-produced laser technology, other technologies have piggy-backed
upon the larger printing industry.

2.4.3 Programmable Logic Controllers

The input CAD models for AM are large data files generated using standard
computer technology. Once they are on the AM machine, however, these files are
reduced to a series of process stages that require sensor input and signaling of
actuators. This is process and machine control that often is best carried out using
microcontroller systems rather than microprocessor systems. Industrial microcon-
troller systems form the basis of Programmable Logic Controllers (PLCs), which
are used to reliably control industrial processes. Designing and building industrial
machinery, like AM machines, is much easier using building blocks based around
modern PLCs for coordinating and controlling the various steps in the machine
process.

2.4.4 Materials

Earlier AM technologies were built around materials that were already available
and that had been developed to suit other processes. However, the AM processes are
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somewhat unique and these original materials were far from ideal for these new
applications. For example, the early photocurable resins resulted in models that
were brittle and that warped easily. Powders used in laser-based powder bed fusion
processes degraded quickly within the machine and many of the materials used
resulted in parts that were quite weak. As we came to understand the technology
better, materials were developed specifically to suit AM processes. Materials have
been tuned to suit more closely the operating parameters of the different processes
and to provide better output parts. As a result, parts are now much more accurate,
stronger, and longer lasting and it is even possible to process metals with some AM
technologies. In turn, these new materials have resulted in the processes being tuned
to produce higher temperature materials, smaller feature sizes, and faster
throughput.

2.4.5 Computer Numerically Controlled Machining

One of the reasons AM technology was originally developed was because CNC
technology was not able to produce satisfactory output within the required time
frames. CNC machining was slow, cumbersome, and difficult to operate. AM
technology on the other hand was quite easy to set up with quick results, but had
poor accuracy and limited material capability. As improvements in AM
technologies came about, vendors of CNC machining technology realized that
there was now growing competition. CNC machining has dramatically improved,
just as AM technologies have matured. It could be argued that high-speed CNC
would have developed anyway, but some have argued that the perceived threat from
AM technology caused CNC machining vendors to rethink how their machines
were made. The development of hybrid prototyping technologies, such as Space
Puzzle Molding that use both high-speed machining and additive techniques for
making large, complex and durable molds and components, as shown in Fig. 2.4
[9], illustrate how the two can be used interchangeably to take advantage of the
benefits of both technologies. For geometries that can be machined using a single
set-up orientation, CNC machining is often the fastest, most cost-effective method.
For parts with complex geometries or parts which require a large proportion of the
overall material volume to be machined away as scrap, AM can be used to more
quickly and economically produce the part than when using CNC.

2.5 The Use of Layers

A key enabling principle of AM part manufacture is the use of layers as finite 2D
cross-sections of the 3D model. Almost every AM technology builds parts using
layers of material added together; and certainly all commercial systems work that
way, primarily due to the simplification of building 3D objects. Using 2D
representations to represent cross-sections of a more complex 3D feature has
been common in many applications outside AM. The most obvious example of
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Fig. 2.4 Space puzzle
molding, where molds are
constructed in segments for
fast and easy fabrication and
assembly (photo courtesy of
Protoform, Germany)

Fig. 2.5 An architectural
landscape model, illustrating
the use of layers (photo
courtesy of LiD)

this is how cartographers use a line of constant height to represent hills and other
geographical reliefs. These contour lines, or iso-heights, can be used as plates that
can be stacked to form representations of geographical regions. The gaps between
these 2D cross-sections cannot be precisely represented and are therefore
approximated, or interpolated, in the form of continuity curves connecting these
layers. Such techniques can also be used to provide a 3D representation of other

physical properties, like isobars or isotherms on weather maps.

Architects have also used such methods to represent landscapes of actual or
planned areas, like that used by an architect firm in Fig. 2.5 [10]. The concept is
particularly logical to manufacturers of buildings who also use an additive
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approach, albeit not using layers. Consider how the pyramids in Egypt and in South
America were created. Notwithstanding how they were fabricated, it’s clear that
they were created using a layered approach, adding material as they went.

2.6 Classification of AM Processes

There are numerous ways to classify AM technologies. A popular approach is to
classify according to baseline technology, like whether the process uses lasers,
printer technology, extrusion technology, etc. [11, 12]. Another approach is to
collect processes together according to the type of raw material input [13]. The
problem with these classification methods is that some processes get lumped
together in what seems to be odd combinations (like Selective Laser Sintering
(SLS) being grouped together with 3D Printing) or that some processes that may
appear to produce similar results end up being separated (like Stereolithography
and material jetting with photopolymers). It is probably inappropriate, therefore, to
use a single classification approach.

An excellent and comprehensive classification method is described by Pham
[14], which uses a two-dimensional classification method as shown in Fig. 2.6. The
first dimension relates to the method by which the layers are constructed. Earlier
technologies used a single point source to draw across the surface of the base
material. Later systems increased the number of sources to increase the throughput,
which was made possible with the use of droplet deposition technology, for
example, which can be constructed into a one dimensional array of deposition
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Fig. 2.6 Layered manufacturing (LM) processes as classified by Pham (note that this diagram has
been amended to include some recent AM technologies)
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heads. Further throughput improvements are possible with the use of 2D array
technology using the likes of Digital Micro-mirror Devices (DMDs) and high-
resolution display technology, capable of exposing an entire surface in a single
pass. However, just using this classification results in the previously mentioned
anomalies where numerous dissimilar processes are grouped together. This is
solved by introducing a second dimension of raw material to the classification.
Pham uses four separate material classifications; liquid polymer, discrete particles,
molten material, and laminated sheets. Some more exotic systems mentioned in this
book may not fit directly into this classification. An example is the possible
deposition of composite material using an extrusion-based technology. This fits
well as a 1D channel but the material is not explicitly listed, although it could be
argued that the composite is extruded as a molten material. Furthermore, future
systems may be developed that use 3D holography to project and fabricate complete
objects in a single pass. As with many classifications, there can sometimes be
processes or systems that lie outside them. If there are sufficient systems to warrant
an extension to this classification, then it should not be a problem.

It should be noted that, in particular 1D and 2 x 1D channel systems combine
both vector- and raster-based scanning methods. Often, the outline of a layer is
traced first before being filled in with regular or irregular scanning patterns. The
outline is generally referred to as vector scanned while the fill pattern can often be
generalized as a raster pattern. The array methods tend not to separate the outline
and the fill.

Most AM technology started using a 1D channel approach, although one of the
earliest and now obsolete technologies, Solid Ground Curing from Cubital, used
liquid photopolymers and essentially (although perhaps arguably) a 2D channel
method. As technology developed, so more of the boxes in the classification array
began to be filled. The empty boxes in this array may serve as a guide to researchers
and developers for further technological advances. Most of the 1D array methods
use at least 2 x 1D lines. This is similar to conventional 2D printing where each line
deposits a different material in different locations within a layer. The recent Connex
process using the Polyjet technology from Stratasys is a good example of this where
it is now possible to create parts with different material properties in a single step
using this approach. Color 3D Printing is possible using multiple 1D arrays with ink
or separately colored material in each. Note however that the part coloration in the
sheet laminating Mcor process [15] is separated from the layer formation process,
which is why it is defined as a 1D channel approach.

2.6.1 Liquid Polymer Systems

As can be seen from Fig. 2.5 liquid polymers appear to be a popular material. The
first commercial system was the 3D Systems Stereolithography process based on
liquid photopolymers. A large portion of systems in use today are, in fact, not just
liquid polymer systems but more specifically liquid photopolymer systems. How-
ever, this classification should not be restricted to just photopolymers, since a
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number of experimental systems are using hydrogels that would also fit into this
category. Furthermore, the Fab@home system developed at Cornell University in
the USA and the open source RepRap systems originating from Bath University in
the UK also use liquid polymers with curing techniques other than UV or other
wavelength optical curing methods [16, 17].

Using this material and a 1D channel or 2 x 1D channel scanning method, the
best option is to use a laser like in the Stereolithography process. Droplet deposition
of polymers using an array of 1D channels can simplify the curing process to a
floodlight (for photopolymers) or similar method. This approach is used with
machines made by the Israeli company Objet (now part of Stratasys) who uses
printer technology to print fine droplets of photopolymer “ink” [18]. One unique
feature of the Objet system is the ability to vary the material properties within a
single part. Parts can for example have soft-feel, rubber-like features combined
with more solid resins to achieve a result similar to an overmolding effect.

Controlling the area to be exposed using DMDs or other high-resolution display
technology obviates the need for any scanning at all, thus increasing throughput and
reducing the number of moving parts. DMDs are generally applied to micron-scale
additive approaches, like those used by Microtec in Germany [19]. For normal-
scale systems Envisiontec uses high-resolution DMD displays to cure photopoly-
mer resin in their low-cost AM machines. The 3D Systems V-Flash process is also a
variation on this approach, exposing thin sheets of polymer spread onto a build
surface.

2.6.2 Discrete Particle Systems

Discrete particles are normally powders that are generally graded into a relatively
uniform particle size and shape and narrow size distribution. The finer the particles
the better, but there will be problems if the dimensions get too small in terms of
controlling the distribution and dispersion. Again, the conventional 1D channel
approach is to use a laser, this time to produce thermal energy in a controlled
manner and, therefore, raise the temperature sufficiently to melt the powder.
Polymer powders must therefore exhibit thermoplastic behavior so that they can
be melted and re-melted to permit bonding of one layer to another. There are a wide
variety of such systems that generally differ in terms of the material that can be
processed. The two main polymer-based systems commercially available are the
SLS technology marketed by 3D Systems [20] and the EOSint processes developed
by the German company EOS [21].

Application of printer technology to powder beds resulted in the (original) 3D
Printing (3DP) process. This technique was developed by researchers at MIT in the
USA [22]. Droplet printing technology is used to print a binder, or glue, onto a
powder bed. The glue sticks the powder particles together to form a 3D structure.
This basic technique has been developed for different applications dependent on the
type of powder and binder combination. The most successful approaches use
low-cost, starch- and plaster-based powders with inexpensive glues, as
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commercialized by ZCorp, USA [23], which is now part of 3D Systems. Ceramic
powders and appropriate binders as similarly used in the Direct Shell Production
Casting (DSPC) process used by Soligen [24] as part of a service to create shells for
casting of metal parts. Alternatively, if the binder were to contain an amount of
drug, 3DP can be used to create controlled delivery-rate drugs like in the process
developed by the US company Therics. Neither of these last two processes has
proven to be as successful as that licensed by ZCorp/3D Systems. One particular
advantage of the former ZCorp technology is that the binders can be jetted from
multinozzle print heads. Binders coming from different nozzles can be different
and, therefore, subtle variations can be incorporated into the resulting part. The
most obvious of these is the color that can be incorporated into parts.

2.6.3 Molten Material Systems

Molten material systems are characterized by a pre-heating chamber that raises the
material temperature to melting point so that it can flow through a delivery system.
The most well-known method for doing this is the Fused Deposition Modeling
(FDM) material extrusion technology developed by the US company Stratasys
[25]. This approach extrudes the material through a nozzle in a controlled manner.
Two extrusion heads are often used so that support structures can be fabricated from
a different material to facilitate part cleanup and removal. It should be noted that
there are now a huge number of variants of this technology due to the lapse of key
FDM patents, with the number of companies making these perhaps even into three
figures. This competition has driven the price of these machines down to such a
level that individual buyers can afford to have their own machines at home.

Printer technology has also been adapted to suit this material delivery approach.
One technique, developed initially as the Sanders prototyping machine, that later
became Solidscape, USA [26] and which is now part of Stratasys, is a 1D channel
system. A single jet piezoelectric deposition head lays down wax material. Another
head lays down a second wax material with a lower melting temperature that is used
for support structures. The droplets from these print heads are very small so the
resulting parts are fine in detail. To further maintain the part precision, a planar
cutting process is used to level each layer once the printing has been completed.
Supports are removed by inserting the complete part into a temperature-controlled
bath that melts the support material away, leaving the part material intact. The use
of wax along with the precision of Solidscape machines makes this approach ideal
for precision casting applications like jewelry, medical devices, and dental castings.
Few machines are sold outside of these niche areas.

The 1D channel approach, however, is very slow in comparison with other
methods and applying a parallel element does significantly improve throughput.
The Thermojet technology from 3D Systems also deposits a wax material through
droplet-based printing heads. The use of parallel print heads as an array of 1D
channels effectively multiplies the deposition rate. The Thermojet approach, how-
ever, is not widely used because wax materials are difficult and fragile when
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handled. Thermojet machines are no longer being made, although existing
machines are commonly used for investment casting patterns.

2.6.4 Solid Sheet Systems

One of the earliest AM technologies was the Laminated Object Manufacturing
(LOM) system from Helisys, USA. This technology used a laser to cut out profiles
from sheet paper, supplied from a continuous roll, which formed the layers of the
final part. Layers were bonded together using a heat-activated resin that was coated
on one surface of the paper. Once all the layers were bonded together the result was
very much like a wooden block. A hatch pattern cut into the excess material allowed
the user to separate away waste material and reveal the part.

A similar approach was used by the Japanese company Kira, in their Solid
Center machine [27], and by the Israeli company Solidimension with their Solido
machine. The major difference is that both these machines cut out the part profile
using a blade similar to those found in vinyl sign-making machines, driven using a
2D plotter drive. The Kira machine used a heat-activated adhesive applied using
laser printing technology to bond the paper layers together. Both the Solido and
Kira machines have been discontinued for reasons like poor reliability material
wastage and the need for excessive amounts of manual post-processing. Recently,
however, Mcor Technologies have produced a modern version of this technology,
using low-cost color printing to make it possible to laminate color parts in a single
process [28].

2.6.5 New AM Classification Schemes

In this book, we use a version of Pham’s classification introduced in Fig. 2.6.
Instead of using the 1D and 2 x 1D channel terminology, we will typically use the
terminology “point” or “point-wise” systems. For arrays of 1D channels, such as
when using ink-jet print heads, we refer to this as “line” processing. 2D Channel
technologies will be referred to as “layer” processing. Last, although no current
commercialized processes are capable of this, holographic-like techniques are
considered “volume” processing.

The technology-specific descriptions starting in Chap. 4 are based, in part, upon
a separation of technologies into groups where processes which use a common type
of machine architecture and similar materials transformation physics are grouped
together. This grouping is a refinement of an approach introduced by Stucker and
Janaki Ram in the CRC Materials Processing Handbook [29]. In this grouping
scheme, for example, processes which use a common machine architecture devel-
oped for stacking layers of powdered material and a materials transformation
mechanism using heat to fuse those powders together are all discussed in the
Powder Bed Fusion chapter. These are grouped together even though these pro-
cesses encompass polymer, metal, ceramic, and composite materials, multiple types
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of energy sources (e.g., lasers, and infrared heaters), and point-wise and layer
processing approaches. Using this classification scheme, all AM processes fall
into one of seven categories. An understanding of these seven categories should
enable a person familiar with the concepts introduced in this book to quickly grasp
and understand an unfamiliar AM process by comparing its similarities, benefits,
drawbacks, and processing characteristics to the other processes in the grouping
into which it falls.

This classification scheme from the first edition of this textbook had an impor-
tant impact on the development and adoption of ASTM/ISO standard terminology.
The authors were involved in these consensus standards activities and we have
agreed to adopt the modified terminology from ASTM F42 and ISO TC 261 in the
second edition. Of course, in the future, we will continue to support the ASTM/ISO
standardization efforts and keep the textbook up to date.

The seven process categories are presented here. Chapters 4—10 cover each one
in detail:

» Vat photopolymerization: processes that utilize a liquid photopolymer that is
contained in a vat and processed by selectively delivering energy to cure specific
regions of a part cross-section.

» Powder bed fusion: processes that utilize a container filled with powder that is
processed selectively using an energy source, most commonly a scanning laser
or electron beam.

e Material extrusion: processes that deposit a material by extruding it through a
nozzle, typically while scanning the nozzle in a pattern that produces a part
cross-section.

e Material jetting: ink-jet printing processes.

« Binder jetting: processes where a binder is printed into a powder bed in order to
form part cross-sections.

¢ Sheet lamination: processes that deposit a layer of material at a time, where the
material is in sheet form.

» Directed energy deposition: processes that simultaneously deposit a material
(usually powder or wire) and provide energy to process that material through a
single deposition device.

2.7 Metal Systems

One of the most important recent developments in AM has been the proliferation of
direct metal processes. Machines like the EOSint-M [21] and Laser-Engineered Net
Shaping (LENS) have been around for a number of years [30, 31]. Recent additions
from other companies and improvements in laser technology, machine accuracy,
speed, and cost have opened up this market.

Most direct metal systems work using a point-wise method and nearly all of
them utilize metal powders as input. The main exception to this approach is the
sheet lamination processes, particularly the Ultrasonic Consolidation process from
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the Solidica, USA, which uses sheet metal laminates that are ultrasonically welded
together [32]. Of the powder systems, almost every newer machine uses a powder
spreading approach similar to the SLS process, followed by melting using an energy
beam. This energy is normally a high-power laser, except in the case of the Electron
Beam Melting (EBM) process by the Swedish company Arcam [33]. Another
approach is the LENS powder delivery system used by Optomec [31]. This machine
employs powder delivery through a nozzle placed above the part. The powder is
melted where the material converges with the laser and the substrate. This approach
allows the process to be used to add material to an existing part, which means it can
be used for repair of expensive metal components that may have been damaged,
like chipped turbine blades and injection mold tool inserts.

2.8 Hybrid Systems

Some of the machines described above are, in fact, hybrid additive/subtractive
processes rather than purely additive. Including a subtractive component can assist
in making the process more precise. An example is the use of planar milling at the
end of each additive layer in the Sanders and Objet machines. This stage makes for
a smooth planar surface onto which the next layer can be added, negating cumula-
tive effects from errors in droplet deposition height.

It should be noted that when subtractive methods are used, waste will be
generated. Machining processes require removal of material that in general cannot
easily be recycled. Similarly, many additive processes require the use of support
structures and these too must be removed or “subtracted.”

It can be said that with the Objet process, for instance, the additive element is
dominant and that the subtractive component is important but relatively insignifi-
cant. There have been a number of attempts to merge subtractive and additive
technologies together where the subtractive component is the dominant element.
An excellent example of this is the Stratoconception approach [34], where the
original CAD models are divided into thick machinable layers. Once these layers
are machined, they are bonded together to form the complete solid part. This
approach works very well for very large parts that may have features that would
be difficult to machine using a multi-axis machining center due to the accessibility
of the tool. This approach can be applied to foam and wood-based materials or to
metals. For structural components it is important to consider the bonding methods.
For high strength metal parts diffusion bonding may be an alternative.

A lower cost solution that works in a similar way is Subtractive RP (SRP) from
Roland [35], who is also famous for plotter technology. SRP makes use of Roland
desktop milling machines to machine sheets of material that can be sandwiched
together, similar to Stratoconception. The key is to use the exterior material as a
frame that can be used to register each slice to others and to hold the part in place.
With this method not all the material is machined away and a web of connecting
spars are used to maintain this registration.
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Another variation of this method that was never commercialized was Shaped
Deposition Manufacturing (SDM), developed mainly at Stanford and Carnegie-
Mellon Universities in the USA [36]. With SDM, the geometry of the part is
devolved into a sequence of easier to manufacture parts that can in some way be
combined together. A decision is made concerning whether each subpart should be
manufactured using additive or subtractive technology dependent on such factors as
the accuracy, material, geometrical features, functional requirements, etc. Further-
more, parts can be made from multiple materials, combined together using a variety
of processes, including the use of plastics, metals and even ceramics. Some of the
materials can also be used in a sacrificial way to create cavities and clearances.
Additionally, the “layers” are not necessarily planar, nor constant in thickness. Such
a system would be unwieldy and difficult to realize commercially, but the ideas
generated during this research have influenced many studies and systems thereafter.

In this book, for technologies where both additive and subtractive approaches
are used, these technologies are discussed in the chapter where their additive
approach best fits.

29 Milestones in AM Development

We can look at the historical development of AM in a variety of different ways. The
origins may be difficult to properly define and there was certainly quite a lot of
activity in the 1950s and 1960s, but development of the associated technology
(computers, lasers, controllers, etc.) caught up with the concept in the early 1980s.
Interestingly, parallel patents were filed in 1984 in Japan (Murutani), France (Andre
et al.) and in the USA (Masters in July and Hull in August). All of these patents
described a similar concept of fabricating a 3D object by selectively adding
material layer by layer. While earlier work in Japan is quite well-documented,
proving that this concept could be realized, it was the patent by Charles Hull that is
generally recognized as the most influential since it gave rise to 3D Systems. This
was the first company to commercialize AM technology with the Stereolithography
apparatus (Fig. 2.7).

Further patents came along in 1986, resulting in three more companies, Helisys
(Laminated Object Manufacture or LOM), Cubital (with Solid Ground Curing,
SGC), and DTM with their SLS process. It is interesting to note neither Helisys
nor Cubital exist anymore, and only SLS remains as a commercial process with
DTM merging with 3D Systems in 2001. In 1989, Scott Crump patented the FDM
process, forming the Stratasys Company. Also in 1989 a group from MIT patented
the 3D Printing (3DP) process. These processes from 1989 are heavily used today,
with FDM variants currently being the most successful. Rather than forming a
company, the MIT group licensed the 3DP technology to a number of different
companies, who applied it in different ways to form the basis for different
applications of their AM technology. The most successful of these was ZCorp,
which focused mainly on low-cost technology.
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Fig. 2.7 The first AM technology from Hull, who founded 3D systems (photo courtesy of 3D
Systems)

Ink-jet technology has become employed to deposit droplets of material directly
onto a substrate, where that material hardens and becomes the part itself rather than
just as a binder. Sanders developed this process in 1994 and the Objet Company
also used this technique to print photocurable resins in droplet form in 2001.

There have been numerous failures and successes in AM history, with the
previous paragraphs mentioning only a small number. However, it is interesting
to note that some technology may have failed because of poor business models or
by poor timing rather than having a poor process. Helisys appears to have failed
with their LOM machine, but there have been at least five variants from Singapore,
China, Japan, Israel, and Ireland. The most recent Mcor process laminates colored
sheets together rather than the monochrome paper sheets used in the original LOM
machine. Perhaps this is a better application and perhaps the technology is in a
better position to become successful now compared with the original machines that
are over 20 years old. Another example may be the defunct Ballistic Particle
Manufacturing process, which used a 5-axis mechanism to direct wax droplets
onto a substrate. Although no company currently uses such an approach for
polymers, similar 5-axis deposition schemes are being used for depositing metal
and composites.

Another important trend that is impacting the development of AM technology is
the expiration of many of the foundational patents for key AM processes. Already,
we are seeing an explosion of material extrusion vendors and systems since the first
FDM patents expired in the early 2010s. Patents in the stereolithography, laser
sintering, and LOM areas are expiring (or have already expired) and may lead to a
proliferation of technologies, processes, machines, and companies.
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2.10 AM Around the World

As was already mentioned, early patents were filed in Europe (France), USA, and
Asia (Japan) almost simultaneously. In early years, most pioneering and commer-
cially successful systems came out of the USA. Companies like Stratasys, 3D
Systems, and ZCorp have spearheaded the way forward. These companies have
generally strengthened over the years, but most new companies have come from
outside the USA.

In Europe, the primary company with a world-wide impact in AM is EOS,
Germany. EOS stopped making SL machines following settlement of disputes
with 3D Systems but continues to make powder bed fusion systems which use
lasers to melt polymers, binder-coated sand, and metals. Companies from France,
The Netherlands, Sweden, and other parts of Europe are smaller, but are competi-
tive in their respective marketplaces. Examples of these companies include Phenix
[37] (now part of 3D Systems), Arcam, Strataconception, and Materialise. The last
of these, Materialise from Belgium [38], has seen considerable success in develop-
ing software tools to support AM technology.

In the early 1980s and 1990s, a number of Japanese companies focused on AM
technology. This included startup companies like Autostrade (which no longer
appears to be operating). Large companies like Sony and Kira, who established
subsidiaries to build AM technology, also became involved. Much of the Japanese
technology was based around the photopolymer curing processes. With 3D Systems
dominant in much of the rest of the world, these Japanese companies struggled to
find market and many of them failed to become commercially viable, even though
their technology showed some initial promise. Some of this demise may have
resulted in the unusually slow uptake of CAD technology within Japanese industry
in general. Although the Japanese company CMET [39] still seems to be doing
quite well, you will likely find more non-Japanese made machines in Japan than
home-grown ones. There is some indication however that this is starting to change.

AM technology has also been developed in other parts of Asia, most notably in
Korea and China. Korean AM companies are relatively new and it remains to be
seen whether they will make an impact. There are, however, quite a few Chinese
manufacturers who have been active for a number of years. Patent conflicts with the
earlier USA, Japanese, and European designs have meant that not many of these
machines can be found outside of China. Earlier Chinese machines were also
thought to be of questionable quality, but more recent machines have markedly
improved performance (like the machine shown in Fig. 2.8). Chinese machines
primarily reflect the SL, FDM, and SLS technologies found elsewhere in the world.

A particular country of interest in terms of AM technology development is
Israel. One of the earliest AM machines was developed by the Israeli company
Cubital. Although this technology was not a commercial success, in spite of early
installations around the world, they demonstrated a number of innovations not
found in other machines, including layer processing through a mask, removable
secondary support materials and milling after each layer to maintain a constant
layer thickness. Some of the concepts used in Cubital can be found in Sanders
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Fig. 2.8 AM technology
from Beijing Yinhua Co. Ltd.,
China

machines as well as machines from another Israeli company, Objet. Although one
of the newer companies, Objet (now Stratasys) is successfully using droplet depo-
sition technology to deposit photocurable resins.

2.11 The Future? Rapid Prototyping Develops into Direct
Digital Manufacturing

How might the future of AM look? The ability to “grow” parts may form the core to
the answer to that question. The true benefit behind AM is the fact that we do not
really need to design the part according to how it is to be manufactured. We would
prefer to design the part to perform a particular function. Avoiding the need to
consider how the part can be manufactured certainly simplifies the process of
design and allows the designer to focus more on the intended application. The
design flexibility of AM is making this more and more possible.

An example of geometric flexibility is customization of a product. If a product is
specifically designed to suit the needs of a unique individual then it can truly be said
to be customized. Imagine being able to modify your mobile phone so that it fits
snugly into your hand based on the dimensions gathered directly from your hand.
Imagine a hearing aid that can fit precisely inside your ear because it was made from
an impression of your ear canal (like those shown in Fig. 2.9). Such things are
possible using AM because it has the capacity to make one-off parts, directly from
digital models that may not only include geometric features but may also include
biometric data gathered from a specific individual.

With improvements in AM technology the speed, quality, accuracy, and material
properties have all developed to the extent that parts can be made for final use and
not just for prototyping. The terms Rapid Manufacturing and Direct Digital
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Fig. 2.9 RM of custom hearing aids, from a wax ear impression, on to the machine to the final
product (photo courtesy of Phonak)

Manufacturing (RM and DDM) have gained popularity to represent the use of AM
to produce parts which will be used as an end-product. Certainly we will continue to
use this technology for prototyping for years to come, but we are already entering a
time when it is commonplace to manufacture products in low volumes or unique
products using AM. Eventually we may see these machines being used as home
fabrication devices.

2.12 Exercises

1. (a) Based upon an Internet search, describe the Solid Ground Curing process
developed by Cubital. (b) Solid Ground Curing has been described as a 2D
channel (layer) technique. Could it also be described in another category? Why?

2. Make a list of the different metal AM technologies that are currently available on
the market today. How can you distinguish between the different systems? What
different materials can be processed in these machines?

3. NC machining is often referred to as a 2.5D process. What does this mean? Why
might it not be regarded as fully 3D?

4. Provide three instances where a layer-based approach has been used in fabrica-
tion, other than AM.

5. Find five countries where AM technology has been developed commercially and
describe the machines.

6. Consider what a fabrication system in the home might look like, with the ability
to manufacture many of the products around the house. How do you think this
could be implemented?
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3.1 Introduction

Every product development process involving an additive manufacturing machine
requires the operator to go through a set sequence of tasks. Easy-to-use “personal”
3D printing machines emphasize the simplicity of this task sequence. These
desktop-sized machines are characterized by their low cost, simplicity of use, and
ability to be placed in a home or office environment. The larger and more “indus-
trial” AM machines are more capable of being tuned to suit different user
requirements and therefore require more expertise to operate, but with a wider
variety of possible results and effects that may be put to good use by an experienced
operator. Such machines also usually require more careful installation in industrial
environments.

This chapter will take the reader through the different stages of the process that
were described in Chap. 1. Where possible, the different steps in the process will be
described with reference to different processes and machines. The objective is to
allow the reader to understand how these machines may differ and also to see how
each task works and how it may be exploited to the benefit of higher quality results.
As mentioned before, we will refer to eight key steps in the process sequence:

» Conceptualization and CAD

» Conversion to STL/AMF

e Transfer and manipulation of STL/AMEF file on AM machine
* Machine setup

e Build

e Part removal and cleanup

» Post-processing of part

¢ Application

There are other ways to breakdown this process flow, depending on your
perspective and equipment familiarity. For example, if you are a designer, you
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may see more stages in the early product design aspects. Model makers may see
more steps in the post-build part of the process. Different AM technologies handle
this process sequence differently, so this chapter will also discuss how choice of
machine affects the generic process.

The use of AM in place of conventional manufacturing processes, such as
machining and injection molding, enables designers to ignore some of the
constraints of conventional manufacturing. However, conventional manufacturing
will remain core to how many products are manufactured. Thus, we must also
understand how conventional technologies, such as machining, integrate with
AM. This may be particularly relevant to the increasingly popular metal AM
processes. Thus, we will discuss how to deal with metal systems in detail.

3.2 The Eight Steps in Additive Manufacture

The above-mentioned sequence of steps is generally appropriate to all AM
technologies. There will be some variations dependent on which technology is
being used and also on the design of the particular part. Some steps can be quite
involved for some machines but may be trivial for others.

3.2.1 Step 1: Conceptualization and CAD

The first step in any product development process is to come up with an idea for
how the product will look and function. Conceptualization can take many forms,
from textual and narrative descriptions to sketches and representative models. If
AM is to be used, the product description must be in a digital form that allows a
physical model to be made. It may be that AM technology will be used to prototype
and not build the final product, but in either case, there are many stages in a product
development process where digital models are required.

AM technology would not exist if it were not for 3D CAD. Only after we gained
the ability to represent solid objects in computers were we able to develop technol-
ogy to physically reproduce such objects. Initially, this was the principle
surrounding CNC machining technology in general. AM can thus be described as
a direct or streamlined Computer Aided Design to Computer Aided Manufacturing
(CAD/CAM) process. Unlike most other CAD/CAM technologies, there is little or
no intervention between the design and manufacturing stages for AM.

The generic AM process must therefore start with 3D CAD information, as
shown in Fig. 3.1. There may be a variety of ways for how the 3D source data can be
created. This model description could be generated by a design expert via a user-
interface, by software as part of an automated optimization algorithm, by 3D
scanning of an existing physical part, or some combination of all of these. Most
3D CAD systems are solid modeling systems with surface modeling components;
solid models are often constructed by combining surfaces together or by adding
thickness to a surface. In the past, 3D CAD modeling software had difficulty
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1CAD

2 STL convert

3 File transfer to machine
4 Machine setup

5 Build

6 Remove

7 Post-process

8 Application

Fig. 3.1 The eight stages of the AM process

creating fully enclosed solid models, and often models would appear to the casual
observer to be enclosed but in fact were not mathematically closed. Such models
could result in unpredictable output from AM machines, with different AM
technologies treating gaps in different ways.

Most modern solid modeling CAD tools can now create files without gaps (e.g.,
“water tight”), resulting in geometrically unambiguous representations of a part.
Most CAD packages treat surfaces as construction tools that are used to act on solid
models, and this has the effect of maintaining the integrity of the solid data.
Provided it can fit inside the machine, typically any CAD model can be made
using AM technology without too many difficulties. However, there still remain
some older or poorly developed 3D CAD software that may result in solids that are
not fully enclosed and produce unreliable AM output. Problems of this manner are
normally detected once the CAD model has been converted into the STL format for
building using AM technology.

3.2.2 Step 2: Conversion to STL/AMF

Nearly every AM technology uses the STL file format. The term STL was derived
from STereoLithograhy, which was the first commercial AM technology from 3D
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Systems in the 1990s. Considered a de facto standard, STL is a simple way of
describing a CAD model in terms of its geometry alone. It works by removing any
construction data, modeling history, etc., and approximating the surfaces of the
model with a series of triangular facets. The minimum size of these triangles can be
set within most CAD software and the objective is to ensure the models created do
not show any obvious triangles on the surface. The triangle size is in fact calculated
in terms of the minimum distance between the plane represented by the triangle and
the surface it is supposed to represent. In other words, a basic rule of thumb is to
ensure that the minimum triangle offset is smaller than the resolution of the AM
machine. The process of converting to STL is automatic within most CAD systems,
but there is a possibility of errors occurring during this phase. There have therefore
been a number of software tools developed to detect such errors and to rectify them
if possible.

STL files are an unordered collection of triangle vertices and surface normal
vectors. As such, an STL file has no units, color, material, or other feature
information. These limitations of an STL file have led to the recent adoption of a
new “AMF” file format. This format is now an international ASTM/ISO standard
format which extends the STL format to include dimensions, color, material, and
many other useful features. As of the writing of this book, several major CAD
companies and AM hardware vendors had publically announced that they will be
supporting AMF in their next generation software. Thus, although the term STL is
used throughout the remainder of this textbook, the AMF file could be simply
substituted wherever STL appears, as the AMF format has all of the benefits of the
STL file format with many fewer limitations.

STL file repair software, like the MAGICS software from the Belgian company
Materialise [1], is used when there are problems with the STL file that may prevent
the part from being built correctly. With complex geometries, it may be difficult for
a human to detect such problems when inspecting the CAD or the subsequently
generated STL data. If the errors are small then they may even go unnoticed until
after the part has been built. Such software may therefore be applied as a checking
stage to ensure that there are no problems with the STL file data before the build is
performed.

Since STL is essentially a surface description, the corresponding triangles in the
files must be pointing in the correct direction; in other words, the surface normal
vector associated with the triangle must indicate which side of the triangle is outside
vs. inside the part. The cross-section that corresponds to the part layers of a region
near an inverted normal vector may therefore be the inversion of what is desired.
Additionally, complex and highly discontinuous geometry may result in triangle
vertices that do not align correctly. This may result in gaps in the surface. Various
AM technologies may react to these problems in different ways. Some machines
may process the STL data in such a way that the gaps are bridged. This bridge may
not represent the desired surface, however, and it may be possible that additional,
unwanted material may be included in the part.

While most errors can be detected and rectified automatically, there may also be
a requirement for manual intervention. Software should therefore highlight the
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problem, indicating what is thought to be inverted triangles for instance. Since
geometries can become very complex, it may be difficult for the software to
establish whether the result is in fact an error or something that was part of the
original design intent.

3.2.3 Step 3: Transfer to AM Machine and STL File Manipulation

Once the STL file has been created and repaired, it can be sent directly to the target
AM machine. Ideally, it should be possible to press a “print” button and the
machine should build the part straight away. This is not usually the case however
and there may be a number of actions required prior to building the part.

The first task would be to verify that the part is correct. AM system software
normally has a visualization tool that allows the user to view and manipulate the
part. The user may wish to reposition the part or even change the orientation to
allow it to be built at a specific location within the machine. It is quite common to
build more than one part in an AM machine at a time. This may be multiples of the
same part (thus requiring a copy function) or completely different STL files. STL
files can be linearly scaled quite easily. Some applications may require the AM part
to be slightly larger or slightly smaller than the original to account for process
shrinkage or coatings; and so scaling may be required prior to building.
Applications may also require that the part be identified in some way and some
software tools have been developed to add text and simple features to STL
formatted data for this purpose. This would be done in the form of adding 3D
embossed characters. More unusual cases may even require segmentation of STL
files (e.g., for parts that may be too large) or even merging of multiple STL files. It
should be noted that not all AM machines will have all the functions mentioned
here, but numerous STL file manipulation software tools are available for purchase
or, in some cases, for free download to perform these functions prior to sending the
file to a machine.

3.24 Step 4: Machine Setup

All AM machines will have at least some setup parameters that are specific to that
machine or process. Some machines are only designed to run a few specific
materials and give the user few options to vary layer thickness or other build
parameters. These types of machines will have very few setup changes to make
from build to build. Other machines are designed to run with a variety of materials
and may also have some parameters that require optimization to suit the type of part
that is to be built, or permit parts to be built quicker but with poorer resolution. Such
machines can have numerous setup options available. It is common in the more
complex cases to have default settings or save files from previously defined setups
to help speed up the machine setup process and to prevent mistakes being made.
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Normally, an incorrect setup procedure will still result in a part being built. The
final quality of that part may, however, be unacceptable.

In addition to setting up machine software parameters, most machines must be
physically prepared for a build. The operator must check to make sure sufficient
build material is loaded into the machine to complete the build. For machines which
use powder, the powder is often sifted and subsequently loaded and leveled in the
machine as part of the setup operation. For processes which utilize a build plate, the
plate must be inserted and leveled with respect to the machine axes. Some of these
machine setup operations are automated as part of the start-up of a build, but for
most machines these operations are done manually by a trained operator.

3.2.,5 Step 5: Build

Although benefitting from the assistance of computers, the first few stages of the
AM process are semiautomated tasks that may require considerable manual control,
interaction, and decision making. Once these steps are completed, the process
switches to the computer-controlled building phase. This is where the previously
mentioned layer-based manufacturing takes place. All AM machines will have a
similar sequence of layering, including a height adjustable platform or deposition
head, material deposition/spreading mechanisms, and layer cross-section forma-
tion. Some machines will combine the material deposition and layer formation
simultaneously while others will separate them. As long as no errors are detected
during the build, AM machines will repeat the layering process until the build is
complete.

3.2.6 Step 6: Removal and Cleanup

Ideally, the output from the AM machine should be ready for use with minimal
manual intervention. While sometimes this may be the case, more often than not,
parts will require a significant amount of post-processing before they are ready for
use. In all cases, the part must be either separated from a build platform on which
the part was produced or removed from excess build material surrounding the part.
Some AM processes use additional material other than that used to make the part
itself (secondary support materials). Later chapters describe how various AM
processes need these support structures to help keep the part from collapsing or
warping during the build process. At this stage, it is not necessary to understand
exactly how support structures work, but it is necessary to know that they need to be
dealt with. While some processes have been developed to produce easy-to-remove
supports, there is often a significant amount of manual work required at this stage.
For metal supports, a wire EDM machine, bandsaw, and/or milling equipment may
be required to remove the part from the baseplate and the supports from the part.
There is a degree of operator skill required in part removal, since mishandling of
parts and poor technique can result in damage to the part. Different AM parts have
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different cleanup requirements, but suffice it to say that all processes have some
requirement at this stage. The cleanup stage may also be considered as the initial
part of the post-processing stage.

3.2.7 Step 7: Post-Processing

Post-processing refers to the (usually manual) stages of finishing the parts for
application purposes. This may involve abrasive finishing, like polishing and
sandpapering, or application of coatings. This stage in the process is very applica-
tion specific. Some applications may only require a minimum of post-processing.
Other applications may require very careful handling of the parts to maintain good
precision and finish. Some post-processing may involve chemical or thermal
treatment of the part to achieve final part properties. Different AM processes
have different results in terms of accuracy, and thus machining to final dimensions
may be required. Some processes produce relatively fragile components that may
require the use of infiltration and/or surface coatings to strengthen the final part. As
already stated, this is often a manually intensive task due to the complexity of most
AM parts. However, some of the tasks can benefit from the use of power tools, CNC
milling, and additional equipment, like polishing tubs or drying and baking ovens.

3.2.8 Step 8: Application

Following post-processing, parts are ready for use. It should be noted that, although
parts may be made from similar materials to those available from other
manufacturing processes (like molding and casting), parts may not behave
according to standard material specifications. Some AM processes inherently create
parts with small voids trapped inside them, which could be the source for part
failure under mechanical stress. In addition, some processes may cause the material
to degrade during build or for materials not to bond, link, or crystallize in an
optimum way. In almost every case, the properties are anisotropic (different
properties in different direction). For most metal AM processes, rapid cooling
results in different microstructures than those from conventional manufacturing.
As a result, AM produced parts behave differently than parts made using a more
conventional manufacturing approach. This behavior may be better or worse for a
particular application, and thus a designer should be aware of these differences and
take them into account during the design stage. AM materials and processes are
improving rapidly, and thus designers must be aware of recent advancements in
materials and processes to best determine how to use AM for their needs.
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3.3 Variations from One AM Machine to Another

The above generic process steps can be applied to every commercial AM technol-
ogy. As has been noted, different technologies may require more or less attention
for a number of these stages. Here we discuss the implications of these variations,
not only from process to process but also in some cases within a specific
technology.

The nominal layer thickness for most machines is around 0.1 mm. However, it
should be noted that this is just a rule of thumb. For example, the layer thickness for
some material extrusion machines is 0.254 mm, whereas layer thicknesses between
0.05 and 0.1 mm are commonly used for vat photopolymerization processes, and
small intricate parts made for investment casting using material jetting technology
may have layer thicknesses of 0.01 mm. Many technologies have the capacity to
vary the layer thickness. The reasoning is that thicker layer parts are quicker to
build but are less precise. This may not be a problem for some applications where it
may be more important to make the parts as quickly as possible.

Fine detail in a design may cause problems with some AM technologies, such as
wall thickness, particularly if there is no choice but to build the part vertically. This
is because even though positioning within the machine may be very precise, there is
a finite dimension to the droplet size, laser diameter, or extrusion head that
essentially defines the finest detail or thinnest wall that can be fabricated.

There are other factors that may not only affect the choice of process but also
influence some of the steps in the process chain. In particular, the use of different
materials even within the same process may affect the time, resources, and skill
required to carry out a stage. For example, the use of water soluble supports in
material extrusion processes may require specialist equipment but will also provide
better finish to parts with less hand finishing required than when using conventional
supports. Alternatively, some polymers require special attention, like the use
(or avoidance) of particular solvents or infiltration compounds. A number of
processes benefit from application of sealants or even infiltration of liquid
polymers. These materials must be compatible with the part material both chemi-
cally and mechanically. Post-processing that involves heat must include awareness
of the heat resistance or melting temperature of the materials involved. Abrasive or
machining-based processing must also require knowledge of the mechanical
properties of the materials involved. If considerable finishing is required, it may
also be necessary to include an allowance in the part geometry, perhaps by using
scaling of the STL file or offsetting of the part’s surfaces, so that the part does not
become worn away too much.

Variations between AM technologies will become clarified further in the fol-
lowing chapters, but a general understanding can be achieved by considering
whether the build material is processed as a powder, molten material, solid sheet,
vat of liquid photopolymer, or ink-jet deposited photopolymer.
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3.3.1 Photopolymer-Based Systems

It is quite easy to set up systems which utilize photopolymers as the build material.
Photopolymer-based systems, however, require files to be created which represent
the support structures. All liquid vat systems must use supports from essentially the
same material as that used for the part. For material jetting systems it is possible to
use a secondary support material from parallel ink-jet print heads so that the
supports will come off easier. An advantage of photopolymer systems is that
accuracy is generally very good, with thin layers and fine precision where required
compared with other systems. Photopolymers have historically had poor material
properties when compared with many other AM materials, however newer resins
have been developed that offer improved temperature resistance, strength, and
ductility. The main drawback of photopolymer materials is that degradation can
occur quite rapidly if UV protective coatings are not applied.

3.3.2 Powder-Based Systems

There is no need to use supports for powder systems which deposit a bed of powder
layer-by-layer (with the exception of supports for metal systems, as addressed
below). Thus, powder bed-based systems are among the easiest to set up for a
simple build. Parts made using binder jetting into a powder bed can be colored by
using colored binder material. If color is used then coding the file may take a longer
time, as standard STL data does not include color. There are, however, other file
formats based around VRML that allow colored geometries to be built, in addition
to AMF. Powder bed fusion processes have a significant amount of unused powder
in every build that has been subjected to some level of thermal history. This thermal
history may cause changes in the powder. Thus, a well-designed recycling strategy
based upon one of several proven methods can help ensure that the material being
used is within appropriate limits to guarantee good builds [2].

It is also important to understand the way powders behave inside a machine. For
example, some machines use powder feed chambers at either side of the build
platform. The powder at the top of these chambers is likely to be less dense than the
powder at the bottom, which will have been compressed under the weight of the
powder on top. This in turn may affect the amount of material deposited at each
layer and density of the final part built in the machine. For very tall builds, this may
be a particular problem that can be solved by carefully compacting the powder in
the feed chambers before starting the machine and also by adjusting temperatures
and powder feed settings during the build.

3.3.3 Molten Material Systems

Systems which melt and deposit material in a molten state require support
structures. For droplet-based systems like with the Thermojet process these
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supports are automatically generated; but with material extrusion processes or
directed energy deposition systems supports can either be generated automatically
or the user can use some flexibility to change how supports are made. With water
soluble supports it is not too important where the supports go, but with breakaway
support systems made from the same material as the build material, it is worthwhile
to check where the supports go, as surface damage to the part will occur to some
extent where these supports were attached before breaking them away. Also, fill
patterns for material extrusion may require some attention, based upon the design
intent. Parts can be easily made using default settings, but there may be some
benefit in changing aspects of the build sequence if a part or region of a part requires
specific characteristics. For example, there are typically small voids in FDM parts
that can be minimized by increasing the amount of material extruded in a particular
region. This will minimize voids, but at the expenses of part accuracy. Although
wax parts made using material jetting are good for reproducing fine features, they
are difficult to handle because of their low strength and brittleness. ABS parts made
using material extrusion, on the other hand, are among the strongest AM polymer
parts available, but when they are desired as a functional end-use part, this may
mean they need substantial finishing compared with other processes as they exhibit
lower accuracy than some other AM technologies.

3.3.4 Solid Sheets

With sheet lamination methods where the sheets are first placed and then cut, there
is no need for supports. Instead, there is a need to process the waste material in such
a way that it can be removed from the part. This is generally a straightforward
automated process but there may be a need for close attention to fine detail within a
part. Cleaning up the parts can be the most laborious process and there is a general
need to know exactly what the final part is supposed to look like so that damage is
not caused to the part during the waste removal stage. The paper-based systems
experienced problems with handling should they not be carefully and comprehen-
sively finished using sealants and coatings. For polymer sheet lamination, the parts
are typically not as sensitive to damage. For metal sheet lamination processes,
typically the sheets are cut first and then stacked to form the 3D shape, and thus
support removal becomes unnecessary.

3.4 Metal Systems

As previously mentioned, operation of metal-based AM systems is conceptually
similar to polymer systems. However, the following points are worth considering.



3.4 Metal Systems 53

3.4.1 The Use of Substrates

Most metal systems make use of a base platform or substrate onto which parts are
built and from which they must be removed using machining, wire cutting, or a
similar method. The need to attach the parts to a base platform is mainly because of
the high-temperature gradients between the temporarily molten material and its
surroundings, resulting in large residual stress. If the material was not rigidly
attached to a solid platform then there would be a tendency for the part to warp
as it cools, which means further layers of powder could not be spread evenly over
top. Therefore, even though these processes may build within a powder bed, there is
still a need for supports.

3.4.2 Energy Density

The energy density required to melt metals is obviously much higher than for
melting polymers. The high temperatures achieved during metal melting may
require more stringent heat shielding, insulation, temperature control, and atmo-
spheric control than for polymer systems.

3.4.3 Weight

Metal powder systems may process lightweight titanium powders but they also
process high-density tool steels. The powder handling technology must be capable
of withstanding the mass of these materials. This means that power requirements
for positioning and handling equipment must be quite substantial or gear ratios must
be high (and corresponding travel speeds lower) to deal with these tasks.

3.4.4 Accuracy

Metal powder systems are generally at least as accurate as corresponding polymer
powder systems. Surface finish is characteristically grainy but part density and part
accuracy are very good. Surface roughness is on the order of a few tens to a few
hundreds of microns depending on the process, and can be likened in general
appearance to precision casting technology. For metal parts, this is often not
satisfactory and at least some shot-peening is required to smooth the surface. Key
mating features on metal parts often require surface machining or grinding. The part
density will be high (generally over 99 %), although some voids may still be seen.
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3.4.5 Speed

Since there are heavy requirements on the amount of energy to melt the powder
particles and to handle the powders within the machine, the build speed of metal
systems is generally slower than a comparable polymer system. Laser powers are
usually just a few 100 W (polymer systems start at around 50 W of laser power).
This means that the laser scanning speed is lower than for polymer systems, to
ensure enough energy is delivered to the powder.

3.5 Maintenance of Equipment

While numerous stages in the AM process have been discussed, it is important to
realize that many machines require careful maintenance. Some machines use
sensitive laser or printer technology that must be carefully monitored and that
should preferably not be used in a dirty or noisy (both electrical noise and mechani-
cal vibration) environment. Similarly, many of the feed materials require careful
handling and should be used in low humidity conditions. While machines are
designed to operate unattended, it is important to include regular checks in the
maintenance schedule. Many machine vendors recommend and provide test
patterns that should be used periodically to confirm that the machines are operating
within acceptable limits.

Laser-based systems are generally expensive because of the cost of the laser and
scanner system. Furthermore, maintenance of a laser can be very expensive,
particularly for lasers with limited lifetimes. Printheads are also components that
have finite lifetimes for material jetting and binder jetting systems. The fine nozzle
dimensions and the use of relatively high viscosity fluids mean they are prone to
clogging and contamination effects. Replacement costs are, however, generally
quite low.

3.6 Materials Handling Issues

In addition to the machinery, AM materials often require careful handling. The raw
materials used in some AM processes have limited shelf-life and must also be kept
in conditions that prevent them from chemical reaction or degradation. Exposure to
moisture and to excess light should be avoided. Most processes use materials that
can be used for more than one build. However, it may be that this could degrade the
material if used many times over and therefore a procedure for maintaining
consistent material quality through recycling should also be observed.

While there are some health concerns with extended exposure to some photo-
polymer resins, most AM polymer raw materials are safe to handle. Powder
materials may in general be medically inert, but excess amounts of powder can
make the workplace slippery, contaminate mechanisms, and create a breathing
hazard. In addition, reactive powders can be a fire hazard. These issues may
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cause problems if machines are to be used in a design center environment rather
than in a workshop. AM system vendors have spent considerable effort to simplify
and facilitate material handling. Loading new materials is often a procedure that
can be done offline or with minimal changeover time so that machines can run
continuously. Software systems are often tuned to the materials so that they can
recognize different materials and adjust build parameters accordingly.

Many materials are carefully tuned to work with a specific AM technology.
There are often warranty issues surrounding the use of third party materials that
users should be aware of. For example, some polymer laser sintering powders may
have additives that prevent degradation due to oxidation since they are kept at
elevated temperatures for long periods of time. Also, material extrusion filaments
need a very tight diametric tolerance not normally available from conventional
extruders. Since a material extrusion drive pushes the filament through the machine,
variations in diameter may cause slippage. Furthermore, build parameters are
designed around the standard materials used. Since there are huge numbers of
material formulations, changing one material for another, even though they appear
to be the same, may require careful build setup and process parameter optimization.

Some machines allow the user to recycle some or all of the material used in a
machine but not consumed during the build of a prior part. This is particularly true
with the powder-based systems. Also photopolymer resins can be reused. However,
there may be artifacts and other contaminants in the recycled materials and it is
important to carefully inspect, sift, or sieve the material before returning it to the
machine. Many laser sintering builds have been spoiled, for example, by hairs that
have come off a paintbrush used to clean the parts from a previous build.

3.7 Design for AM

Designers and operators should consider a number of build-related factors when
considering the setup of an AM machine, including the following sections. This is a
brief introduction, but more information can be found in Chap.17.

3.7.1 Part Orientation

If a cylinder was built on its end, then it would consist of a series of circular layers
built on top of each other. Although layer edges may not be precisely vertical for all
AM processes, the result would normally be a very well-defined cylinder with a
relatively smooth edge. The same cylinder built on its side will have distinct layer
stair-step patterning on the sides. This will result in less accurate reproduction of the
original CAD data with a poorer aesthetic appearance. Additionally, as the layering
process for most AM machines takes additional time, a long cylinder built vertically
will take more time to build than if it is laid horizontally. For material extrusion
processes, however, the time to build a part is solely a factor of the total build
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volume (including supports) and thus a cylinder should always be built vertically if
possible.

Orientation of the part within the machine can affect part accuracy. Since many
parts will have complex features along multiple axes, there may not be an ideal
orientation for a particular part. Furthermore, it may be more important to maintain
the geometry of some features when compared with others, so correct orientation
may be a judgment call. This judgment may also be in contrast with other factors
like the time it takes to build a part (e.g., taller builds take longer than shorter ones
so high aspect ratio parts may be better built lying down), whether a certain
orientation will generate more supports, or whether certain surfaces should be
built face-up to ensure good surface finish in areas that are not in contact with
support structures.

In general upward-facing features in AM have the best quality. The reason for
this depends upon the process. For instance, upward-facing features are not in
contact with the supports required for many processes. For powder beds, the
upward-facing features are smooth since they solidify against air, whereas
downward-facing and sideways-facing features solidify against powder and thus
have a powdery texture. For extrusion processes, upward-facing surfaces are
smoothed by the extrusion tip. Thus, this upward-facing feature quality rule is
one of the few rules-of-thumb that are generically applicable to every AM process.

3.7.2 Removal of Supports

For those technologies that require supports, it is a good idea to try and minimize
the amount. Wherever the supports meet the part there will be small marks and
reducing the amount of supports would reduce the amount of part cleanup and post-
process finishing. However, as mentioned above, some surfaces may not be as
important as others and so positioning of the part must be weighed against the
relative importance of an affected surface. In addition, removal of too many
supports may mean that the part becomes detached from the baseplate and will
move around during subsequent layering. If distortion causes a part to extend in the
z direction enough that it hits the layering mechanism (such as a powder-spreading
blade) then the build will fail.

Parts that require supports may also require planning for their removal. Supports
may be located in difficult-to-reach regions within the part. For example, a hollow
cylinder with end caps built vertically will require supports for the top surface.
However, if there is no access hole then these supports cannot be removed.
Inclusion of access holes (which could be plugged later) is a possible solution to
this, as may be breaking up the part so the supports can be removed before
reassembly. Similarly, parts made using vat photopolymerization processes may
require drain holes for any trapped liquid resin.
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3.7.3 Hollowing Out Parts

Parts that have thick walls may be designed to include hollow features if this does
not reduce the part’s functionality. The main benefits of doing this are the reduced
build time, the reduced cost from the use of less material, and the reduced mass in
the final component. As mentioned previously, some liquid-based resin systems
would require drain holes to remove excess resin from inside the part, and the same
is true for powder. A honeycomb- or truss-like internal structure can assist in
providing support and strength within a part, while reducing its overall mass and
volume. All of these approaches must be balanced against the additional time that it
would take to design such a part. However, there are software systems that would
allow this to be done automatically for certain types of parts.

3.7.4 Inclusion of Undercuts and Other Manufacturing
Constraining Features

AM models can be used at various stages of the product development process.
When evaluating initial designs, focus may be on the aesthetics or ultimate func-
tionality of the part. Consideration of how to include manufacturing-related
features would have lower priority at this stage. Conventional manufacturing
would require considerable planning to ensure that a part is fabricated correctly.
Undercuts, draft angles, holes, pockets, etc. must be created in a specific order when
using multiple-stage conventional processes. While this can be ignored when
designing the part for AM, it is important not to forget them if AM is being used
just as a prototype process. AM can be used in the design process to help determine
where and what type of rib, boss, and other strengthening approaches should be
used on the final part. If the final part is to be injection molded, the AM part can be
used to determine the best location for the parting lines in the mold.

3.7.5 Interlocking Features

AM machines have a finite build volume and large parts may not be capable of
being built inside them. A solution may be to break the design up into segments that
can fit into the machine and manually assemble them together later. The designer
must therefore consider the best way to break up the parts. The regions where the
breaks are made can be designed in such a way as to facilitate reassembly.
Techniques can include incorporation of interlocking features and maximizing
surface area so that adhesives can be most effective. Such regions should also be
in easy-to-reach but difficult-to-observe locations.

This approach of breaking parts up may be helpful even when they can still fit
inside the machine. Consider the design shown in Fig. 3.2. If it was built as a single
part, it would take a long time and may require a significant amount of supports
(as shown in the left-hand figure). If the part were built as two separate pieces the
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Fig. 3.2 The build on the /eft (shown with support materials within the arch) can be broken into
the two parts on the right, which may be stronger and can be glued together later. Note the
reduction in the amount of supports and the reduced build height

resulting height would be significantly reduced and there would be few supports.
The part could be glued together later. This glued region may be slightly weakened,
but the individual segments may be stronger. Since the example has a thin wall
section, the top of the upright band shown in the left side of the figure will exhibit
stair-stepping and may also be weaker than the rest of the part, whereas the part
build lying down would typically be stronger. For the bonded region, it is possible
to include large overlapping regions that will enable more effective bonding.

3.7.6 Reduction of Part Count in an Assembly

There are numerous sections in this book that discuss the use of AM for direct
manufacture of parts for end-use applications. The AM process is therefore toward
the end of the product development process and the design does not need to
consider alternative manufacturing processes. This in turn means that if part
assembly can be simplified using AM, then this should be done. For example, it
is possible to build fully assembled hinge structures by providing clearance around
the moving features. In addition, complex assemblies made up of multiple injection
molded parts, for instance, could be built as a single component. Thus, when
producing components with AM, designers should always look for ways to consol-
idate multiple parts into a single part and to include additional part complexity
where it can improve system performance. Several of the parts in Fig. 1.4 provide
good examples of these concepts.

3.7.7 Identification Markings/Numbers

Although AM parts are often unique, it may be difficult for a company to keep track
of them when they are possibly building hundreds of parts per week. It is a
straightforward process to include identifying features on the parts. This can be
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done when designing the CAD model but that may not be possible since the models
may come from a third party. There are a number of software systems that provide
tools for labeling parts by embossing alphanumeric characters onto them as 3D
models. In addition, some service providers build all the parts ordered by a
particular customer (or small parts which might otherwise get lost) within a mesh
box so that they are easy to find and identify during part cleanup.

3.8 Application Areas That Don’t Involve Conventional CAD
Modeling

Additive manufacturing technology opens up opportunities for many applications
that do not take the standard product development route. The capability of
integrating AM with customizing data or data from unusual sources makes for
rapid response and an economical solution. The following sections are examples
where nonstandard approaches are applicable.

3.8.1 Maedical Modeling

AM is increasingly used to make parts based on an individual person’s medical
data. Such data are based on 3D scanning obtained from systems like Computerized
Tomography (CT), Magnetic Resonance Imaging (MRI), 3D ultrasound, etc. These
datasets often need considerable processing to extract the relevant sections before it
can be built as a model or further incorporated into a product design. There are a
few software systems that can process medical data in a suitable way, and a range of
applications have emerged. For example, Materialise [1] developed software used
in the production of hearing aids. AM technology helps in customizing these
hearing aids from data that are collected from the ear canals of individual patients.

3.8.2 Reverse Engineering Data

Medical data from patients is just one application that benefits from being able to
collect and process complex surface information. For nonmedical data collection,
the more common approach is to use laser scanning technology. Such technology
has the ability to faithfully collect surface data from many types of surfaces that are
difficult to model because they cannot be easily defined geometrically. Similar to
medical data, although the models can just be reproduced within the AM machine
(like a kind of 3D copy machine), the typical intent is to merge this data into product
design. Interestingly, laser scanners for reverse engineering and inspection run the
gamut from very expensive, very high-quality systems (e.g., from Leica and
Steinbichler) to mid-range systems (from Faro and Creaform) to Microsoft
Kinect™ controllers.
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3.8.3 Architectural Modeling

Architectural models are usually created to emphasize certain features within a
building design and so designs are modified to show textures, colors, and shapes
that may not be exact reproductions of the final design. Therefore, architectural
packages may require features that are tuned to the AM technology.

3.9 Further Discussion

AM technologies are beginning to move beyond a common set of basic process
steps. In the future we will likely see more processes using variations of the
conventional AM approach, and combinations of AM with conventional
manufacturing operations. Some technologies are being developed to process
regions rather than layers of a part. As a result, more intelligent and complex
software systems will be required to effectively deal with segmentation.

We can expect processes to become more complex within a single machine. We
already see numerous additive processes combined with subtractive elements. As
technology develops further, we may see commercialization of hybrid technologies
that include additive, subtractive, and even robotic handling phases in a complex
coordinated and controlled fashion. This will require much more attention to
software descriptions, but may also lead to highly optimized parts with multiple
functionality and vastly improved quality with very little manual intervention
during the actual build process.

Another trend we are likely to see is the development of customized AM
systems. Presently, AM machines are designed to produce as wide a variety of
possible part geometries with as wide a range of materials as possible. Reduction of
these variables may result in machines that are designed only to build a subset of
parts or materials very efficiently or inexpensively. This has already started with the
proliferation of “personal” versus “industrial” material extrusion systems. In addi-
tion, many machines are being targeted for the dental or hearing aid markets, and
system manufacturers have redesigned their basic machine architectures and/or
software tools to enable rapid setup, building, and post-processing of patient-
specific small parts.

Software is increasingly being optimized specifically for AM processing. Spe-
cial software has been designed to increase the efficiency of hearing aid design and
manufacture. There is also special software designed to convert the designs of
World of Warcraft models into “FigurePrints” (see Fig. 3.3) as well as specially
designed post-processing techniques [3]. As Direct Digital Manufacturing becomes
more common, we will see the need to develop standardized software processes
based around AM, so that we can better control, track, regulate, and predict the
manufacturing process.
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Fig. 3.3 FigurePrints model,
post-processed for output to
an AM machine

3.9.1 Exercises

1. Investigate some of the web sites associated with different AM technologies.
Find out information on how to handle the processes and resulting parts
according to the eight stages mentioned in this chapter. What are four different
tasks that you would need to carry out using a vat photopolymerization process
that you wouldn’t have to do using a binder jetting technology and vice versa?

2. Explain why surface modeling software is not ideal for describing models that
are to be made using AM, even though the STL file format is itself a surface
approximation. What kind of problems may occur when using surface modeling
only?

3. What is the VRML file format like? How is it more suitable for specifying color
models to be built using Color ZCorp machines than the STL standard? How
does it compare with the AMF format?

4. What extra considerations might you need to give when producing medical
models using AM instead of conventionally engineered products?

5. Consider the FigurePrints part shown in Fig. 3.3, which is made using a color
binder jetting process. What finishing methods would you use for this
application?
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Abstract

Photopolymerization processes make use of liquid, radiation-curable resins, or
photopolymers, as their primary materials. Most photopolymers react to radia-
tion in the ultraviolet (UV) range of wavelengths, but some visible light systems
are used as well. Upon irradiation, these materials undergo a chemical reaction
to become solid. This reaction is called photopolymerization, and is typically
complex, involving many chemical participants.

Photopolymers were developed in the late 1960s and soon became widely
applied in several commercial areas, most notably the coating and printing
industry. Many of the glossy coatings on paper and cardboard, for example,
are photopolymers. Additionally, photo-curable resins are used in dentistry, such
as for sealing the top surfaces of teeth to fill in deep grooves and prevent cavities.
In these applications, coatings are cured by radiation that blankets the resin
without the need for patterning either the material or the radiation. This changed
with the introduction of stereolithography, the first vat photopolymerization
process.

4.1 Introduction

Photopolymerization processes make use of liquid, radiation-curable resins, or
photopolymers, as their primary materials. Most photopolymers react to radiation
in the ultraviolet (UV) range of wavelengths, but some visible light systems are
used as well. Upon irradiation, these materials undergo a chemical reaction to
become solid. This reaction is called photopolymerization, and is typically com-
plex, involving many chemical participants.

Photopolymers were developed in the late 1960s and soon became widely
applied in several commercial areas, most notably the coating and printing industry.
Many of the glossy coatings on paper and cardboard, for example, are
photopolymers. Additionally, photo-curable resins are used in dentistry, such as
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for sealing the top surfaces of teeth to fill in deep grooves and prevent cavities. In
these applications, coatings are cured by radiation that blankets the resin without
the need for patterning either the material or the radiation. This changed with the
introduction of stereolithography.

In the mid-1980s, Charles (Chuck) Hull was experimenting with UV-curable
materials by exposing them to a scanning laser, similar to the system found in laser
printers. He discovered that solid polymer patterns could be produced. By curing
one layer over a previous layer, he could fabricate a solid 3D part. This was the
beginning of stereolithography (SL) technology. The company 3D Systems was
created shortly thereafter to market SL machines as “rapid prototyping” machines
to the product development industry. Since then, a wide variety of SL-related
processes and technologies has been developed. The term ‘“vat photopoly-
merization” is a general term that encompasses SL and these related processes.
SL will be used to refer specifically to macroscale, laser scan vat photopoly-
merization; otherwise, the term vat polymerization will be used and will be
abbreviated as VP.

Various types of radiation may be used to cure commercial photopolymers,
including gamma rays, X-rays, electron beams, UV, and in some cases visible
light. In VP systems, UV and visible light radiation are used most commonly. In the
microelectronics industry, photomask materials are often photopolymers and are
typically irradiated using far UV and electron beams. In contrast, the field of
dentistry uses visible light predominantly.

Two primary configurations were developed for photopolymerization processes
in a vat, plus one additional configuration that has seen some research interest.
Although photopolymers are also used in some ink-jet printing processes, this
method of line-wise processing is not covered in this chapter, as the basic
processing steps are more similar to the printing processes covered in Chap. 7.
The configurations discussed in this chapter include:

» Vector scan, or point-wise, approaches typical of commercial SL machines

e Mask projection, or layer-wise, approaches, that irradiate entire layers at one
time, and

e Two-photon approaches that are essentially high-resolution point-by-point
approaches

These three configurations are shown schematically in Fig. 4.1. Note that in the
vector scan and two-photon approaches, scanning laser beams are needed, while the
mask projection approach utilizes a large radiation beam that is patterned by
another device, in this case a Digital Micromirror Device™ (DMD). In the
two-photon case, photopolymerization occurs at the intersection of two scanning
laser beams, although other configurations use a single laser and different
photoinitiator chemistries. Another distinction is the need to recoat, or apply a
new layer of resin, in the vector scan and mask projection approaches, while in the
two-photon approach, the part is fabricated below the resin surface, making
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Fig. 4.1 Schematic diagrams of three approaches to photopolymerization processes

recoating unnecessary. Approaches that avoid recoating are faster and less
complicated.

In this chapter, we first introduce photopolymer materials, then present the
vector scan SL machines, technologies, and processes. Mask projection approaches
are presented and contrasted with the vector scan approach. Additional
configurations, along with their applications, are presented at the end of the chapter.
Advantages, disadvantages, and uniquenesses of each approach and technology are
highlighted.

4.2  Vat Photopolymerization Materials

Some background of UV photopolymers will be presented in this section that is
common to all configurations of photopolymerization processes. Two subsections
on reaction rates and characterization methods conclude this section. Much of this
material is from the Jacobs book [1] and from a Master’s thesis from the early
2000s [2].
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4.2.1 UV-Curable Photopolymers

As mentioned, photopolymers were developed in the late 1960s. In addition to the
applications mentioned in Sect. 4.1, they are used as photoresists in the microelec-
tronics industry. This application has had a major impact on the development of
epoxy-based photopolymers. Photoresists are essentially one-layer SL, but with
critical requirements on accuracy and feature resolution.

Various types of radiation may be used to cure commercial photopolymers,
including gamma rays, X-rays, electron beams, UV, and in some cases visible
light, although UV and electron beam are the most prevalent. In AM, many of these
radiation sources have been utilized in research, however only UV and visible light
systems are utilized in commercial systems. In SL systems, for example, UV
radiation is used exclusively although, in principle, other types could be used. In
the SLA-250 from 3D Systems, a helium—cadmium (HeCd) laser is used with a
wavelength of 325 nm. In contrast, the solid-state lasers used in the other SL models
are Nd-YVO,. In mask projection DMD-based systems, UV and visible light
radiation are used.

Thermoplastic polymers that are typically injection molded have a linear or
branched molecular structure that allows them to melt and solidify repeatedly. In
contrast, VP photopolymers are cross-linked and, as a result, do not melt and exhibit
much less creep and stress relaxation. Figure 4.2 shows the three polymer structures
mentioned [3].

The first US patents describing SL resins were published in 1989 and 1990 [4,
5]. These resins were prepared from acrylates, which had high reactivity but
typically produced weak parts due to the inaccuracy caused by shrinkage and
curling. The acrylate-based resins typically could only be cured to 46 % completion
when the image was transferred through the laser [6]. When a fresh coating was put
on the exposed layer, some radiation went through the new coating and initiated
new photochemical reactions in the layer that was already partially cured. This
layer was less susceptible to oxygen inhibition after it had been coated. The
additional cross-linking on this layer caused extra shrinkage, which increased
stresses in the layer, and caused curling that was observed either during or after
the part fabrication process [7].

The first patents that prepared an epoxide composition for SL resins appeared in
1988 [8, 9] (Japanese). The epoxy resins produced more accurate, harder, and
stronger parts than the acrylate resins. While the polymerization of acrylate
compositions leads to 5-20 % shrinkage, the ring-opening polymerization of
epoxy compositions only leads to a shrinkage of 1-2 % [10]. This low level of
shrinkage associated with epoxy chemistry contributes to excellent adhesion and
reduced tendency for flexible substrates to curl during cure. Furthermore, the
polymerization of the epoxy-based resins is not inhibited by atmospheric oxygen.
This enables low-photoinitiator concentrations, giving lower residual odor than
acrylic formulations [11].

However, the epoxy resins have disadvantages of slow photospeed and brittle-
ness of the cured parts. The addition of some acrylate to epoxy resins is required to
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rapidly build part strength so that they will have enough integrity to be handled
without distortion during fabrication. The acrylates are also useful to reduce the
brittleness of the epoxy parts [7]. Another disadvantage of epoxy resins is their
sensitivity to humidity, which can inhibit polymerization [11].

As aresult, most SL resins commercially available today are epoxides with some
acrylate content. It is necessary to have both materials present in the same formula-
tion to combine the advantages of both curing types. The improvement in accuracy
resulting from the use of hybrid resins has given SL a tremendous boost.

4.2.2 Overview of Photopolymer Chemistry

VP photopolymers are composed of several types of ingredients: photoinitiators,
reactive diluents, flexibilizers, stabilizers, and liquid monomers. Broadly speaking,
when UV radiation impinges on VP resin, the photoinitiators undergo a chemical
transformation and become “reactive” with the liquid monomers. A “reactive”
photoinitiator reacts with a monomer molecule to start a polymer chain. Subsequent
reactions occur to build polymer chains and then to cross-link—creation of strong
covalent bonds between polymer chains. Polymerization is the term used to
describe the process of linking small molecules (monomers) into larger molecules
(polymers) composed of many monomer units [1]. Two main types of photopoly-
mer chemistry are commercially evident:
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» Free-radical photopolymerization—acrylate
» Cationic photopolymerization—epoxy and vinylether

The molecular structures of these types of photopolymers are shown in Fig. 4.5.
Symbols C and H denote carbon and hydrogen atoms, respectively, while R denotes
a molecular group which typically consists of one or more vinyl groups. A vinyl
group is a molecular structure with a carbon—carbon double bond. It is these vinyl
groups in the R structures that enable photopolymers to become cross-linked.

Free-radical photopolymerization was the first type that was commercially
developed. Such SL resins were acrylates. Acrylates form long polymer chains
once the photoinitiator becomes “reactive,” building the molecule linearly by
adding monomer segments. Cross-linking typically happens after the polymer
chains grow enough so that they become close to one another. Acrylate
photopolymers exhibit high photospeed (react quickly when exposed to UV radia-
tion), but have a number of disadvantages including significant shrinkage and a
tendency to warp and curl. As a result, they are rarely used now without epoxy or
other photopolymer elements.

The most common cationic photopolymers are epoxies, although vinylethers are
also commercially available. Epoxy monomers have rings, as shown in Fig. 4.3.
When reacted, these rings open, resulting in sites for other chemical bonds. Ring-
opening is known to impart minimal volume change on reaction, because the
number and types of chemical bonds are essentially identical before and after
reaction [12]. As a result, epoxy SL resins typically have much smaller shrinkages
and much less tendency to warp and curl. Almost all commercially available SL
resins have significant amounts of epoxies.

Polymerization of VP monomers is an exothermic reaction, with heats of
reaction around 85 kJ/mol for an example acrylate monomer. Despite high heats
of reaction, a catalyst is necessary to initiate the reaction. As described earlier, a
photoinitiator acts as the catalyst.

Schematically, the free radical-initiated polymerization process can be
illustrated as shown in Fig. 4.4 [1]. On average, for every two photons (from the
laser), one radical will be produced. That radical can easily lead to the polymeriza-
tion of over 1,000 monomers, as shown in the intermediate steps of the process,
called propagation. In general, longer polymer molecules are preferred, yielding
higher molecular weights. This indicates a more complete reaction. In Fig. 4.4, the
P-I term indicates a photoinitiator, the — 1 ® symbol is a free radical, and M in a
monomer.

Polymerization terminates from one of three causes, recombination, dispropor-
tionation, or occlusion. Recombination occurs when two polymer chains merge by
joining two radicals. Disproportionation involves essentially the cancelation of one
radical by another, without joining. Occlusion occurs when free radicals become
“trapped” within a solidified polymer, meaning that reaction sites remain available,
but are prevented from reacting with other monomers or polymers by the limited
mobility within the polymer network. These occluded sites will most certainly react
eventually, but not with another polymer chain or monomer. Instead, they will react
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Fig. 4.4 Free-radical polymerization process

with oxygen or another reactive species that diffuses into the occluded region. This
may be a cause of aging or other changes in mechanical properties of cured parts,
which should be a topic of future research.

Cationic photopolymerization shares the same broad structure as free-radical
polymerization, where a photoinitiator generates a cation as a result of laser energy,
the cation reacts with a monomer, propagation occurs to generate a polymer, and a
termination process completes the reaction. A typical catalyst for a cationic poly-
merization is a Lewis Acid, such as BF3 [13]. Initially, cationic photopoly-
merization received little attention, but that has changed during the 1990s due to
advances in the microelectronics industry, as well as interest in SL technology. We
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will not investigate the specifics of cationic reactions here, but will note that the
ring-opening reaction mechanism of epoxy monomers is similar to radical propa-
gation in acrylates.

4.2.3 Resin Formulations and Reaction Mechanisms

Basic raw materials such as polyols, epoxides, (meth) acrylic acids and their esters,
and diisocyanates are used to produce the monomers and oligomers used for
radiation curing. Most of the monomers are multifunctional monomers (MFM) or
polyol polyacrylates which give a cross-linking polymerization. The main chemical
families of oligomers are polyester acrylate (PEA), epoxy acrylates (EA), urethane
acrylates (UA), amino acrylates (used as photoaccelerator in the photoinitiator
system), and cycloaliphatic epoxies [11].

Resin suppliers create ready-to-use formulations by mixing the oligomers and
monomers with a photoinitiator, as well as other materials to affect reaction rates
and part properties. In practice, photosensitizers are often used in combination with
the photoinitiator to shift the absorption towards longer wavelengths. In addition,
supporting materials may be mixed with the initiator to achieve improved solubility
in the formulation. Furthermore, mixtures of different types of photoinitiators may
also be employed for a given application. Thus, photoinitiating systems are, in
practice, often highly elaborate mixtures of various compounds which provide
optimum performance for specific applications [10].

Other additives facilitate the application process and achieve products of good
properties. A reactive diluent, for example, is usually added to adjust the viscosity
of the mixtures to an acceptable level for application [14]; it also participates in the
polymerization reaction.

4.2.3.1 Photoinitiator System

The role of the photoinitiator is to convert the physical energy of the incident light
into chemical energy in the form of reactive intermediates. The photoinitiator must
exhibit a strong absorption at the laser emission wavelength, and undergo a fast
photolysis to generate the initiating species with a great quantum yield [15]. The
reactive intermediates are either radicals capable of adding to vinylic or acrylic
double bonds, thereby initiating radical polymerization, or reactive cationic species
which can initiate polymerization reactions among epoxy molecules [10].

The free-radical polymerization process was outlined in Fig. 4.4, with the
formation of free radicals as the first step. In the typical case in VP, radical
photoinitiator systems include compounds that undergo unimolecular bond cleav-
age upon irradiation. This class includes aromatic carbonyl compounds that are
known to undergo a homolytic C—C bond scission upon UV exposure [16]. The
benzoyl radical is the major initiating species, while the other fragment may, in
some cases, also contribute to the initiation. The most efficient photoinitiators
include benzoin ether derivatives, benzyl ketals, hydroxyalkylphenones, a-amino
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ketones, and acylphosphine oxides [16, 17]. The Irgacure family of radical
photoinitiators from Ciba Specialty Chemicals is commonly used in VP.

While photoinitiated free-radical polymerizations have been investigated for
more than 60 years, the corresponding photoinduced cationic polymerizations
have received much less attention. The main reason for the slow development in
this area was the lack of suitable photoinitiators capable of efficiently inducing
cationic polymerization [18]. Beginning in 1965, with the earliest work on diazo-
nium salt initiators, this situation has markedly changed. The discovery in the 1970s
of onium salts or organometallic compounds with excellent photoresponse and high
efficiency has initiated the very rapid and promising development of cationic
photopolymerization, and made possible the concurrent radical and cationic reac-
tion in hybrid systems [19]. Excellent reviews have been published in this field [10,
18, 20-23]. The most important cationic photoinitiators are the onium salts, partic-
ularly the triarylsulfonium and diaryliodonium salts. Examples of the cationic
photoinitiator are triaryl sulfonium hexafluorophosphate solutions in propylene
carbonate such as Degacure KI 85 (Degussa), SP-55 (Asahi Denka), Sarcat KI-85
(Sartomer), and 53,113-8 (Aldrich), or mixtures of sulfonium salts such as SR-1010
(Sartomer, currently unavailable), UVI 6976 (B-V), and UVI 6992 (B-VI) (Dow).

Initiation of cationic polymerization takes place from not only the primary
products of the photolysis of triarylsulfonium salts but also from secondary
products of the reaction of those reactive species with solvents, monomers, or
even other photolysis species. Probably the most ubiquitous species present is the
protonic acid derived from the anion of the original salt. Undoubtedly, the largest
portion of the initiating activity in cationic polymerization by photolysis of
triarylsulfonium salts is due to protonic acids [18].

4.2.3.2 Monomer Formulations

The monomer formulations presented here are from a set of patents from the mid- to
late-1990s. Both di-functional and higher functionality monomers are used typi-
cally in VP resins. Poly(meth)acrylates may be tri-, pentafunctional monomeric or
oligomeric aliphatic, cycloaliphatic or aromatic (meth)acrylates, or polyfunctional
urethane (meth)acrylates [24-27]. One specific compound in the Huntsman
SL-7510 resin includes the dipentaerythritol monohydroxy penta(meth)acrylates
[26], such as Dipentaerythritol Pentaacrylate (SR-399, Sartomer).

The cationically curable epoxy resins may have an aliphatic, aromatic, cycloali-
phatic, araliphatic, or heterocyclic structure; they on average possess more than one
epoxide group (oxirane ring) in the molecule and comprise epoxide groups as side
groups, or those groups form part of an alicyclic or heterocyclic ring system.
Examples of epoxy resins of this type are also given by these patents such as
polyglycidyl esters or ethers, poly(N or S-glycidyl) compounds, and epoxide
compounds in which the epoxide groups form part of an alicyclic or heterocyclic
ring system. One specific composition includes at least 50 % by weight of a
cycloaliphatic diepoxide [26] such as bis(2,3-epoxycyclopentyl) ether (formula
A-I), 3,4-epoxycyclohexyl-methyl 3.,4-epoxycyclohexanecarboxylate (A-II),
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dicyclopentadiene diepoxide (A-III), and bis-(3,4-epoxycyclohexylmethyl) adipate
(A-IV).

Additional insight into compositions can be gained by investigating the patent
literature further.

4.2.3.3 Interpenetrating Polymer Network Formation

As described earlier, acrylates polymerize radically, while epoxides cationically
polymerize to form their respective polymer networks. In the presence of each other
during the curing process, an interpenetrating polymer network (IPN) is finally
obtained [28, 29]. An IPN can be defined as a combination of two polymers in
network form, at least one of which is synthesized and/or cross-linked in the
immediate presence of the other [30]. It is therefore a special class of polymer
blends in which both polymers generally are in network form [30-32], and which is
originally generated by the concurrent reactions instead of by a simple mechanical
mixing process. In addition, it is a polymer blend rather than a copolymer that is
generated from the hybrid curing [33], which indicates that acrylate and epoxy
monomers undergo independent polymerization instead of copolymerization. How-
ever, in special cases, copolymerization can occur, thus leading to a chemical
bonding of the two networks [34].

It is likely that in typical SL resins, the acrylate and epoxide react independently.
Interestingly, however, these two monomers definitely affect each other physically
during the curing process. The reaction of acrylate will enhance the photospeed and
reduce the energy requirement of the epoxy reaction. Also, the presence of acrylate
monomer may decrease the inhibitory effect of humidity on the epoxy polymeriza-
tion. On the other hand, the epoxy monomer acts as a plasticizer during the early
polymerization of the acrylate monomer where the acrylate forms a network while
the epoxy is still at liquid stage [31]. This plasticizing effect, by increasing
molecular mobility, favors the chain propagation reaction [35]. As a result, the
acrylate polymerizes more extensively in the presence of epoxy than in the neat
acrylate monomer. Furthermore, the reduced sensitivity of acrylate to oxygen in the
hybrid system than in the neat composition may be due to the simultaneous
polymerization of the epoxide which makes the viscosity rise, thus slowing down
the diffusion of atmospheric oxygen into the coating [31].

In addition, it has been shown [31] that the acrylate/epoxide hybrid system
requires a shorter exposure to be cured than either of the two monomers taken
separately. It might be due to the plasticizing effect of epoxy monomer and the
contribution of acrylate monomer to the photospeed of the epoxy polymerization.
The two monomers benefit from each other by a synergistic effect.

It should be noted that if the concentration of the radical photoinitiator was
decreased so that the two polymer networks were generated simultaneously, the
plasticizing effect of the epoxy monomer would become less pronounced. As a
result, it would be more difficult to achieve complete polymerization of the acrylate
monomer and thus require longer exposure time.

Although the acrylate/epoxy hybrid system proceeds via a heterogeneous mech-
anism, the resultant product (IPN) seems to be a uniphase component [36]. The
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properties appear to be extended rather than compromised [31, 34]. The optimal
properties of IPNs for specific applications can be obtained by selecting two
appropriate components and adjusting their proportions [34]. For example, increas-
ing the acrylate content increases the cure speed but decreases the adhesion
characteristics, while increasing the epoxy content reduces the shrinkage of curing
and improves the adhesion, but decreases the cure speed [36].

4.3 Reaction Rates

As is evident, the photopolymerization reaction in VP resins is very complex. To
date, no one has published an analytical photopolymerization model that describes
reaction results and reaction rates. However, qualitative understanding of reaction
rates is straightforward for simple formulations. Broadly speaking, reaction rates
for photopolymers are controlled by concentrations of photoinitiators [I] and
monomers [M]. The rate of polymerization is the rate of monomer consumption,
which can be shown as [3]:

R, = —d[M]/dr a[M] (k[1])"/? (4.1)

where k = constant that is a function of radical generation efficiency, rate of radical
initiation, and rate of radical termination. Hence, the polymerization rate is propor-
tional to the concentration of monomer, but is only proportional to the square root
of initiator concentration.

Using similar reasoning, it can be shown that the average molecular weight of
polymers is the ratio of the rate of propagation and the rate of initiation. This
average weight is called the kinetic average chain length, v,, and is given in (4.2):

vo = Rp/Ri o [M]/[1'? (4.2)

where R; is the rate of initiation of macromonomers.

Equations (4.1) and (4.2) have important consequences for the VP process. The
higher the rate of polymerization, the faster parts can be built. Since VP resins are
predominantly composed of monomers, the monomer concentration cannot be
changed much. Hence, the only other direct method for controlling the polymeriza-
tion rate and the kinetic average chain length is through the concentration of
initiator. However, (4.1) and (4.2) indicate a trade-off between these characteristics.
Doubling the initiator concentration only increases the polymerization rate by a
factor of 1.4, but reduces the molecular weight of resulting polymers by the same
amount. Strictly speaking, this analysis is more appropriate for acrylate resins, since
epoxies continue to react after laser exposure, so (4.2) does not apply well for
epoxies. However, reaction of epoxies is still limited, so it can be concluded that a
trade-off does exist between polymerization rate and molecular weight for epoxy
resins.
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4.4 Laser Scan Vat Photopolymerization

Laser scan VP creates solid parts by selectively solidifying a liquid photopolymer
resin using an UV laser. As with many other AM processes, the physical parts are
manufactured by fabricating cross-sectional contours, or slices, one on top of
another. These slices are created by tracing 2D contours of a CAD model in a vat
of photopolymer resin with a laser. The part being built rests on a platform that is
dipped into the vat of resin, as shown schematically in Fig. 4.1a. After each slice is
created, the platform is lowered, the surface of the vat is recoated, then the laser
starts to trace the next slice of the CAD model, building the prototype from the
bottom up. A more complete description of the SL process may be found in
[12]. The creation of the part requires a number of key steps: input data, part
preparation, layer preparation, and finally laser scanning of the two-dimensional
cross-sectional slices. The input data consist of an STL file created from a CAD file
or reverse engineering data. Part preparation is the phase at which the operator
specifies support structures, to hold each cross section in place while the part builds,
and provides values for machine parameters. These parameters control how the
prototype is fabricated in the VP machine. Layer preparation is the phase in which
the STL model is divided into a series of slices, as defined by the part preparation
phase, and translated by software algorithms into a machine language. This infor-
mation is then used to drive the SL machine and fabricate the prototype. The laser
scanning of the part is the phase that actually solidifies each slice in the VP
machine.

After building the part, the part must be cleaned, post-cured, and finished.
During the cleaning and finishing phase, the VP machine operator may remove
support structures. During finishing, the operator may spend considerable time
sanding and filing the part to provide the desired surface finishes.

4.5 Photopolymerization Process Modeling

Background on SL materials and energy sources enables us to investigate the curing
process of photopolymers in SL machines. We will begin with an investigation into
the fundamental interactions of laser energy with photopolymer resins. Through the
application of the Beer—Lambert law, the theoretical relationship between resin
characteristics and exposure can be developed, which can be used to specify laser
scan speeds. This understanding can then be applied to investigate mechanical
properties of cured resins. From here, we will briefly investigate the ranges of
size scales and time scales of relevance to the SL process. Much of this section is
adapted from [1].

Nomenclature

Cq = cure depth = depth of resin cure as a result of laser irradiation [mm]

D, = depth of penetration of laser into a resin until a reduction in irradiance of 1/e is
reached = key resin characteristic [mm]
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E =exposure, possibly as a function of spatial coordinates [energy/unit area]
[mJ/mmz]

E_=critical exposure =exposure at which resin solidification starts to occur
[mJ/mm?]

E...x =peak exposure of laser shining on the resin surface (center of laser spot)
[mJ/mmz]

H(x, y, z) =irradiance (radiant power per unit area) at an arbitrary point in the
resin = time derivative of E(x, y, 2).[W/mm?]

P = output power of laser [W]

Vs =scan speed of laser [mm/s]

Wy =radius of laser beam focused on the resin surface [mm]

4.,5.1 Irradiance and Exposure

As alaser beam is scanned across the resin surface, it cures a line of resin to a depth
that depends on many factors. However, it is also important to consider the width of
the cured line as well as its profile. The shape of the cured line depends on resin
characteristics, laser energy characteristics, and the scan speed. We will investigate
the relationships among all of these factors in this subsection.

The first concept of interest here is irradiance, the radiant power of the laser per
unit area, H(x, y, z). As the laser scans a line, the radiant power is distributed over a
finite area (beam spots are not infinitesimal). Figure 4.5 shows a laser scanning a
line along the x-axis at a speed V [1]. Consider the z-axis oriented perpendicular to
the resin surface and into the resin, and consider the origin such that the point of
interest, p’, has an x coordinate of 0. The irradiance at any point x, y, z in the resin is
related to the irradiance at the surface, assuming that the resin absorbs radiation
according to the Beer—Lambert Law. The general form of the irradiance equation
for a Gaussian laser beam is given here as (4.3).

H(x,y,z) = H(x,y,0)e /" (4.3)

From this relationship, we can understand the meaning of the penetration depth,
D,,. Setting z=D,, we get that the irradiance at a depth D, is about 37 %
(ef1 =0.36788) of the irradiance at the resin surface. Thus, D, is the depth into
the resin at which the irradiance is 37 % of the irradiance at the surface. Further-
more, since we are assuming the Beer-Lambert Law holds, D, is only a function of
the resin.

Without loss of generality, we will assume that the laser scans along the x-axis
from the origin to point b. Then, the irradiance at coordinate x along the scan line is
given by



76 4 Vat Photopolymerization Processes
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where Hy = H(0,0) when x =0, and W,, is the 1/e* Gaussian half-width of the beam
spot. Note that when x =W, H(x,0) = Hoefz =0.13534H,.

The maximum irradiance, H, occurs at the center of the beam spot (x =0). Hy
can be determined by integrating the irradiance function over the area covered by
the beam at any particular point in time. Changing from Cartesian to polar
coordinates, the integral can be set equal to the laser power, Py, as shown in (4.5).

=00

PL = / H(r,0)dA (4.5)
r=0

When solved, H, turns out to be a simple function of laser power and beam half-

width, as in (4.6).

2P

=— 4.6
o (4.6)

0

As a result, the irradiance at any point x, y between x =0 and x = b is given by:

H(x,y) = ZLLze’zxz/W%e’zyz/W% 4.7)
Wy

However, we are interested in exposure at an arbitrary point, p, not irradiance,
since exposure controls the extent of resin cure. Exposure is the energy per unit
area; when exposure at a point in the resin vat exceeds a critical value, called E., we
assume that resin cures. Exposure can be determined at point p by appropriately
integrating (4.7) along the scan line, from time O to time #,, when the laser reaches

point b.
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E(y,0) = / i_; HIx(t),0]dr (4.8)

It is far more convenient to integrate over distance than over time. If we assume a
constant laser scan velocity, then it is easy to substitute ¢ for x, as in (4.9).

2P 2 x=b
E(y,0) = —= e '/ / e 2 MWigdx (4.9)
HVSWO x=0

The exponential term is difficult to integrate directly, so we will change the
variable of integration. Define a variable of integration, v, as

2

) 2x
2

W§

Then, take the square root of both sides, take the derivative, and rearrange to
give

Wo

dx:ﬁdv

Due to the change of variables, it is also necessary to convert the integration
limit to b = v/2/Wox,.

Several steps in the derivation will be skipped. After integration, the exposure
received at a point x, y between x = (0, ) can be computed as:

22

PL_ G ferf (b)] (4.10)

E(y,0) = —-=
(v,0) ToaWay.

where erf(x) is the error function evaluated at x. erf(x) is close to —1 for negative
values of x, is close to 1 for positive values of x, and rapidly transitions from —1 to
1 for values of x close to 0. This behavior localizes the exposure within a narrow
range around the scan vector. This makes sense since the laser beam is small and we
expect that the energy received from the laser drops off quickly outside of its radius.

Equation (4.10) is not quite as easy to apply as a form of the exposure equation
that results from assuming an infinitely long scan vector. If we make this assump-
tion, then (4.10) becomes

E(y,0) = 4‘2/1);/2 enyz/W?)/ B e 2% /Widy
VsWo

X=00

and after integration, exposure is given by
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2 P
E(y,0) = we*f/wﬁ (4.11)

Combining this with (4.3) yields the fundamental general exposure equation:

2 P
E(x,y,z) — /2L efz)'z/sz)e*Z/Dn (4'12)
JTW()VS

4.,5.2 Laser-Resin Interaction

In this subsection, we will utilize the irradiance and exposure relationships to
determine the shape of a scanned vector line and its width. As we will see, the
cross-sectional shape of a cured line becomes a parabola.

Starting with (4.12), the locus of points in the resin that is just at its gel point,
where E = E_, is denoted by y* and z*. Equation (4.12) can be rearranged, with y*,
z*, and E. substituted to give (4.13).

@22 /Wit /Dy _ 2 P (4.13)
HWOVSEC

Taking natural logarithms of both sides yields

*2 * 2 P
RANRCHS T Y bl (4.14)
w2 " D, AWoV Ee

This is the equation of a parabolic cylinder in y* and z*, which can be seen more
clearly in the following form,

ay? 4+ bz =c (4.15)

where a, b, and ¢ are constants, immediately derivable from (4.14). Figure 4.6
illustrates the parabolic shape of a cured scan line.

To determine the maximum depth of cure, we can solve (4.14) for z* and set
y*=0, since the maximum cure depth will occur along the center of the scan
vector. Cure depth, Cgy, is given by

2 P

Cy=Dpln|/=—1L
4= PP WOV LE.

(4.16)

As is probably intuitive, the width of a cured line of resin is the maximum at the
resin surface; i.e., ymax occurs at z=0. To determine line width, we start with the
line shape function (4.14). Setting z = 0 and letting line width, L,, equal 2y,.x, the
line width can be found:
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Fig. 4.6 Cured line showing
parabolic shape, cure depth,
and line width
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Lw = Woy/2C4/D, (4.17)

As a result, two important aspects become clear. First, line width is proportional
to the beam spot size. Second, if a greater cure depth is desired, line width must
increase, all else remaining the same. This becomes very important when
performing line width compensation during process planning.

The final concept to be presented in this subsection is fundamental to commer-
cial SL. It is the working curve, which relates exposure to cure depth, and includes
the two key resin constants, Dy, and E... At the resin surface and in the center of the
scan line:

2 P
777VV()VS

E(0,0) = Engx = (4.18)

which is most of the expression within the logarithm term in (4.16). Substituting
(4.18) into (4.16) yields the working curve equation:

Emax

C

In summary, a laser of power Py scans across the resin surface at some speed Vg
solidifying resin to a depth C4, the cure depth, assuming that the total energy
incident along the scan vector exceeds a critical value called the critical exposure,
E.. If the laser scans too quickly, no polymerization reaction takes place; i.e.,
exposure E is less than E.. E. is assumed to be a characteristic quantity of a
particular resin.

An example working curve is shown in Fig. 4.7, where measured cure depths at a
given exposure are indicated by “*.” The working curve equation, (4.19), has
several major properties [1]:
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Fig. 4.7 Resin “working curve” of cure depth vs. exposure

. The cure depth is proportional to the natural logarithm of the maximum exposure

on the centerline of a scanned laser beam.

. A semilog plot of Cy4 vs. E\,x should be a straight line. This plot is known as the

working curve for a given resin.

. The slope of the working curve is precisely D,, at the laser wavelength being used

to generate the working curve.

. The x-axis intercept of the working curve is E, the critical exposure of the resin

at that wavelength. Theoretically, the cure depth is O at E, but this does indicate
the gel point of the resin.

. Since D, and E. are purely resin parameters, the slope and intercept of the

working curve are independent of laser power.

In practice, various E,x values can be generated easily by varying the laser scan

speed, as indicated by (4.19).

4.5.3 Photospeed

Photospeed is typically used as an intuitive approximation of SL photosensitivity.
But it is useful in that it relates to the speed at which the laser can be scanned across
the polymer surface to give a specified cure depth. The faster the laser can be

scanned to give a desired cure depth, the higher the photospeed. Photospeed is a
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characteristic of the resin and does not depend upon the specifics of the laser or
optics subsystems. In particular, photospeed is indicated by the resin constants E,
and D,, where higher levels of D, and lower values of E. indicate higher
photospeed.

To determine scan velocity for a desired cure depth, it is straightforward to solve
(4.16) for V,. Recall that at the maximum cure depth, the exposure received equals
the cure threshold, E.. Scan velocity is given by (4.20).

_JEP e (4.20)
IZ'WUEC

S

This discussion can be related back to the working curve. Both E; and D, must
be determined experimentally. 3D Systems has developed a procedure called the
WINDOWPANE procedure for finding E.. and D,, values [41]. The cure depth, Cy,
can be measured directly from specimens built on an SL machine that are one layer
thickness in depth. The WINDOWPANE procedure uses a specific part shape, but
the principle is simply to build a part with different amounts of laser exposure in
different places in the part. By measuring the part thickness, C4, and correlating that
with the exposure values, a “working curve” can easily be plotted. Note that (4.19)
is log-linear. Hence, C4 is plotted linearly vs. the logarithm of exposure to generate
a working curve.

So how is exposure varied? Exposure is varied by simply using different scan
velocities in different regions of the WINDOWPANE part. The different scan
velocities will result in different cure depths. In practice, (4.20) is very useful
since we want to directly control cure depth, and want to determine how fast to
scan the laser to give that cure depth. Of course, for the WINDOWPANE experi-
ment, it is more useful to use (4.16) or (4.19).

4.5.4 Time Scales

It is interesting to investigate the time scales at which SL operates. On the short end
of the time scale, the time it takes for a photon of laser light to traverse a
photopolymer layer is about a picosecond (107 s). Photon absorption by the
photoinitiator and the generation of free radicals or cations occur at about the
same time frame. A measure of photopolymer reaction speed is the kinetic reaction
rates, f, which are typically several microseconds.

The time it takes for the laser to scan past a particular point on the resin surface is
related to the size of the laser beam. We will call this time the characteristic
exposure time, f,. Values of ¢z, are typically 50-2,000 ps, depending on the scan
speed (500-5,000 mmy/s). Laser exposure continues long after the onset of poly-
merization. Continued exposure generates more free radicals or cations and, pre-
sumably, generates these at points deeper in the photopolymer. During and after the
laser beam traverses the point of interest, cross-linking occurs in the photopolymer.
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The onset of measurable shrinkage, f,, lags exposure by several orders of
magnitude. This appears to be due to the rate of cross-linking, but for the epoxy-
based resins, may have more complicated characteristics. Time at corresponding
completion of shrinkage is denoted ¢, .. For the acrylate-based resins of the early
1990s, times for the onset and completion of shrinkage were typically 0.4—1 and 4—
10 s, respectively. Recall that epoxies can take hours or days to polymerize. Since
shrinkage lags exposure, this is clearly a phenomenon that complicates the VP
process. Shrinkage leads directly to accuracy problems, including deviation from
nominal dimensions, warpage, and curl.

The final time dimension is that of scan time for a layer, denoted 74, which
typically spans 10-300 s. The time scales can be summarized as

<t L e Lo < s e K tg (4.21)

As a result, characteristic times for the VP process span about 14 orders of
magnitude.

4.6 Vector Scan VP Machines

At present (2014), 3D Systems is the predominant manufacturer of laser scanning
VP machines in the world, although several other companies in Japan and else-
where in Asia also market VP machines. Fockele & Schwarze in Germany produces
a micro-VP technology, although they only sell design and manufacturing services.
Several Japanese companies produce or produced machines, including Denken
Engineering, CMET (Mitsubishi), Sony, Meiko Corp., Mitsui Zosen, and Teijin
Seiki (license from Dupont). Formlabs is a start-up company, funded in part by a
Kickstarter campaign, markets a small, high-resolution SL. machine.

A schematic of a typical VP machine was illustrated in Fig. 4.1a, which shows
the main subsystems, including the laser and optics, the platform and elevator, the
vat and resin-handling subsystem, and the recoater. The machine subsystem hierar-
chy is given in Fig. 4.8. Note that the five main subsystems are: recoating system,
platform system, vat system, laser and optics system, and control system.

Typically, recoating is done using a shallow dip and recoater blade sweeping.
Recoating issues are discussed in [37]. The process can be described as follows:

« After a layer has been cured, the platform dips down by a layer thickness.
o The recoater blade slides over the whole build depositing a new layer of resin
and smoothing the surface of the vat.

A common recoater blade type is the zephyr blade, which is a hollow blade that
is filled with resin. A vacuum system pulls resin into the blade from the vat. As the
blade translates over the vat to perform recoating, resin is deposited in regions
where the previous part cross section was built. When the blade encounters a region
in the vat without resin, the resin falls into this region since its weight is stronger



4.6 Vector Scan VP Machines 83

SL Machine
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Fig. 4.8 Subsystems for SL technology

than the vacuum force. Blade alignment is critical to avoid “blade crashes,” when
the blade hits the part being built and often delaminates the previous layer. The
blade gap (distance between the bottom of the blade and the resin surface) and
speed are important variables under user control.

The platform system consists of a build platform that supports the part being
built and an elevator that lowers and raises the platform. The elevator is driven by a
lead-screw. The vat system is simply the vat that holds the resin, combined with a
level adjustment device, and usually an automated refill capability.

The optics system includes a laser, focusing and adjustment optics, and two
galvanometers that scan the laser beam across the surface of the vat. Modern VP
machines have solid-state lasers that have more stable characteristics than their
predecessors, various gas lasers. SL machines from 3D Systems have Nd-YVO,
lasers that output radiation at about 1,062 nm wavelength (near infrared). Addi-
tional optical devices triple the frequency to 354 nm, in the UV range. These lasers
have relatively low power, in the range of 0.1-1 W, compared with lasers used in
other AM and material processing applications.

The control system consists of three main subsystems. First, a process controller
controls the sequence of machine operations. Typically, this involves executing the
sequence of operations that are described in the build file that was prepared for a
specific part or set of parts. Commands are sent to the various subsystems to actuate
the recoating blade, to adjust resin level or changing the vat height, or to activate the
beam controller. Sensors are used to detect resin height and to detect forces on the
recoater blade to detect blade crashes. Second, the beam controller converts opera-
tion descriptions into actions that adjust beam spot size, focus depth, and scan
speed, with some sensors providing feedback. Third, the environment controller
adjusts resin vat temperature and, depending on machine model, adjusts environ-
ment temperature and humidity.

Two of the main advantages of VP technology over other AM technologies are
part accuracy and surface finish, in combination with moderate mechanical
properties. These characteristics led to the widespread usage of VP parts as form,



84 4 Vat Photopolymerization Processes

fit, and, to a lesser extent, functional prototypes. Typical dimensional accuracies for
VP machines are often quoted as a ratio of an error per unit length. For example,
accuracy of an SLA-250 is typically quoted as 0.002 in./in. [38]. Modern VP
machines are somewhat more accurate. Surface finish of SL parts ranges from
submicron Ra for upfacing surfaces to over 100 pm Ra for surfaces at slanted
angles [39].

The current commercial VP product line from 3D Systems consists of two
families of models: the SLA Viper Si2, and the iPro SLA Centers (iPro 9000XL,
iPro 9000, and iPro 8000). Some of these machines are summarized in Table 4.1
[40]. Both the Viper Si2 and the iPro models have dual laser spot size capabilities.
In the Viper Si2, a “high-resolution” mode is available that provides a spot size of
about 80 pm in diameter, useful for building small parts with fine features. In the
iPro machines, in contrast, the machine automatically switches between the “nor-
mal” beam of 0.13 mm diameter for borders and fills and the “wide” beam of
0.76 mm diameter for hatch vectors (filling in large areas). The wide beam enables
much faster builds. The iPro line replaces other machines, including the popular
SLA-3500, SLA-5000, and SLA-7000 machines, as well as the SLA Viper Pro.
Additionally, the SLA-250 was a very popular model that was discontinued in 2001
with the introduction of the Viper Si2 model.

4.7 Scan Patterns
4.7.1 Layer-Based Build Phenomena and Errors

Several phenomena should be noted since they are common to all radiation and
layer-based AM processes. The most obvious phenomenon is discretization, e.g., a
stack of layers causes “stair steps” on slanted or curved surfaces. So, the layer-wise
nature of most AM processes causes edges of layers to be visible. Conventionally,
commercial AM processes build parts in a “material safe” mode, meaning that the
stair steps are on the outside of the CAD part surfaces. Technicians can sand or
finish parts; the material they remove is outside of the desired part geometry. Other
discretization examples are the set of laser scans or the pixels of a DMD. In most
processes, individual laser scans or pixels are not visible on part surfaces, but in
other processes such as material extrusion, the individual filaments can be
noticeable.

As a laser scans a cross section, or a lamp illuminates a layer, the material
solidifies and, as a result, shrinks. When resins photopolymerize, they shrink since
the volume occupied by monomer molecules is larger than that of reacted polymer.
Similarly, after powder melts, it cools and freezes, which reduces the volume of the
material. When the current layer is processed, its shrinkage pulls on the previous
layers, causing stresses to build up in the part. Typically, those stresses remain and
are called residual stresses. Also, those stresses can cause part edges to curl
upwards. Other warpage or part deformations can occur due to these residual
stresses, as well.
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Table 4.1 Selected SL systems (photos courtesy of 3D Systems, Inc.)

iPro 9000XL SLA center

Laser type Solid-state frequency
tripled Nd:YVO0,

Wavelength 354.7 nm

Power at vat 1,450 mW

@ 5,000 h

Recoating system

Process

Zephyr™ Recoater

Layer thickness min

0.05 mm (0.002 in)

Layer thickness max

0.15 mm (0.006 in)

Optical and scanning

Beam diameter

(@ 1/e2)

0.13 mm (borders)

0.76 (large hatch)

Drawing speed

3.5 m/s (borders)

25 m/s (hatch)

Maximum part weight

150 kg (330 1b)

Vat: Max. build
envelope, capacity

650 x 350 x 300
(39.1 gal)

650 x 750 x 50
(25.1 gal)

650 x 750 x 275
(71.9 gal)

650 x 750 x 550
(109 gal)

1,500 x 750 x 550

iPro 8000 SLA center

Specifications are the
same as the iPro
9000XL, except the
following

Maximum part weight

75 kg (165 1b)

Vat: Max. build
envelope, capacity

650 x 350 x 300
(39.1 gal)

650 x 750 x 50
(25.1 gal)

650 x 750 x 275
(71.9 gal)

650 x 750 x 550
(109 gal)

SLA Viper Si2

Laser type

Solid-State Nd:YV0,

Wavelength

354.7 nm

Power at vat

100 mW

(continued)
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Table 4.1 (continued)
Recoating System:
process
Typical
Minimum
Optical and scanning

Beam diameter
(@ 1/e2): standard
mode

High-resolution

Part drawing speed
Maximum part weight
Vat capacity
Maximum build

Zephyr recoater

0.1 mm (0.004 in) app.

0.05 mm (0.002 in) app.

0.25+£0.025 mm
(0.01 £0.001 in)

0.075£0.015 mm
(0.003 £0.0005 in)

5 mm/s (0.2 in/s)

9.1 kg (20 Ib)
Volume

250 x 250 x 200 mm

4 Vat Photopolymerization Processes

envelope XYZ (10 x x10 x 10

in)

322 L (8.5 U.S. gal)
125 x 125 x 250 mm
(5 x5x%x 10 in)

High-res. build
envelope

The last phenomenon to be discussed is that of print-through errors. In
photopolymerization processes, it is necessary to have the current layer cure into
the previous layer. In powder bed fusion processes, the current layer needs to melt
into the previous layer so that one solid part results, instead of a stack of discon-
nected solid layers. The extra energy that extends below the current layer results in
thicker part sections. This extra thickness is called print-through error in SL and
“bonus Z” in laser sintering. Most process planning systems compensate for print-
through by giving users the option of skipping the first few layers of a part, which
works well unless important features are contained within those layers.

These phenomena will be illustrated in this section through an investigation of
scan patterns in SL.

4.7.2 WEAVE

Prior to the development of WEAVE, scan patterns were largely an ad hoc
development. As a result, post-cure curl distortion was the major accuracy problem.
The WEAVE scan pattern became available for use in late 1990 [1].

The development of WEAVE began with the observation that distortion in post-
cured parts was proportional to the percent of uncured resin after removal from the
vat. Another motivating factor was the observation that shrinkage lags exposure and
that this time lag must be considered when planning the pattern of laser scans. The
key idea in WEAVE development was to separate the curing of the majority of a
layer from the adherence of that layer to the previous layer. Additionally, to prevent
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laser scan lines from interfering with one another while each is shrinking, parallel
scans were separated from one another by more than a line width.
The WEAVE style consists of two sets of parallel laser scans:

« First, parallel to the x-axis, spaced 1 mil (1 mil =0.001 in. = 0.0254 mm, which
historically is a standard unit of measure in SL) apart, with a cure depth of 1 mil
less than the layer thickness.

» Second, parallel to the y-axis, spaced 1 mil apart, again with a cure depth of 1 mil
less than the layer thickness.

However, it is important to understand the relationships between cure depth and
exposure. On the first pass, a certain cure depth is achieved, Cq4;, based on an
amount of exposure, E ... On the second pass, the same amount of exposure is
provided and the cure depth increases to Cy,. A simple relationship can be derived
among these quantities, as shown in (4.21).

Cp = DPIH(ZEmaX 1/EC) = Dpln(2) + Dpln(Emax 1/EC) (421)

Car = Cq + Dpln(2) (4.22)

It is the second pass that provides enough exposure to adhere the current layer
to the previous one. The incremental cure depth caused by the second pass is just
In(2)D,, or about 0.6931D,,. This distance is always greater than 1 mil.

As mentioned, a major cause of post-cure distortion was the amount of uncured
resin after scanning. The WEAVE build style cures about 99 % of the resin at the
vat surface and about 96 % of the resin volume through the layer thickness.
Compared with previous build styles, WEAVE provided far superior results in
terms of eliminating curl and warpage. Figure 4.9 shows a typical WEAVE pattern,
illustrating how WEAVE gets its name.

Fig. 4.9 WEAVE scan
pattern > X
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Even though WEAVE was a tremendous improvement, several flaws were
observed with its usage. Corners were distorted on large flat surfaces, one of
these corners always exhibited larger distortion, and it was always the same corner.
Some microfissures occurred; on a flat plate with a hole, a macrofissure tangent to
the hole would appear.

It was concluded that significant internal stresses developed within parts during
part building, not only post-cure. As a result, improvements to WEAVE were
investigated, leading to the development of STAR-WEAVE.

4.7.3 STAR-WEAVE

STAR-WEAVE was released in October 1991, roughly 1 year after WEAVE
[1]. STAR-WEAVE addressed all of the known deficiencies of WEAVE and
worked very well with the resins available at the time. WEAVE’s deficiencies
were traced to the consequences of two related phenomena: the presence of
shrinkage and the lag of shrinkage relative to exposure. These phenomena led
directly to the presence of large internal stresses in parts. STAR-WEAVE gets its
name from the three main improvements from WEAVE:

1. Staggered hatch
2. Alternating sequence
3. Retracted hatch

Staggered hatch directly addresses the observed microfissures. Consider
Fig. 4.10 which shows a cross-sectional view of the hatch vectors from two layers.
In Fig. 4.10a, the hatch vectors in WEAVE form vertical “walls” that do not directly
touch. In STAR-WEAVE, Fig. 4.10b, the hatch vectors are staggered such that they
directly adhere to the layer below. This resulting overlap from one layer to the next
eliminated microfissures and eliminated stress concentrations in the regions
between vectors.

WEAVE STAR-WEAVE

Fig. 4.10 Cross-sectional view of WEAVE and STAR-WEAVE patterns
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Fig. 4.11 WEAVE problem Scanned
example Second
T »| Scanned
a1 First

Upon close inspection, it became clear why the WEAVE scan pattern tended to
cause internal stresses, particularly if a part had a large cross section. Consider a
thin cross section, as shown in Fig. 4.11. The WEAVE pattern was set up to always
proceed in a certain manner. First, the x-axis vectors were drawn left to right, and
front to back. Then, the y-axis vectors were drawn front to back and left to right.
Consider what happens as the y-axis vectors are drawn and the fact that shrinkage
lags exposure. As successive vectors are drawn, previous vectors are shrinking, but
these vectors have adhered to the x-axis vectors and to the previous layer. In effect,
the successive shrinkage of y-axis vectors causes a “wave” of shrinkage from left to
right, effectively setting up significant internal stresses. These stresses cause curl.

Given this behavior, it is clear that square cross sections will have internal
stresses, possibly without visible curl. However, if the part cannot curl, the stresses
will remain and may result in warpage or other form errors.

With a better understanding of curing and shrinking behavior, the Alternating
Sequence enhancement to building styles was introduced. This behavior can be
alleviated to a large extent simply by varying the x and y scan patterns. There are
two vector types: x and y. These types can be drawn left to right, right to left, front to
back, and back to front. Looking at all combinations, eight different scan sequences
are possible. As a part is being built, these eight scan sequences alternate, so that
eight consecutive layers have different patterns, and this pattern is repeated every
eight layers.

The good news is that internal stresses were reduced and the macrofissures
disappeared. However, internal stresses were still evident. To alleviate the internal
stresses to a greater extent, the final improvement in STAR-WEAVE was
introduced, that of Retracted Hatch. It is important to realize that the border of a
cross section is scanned first, then the hatch is scanned. As a result, the x-axis
vectors adhere to both the left and right border vectors. When they shrink, they pull
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Fig. 4.12 Retracted hatch of |
the STAR-WEAVE pattern
Hatch Border
—> |* 0.01 inch
Tablgl“'zf AEELE’E;OZZSS Variable Range
variables for the SLA- Layer thickness 0.002-0.008 in.
Hatch spacing 0.006-0.012 in.
Hatch overcure (—0.003)—(+0.001) in.
Fill overcure 0.006-0.012 in.
Blade gap % 100-200
Sweep period 5-15s
Z-wait 0-20s
Pre-dip delay 0-20s

on the borders, bending them towards one another, causing internal stresses. To
alleviate this, alternating hatch vectors are retracted from the border, as shown in
Fig. 4.12. This retracted hatch is performed for both the x and y vectors.

4.7.4 ACES Scan Pattern

With the development of epoxy-based photopolymers in 1992-1993, new scan
patterns were needed to best adopt to their curing characteristics. ACES (Accurate,
Clear, Epoxy, Solid) was the answer to these needs. ACES is not just a scan pattern,
but is a family of build styles. The operative word in the ACES acronym is
Accurate. ACES was mainly developed to provide yet another leap in part accuracy
by overcoming deficiencies in STAR-WEAVE, most particularly, in percent of
resin cured in the vat. Rather than achieving 96 % solidification, ACES is typically
capable of 98 %, further reducing post-cure shrinkage and the associated internal
stresses, curl, and warpage [12].

Machine operators have a lot of control over the particular scan pattern used,
along with several other process variables. For example, while WEAVE and STAR-
WEAVE utilized 0.001 in. spacings between solidified lines, ACES allows the user
to specify hatch spacing. Table 4.2 shows many of the process variables for the
SLA-250 along with typical ranges of variable settings.
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In Table 4.2, the first four variables are called scan variables since they control the
scan pattern, while the remaining variables are recoat variables since they control
how the vat and part are recoated. With this set of variables, the machine operator has
a tremendous amount of control over the process; however, the number of variables
can cause a lot of confusion since it is difficult to predict exactly how the part will
behave as a result of changing a variable’s value. To address this issue, 3D Systems
provides nominal values for many of the variables as a function of layer thickness.

The fundamental premise behind ACES is that of curing more resin in a layer
before bonding that layer to the previous one. This is accomplished by overlapping
hatch vectors, rather than providing 0.001 in. spacing between hatch vectors. As a
result, each point in a layer is exposed to laser radiation from multiple scans. Hence,
it is necessary to consider these multiple scans when determining cure depth for a
layer. ACES also makes use of two passes of scan vectors, one parallel to the x-axis
and one parallel to the y-axis. In the first pass, the resin is cured to a depth 1 mil less
than the desired layer thickness. Then on the second pass, the remaining resin is
cured and the layer is bonded to the previous one.

As might be imagined, more scan vectors are necessary using the ACES scan
pattern, compared with WEAVE and STAR-WEAVE.

The remaining presentation in this section is on the mathematical model of cure
depth as a function of hatch spacing to provide insight into the cure behavior of ACES.

Consider Fig. 4.13 that shows multiple, overlapping scan lines with hatch
spacing h. Also shown is the cure depth of each line, C 4, and the cure depth,
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C,1, of the entire scan pass. As we know from earlier, the relationship between
exposure and cure depth is given by (4.23).

Cyy = Dpln(Epmax /E.) (4.23)

The challenge is to find an expression for cure depth of a scan pass when the scan
vectors overlap. This can be accomplished by starting from the relationship describ-
ing the spatial distribution of exposure. From earlier, we know that:

E(y,0) = Epge™ (20 (4.24)

Consider the progression of curing that results from many more scans in
Fig. 4.13. If we consider a point P in the region of the central scan, we need to
determine the number of scan vectors that provide significant exposure to P. Since
the region of influence is proportional to beam spot size, the number of scans
depends upon the beam size and the hatch spacing. Considering that the ratio of
hatch spacing to beam half-width, Wy, is rarely less than 0.5 (i.e., hy/Wy > 0.5), then
we can determine that point P receives about 99 % of its exposure from a distance
of 4 hg or less. In other words, if we start at the center of a scan vector, at most, we
need to consider 4 scans to the left and 4 scans to the right when determining cure
depth.

In this case, we are only concerned with the variation of exposure with y, the
dimension perpendicular to the scan direction.

Given that it is necessary to consider 9 scans, we know the various values of y in
(4.24). We can consider that y = nhg, and let n range from —4 to +4. Then, the total
exposure received at a point P is the sum of the exposures received over those
9 scans, as shown in (4.25) and (4.26).

Ep = Eg + 2E| + 2E; + 2E5 + 2E4 (4.25)

where E, = E(n hs,0) = Epmaxe 2" hs/Wo)®
Ep = Enax |1+ 27200/W07 1 267808/ W0" . 9 1808/ W0l . 96 =3200/Wol"] (4.6
It is convenient to parameterize exposure vs. E,.x against the ratio of hatch

spacing vs. beam half-width. A simple rearrangement of (4.26) yields (4.27). A plot
of (4.27) over the typical range of size ratios (hy/Wy) is shown in Fig. 4.14.

E, X —2(nhs/Wo)*
= L) e/ (4.27)

n=1

We can now return to our initial objective of determining the cure depth for a
single pass of overlapping scan vectors. Further, we can determine the increase in
cure depth from a single scan to the entire layer. A cure depth for a single pass, C 1,
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Fig. 4.14 Plot of (4.27): 2.6
exposure ratios vs. size ratios
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with overlapping scans is a function of the total exposure given in (4.26). Cy; is
determined using (4.28).

Cq, = Dpln(E, /E.) (4.28)

The cure depth increase is given by C,; — C4, and can be determined using
(4.29).

Cd1 — Cdo = Dpll’l(Ep/EmaX) (429)

As an example, consider that we desire a layer thickness to be 4 mils using a
resin with a D;, of 5.8 mils. Assume further that the desired hatch spacing is 6 mils
and the beam half-width is 5 mils, giving a size ratio of hy/Wy=1.2. On the first
pass, the cure depth, C,, should be 4 — 1 =3 mils. From (4.27), the exposure ratio
can be determined to be 1.1123 (or see Fig. 4.14). The cure depth for a single scan
vector can be determined by rearranging (4.29) to solve for Cy,.

Cd(] = Cd1 —Dpln(Ep/Emax)
=3 — 58 In(1.1123)
= 2.383 mils

From this calculation, it is evident that the cure depth of a single scan vector is
1.6 mils less than the desired layer thickness. Rounding up from 1.6 mils, we say
that the hatch overcure of this situation is —2 mils. Recall that the hatch overcure is
one of the variables that can be adjusted by the SL. machine operator.

This concludes the presentation of traditional vector scan VP. We now proceed
to discuss micro-vat photopolymerization and mask projection-based systems,
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where areas of the vat surface are illuminated simultaneously to define a part cross
section.

4.8 Vector Scan Micro-Vat Photopolymerization

Several processes were developed exclusively for microfabrication applications
based on photopolymerization principles using both lasers and X-rays as the energy
source. These processes build complex shaped parts that are typically less than
1 mm in size. They are referred to as Microstereolithography (MSL), Integrated
Hardened Stereolithography (IH), LIGA [42], Deep X-ray Lithography (DXRL),
and other names. In this section, we will focus on those processes that utilize UV
radiation to directly process photopolymer materials.

In contrast to convention VP, vector scan technologies for the microscale
typically have moved the vat in x, y, and z directions, rather than scanning the
laser beam. To focus a typical laser to spot sizes less than 20 pm requires the laser’s
focal length to be very short, causing difficulties for scanning the laser. For an
SLA-250 with a 325 nm wavelength HeCd laser, the beam has a diameter of
0.33 mm and a divergence of 1.25 mrad as it exits the laser. It propagates
280 mm then encounters a diverging lens (focal length —25 mm) and a converging
lens (focal length 100 mm) which is 85 mm away. Using simple thin-lens
approximations, the distance from the converging lens to the focal point, where
the laser reaches a spot size of 0.2 mm is 940 mm and its Rayleigh range is 72 mm.
Hence, the focused laser spot is a long distance from the focusing optics and the
Rayleigh range is long enough to enable a wide scanning region and a large
build area.

In contrast, a typical calculation is presented here for a high-resolution micro-SL
system with a laser spot size of 10 pm. A 325 nm wavelength HeCd laser used in SL
is included here to give the reader an idea of the challenge. The beam, as it exits the
laser, has a diameter of 0.33 mm and a divergence of 1.25 mrad. It propagates
280 mm then encounters a diverging lens (focal length —25 mm) and a converging
lens (focal length 36.55 mm). The distance from the converging lens to the focal
point is 54.3 mm and its Rayleigh range is only 0.24 mm. It would be very difficult
to scan this laser beam across a vat without severe spot distortions.

Scanning micro-VP systems have been presented in literature since 1993 with
the introduction of the Integrated Hardening method of Ikuta and Hirowatari
[43]. They used a laser spot focused to a 5-pm diameter and the resin vat is scanned
underneath it to cure a layer. Examples of devices built with this method include
tubes, manifolds, and springs and flexible microactuators [44] and fluid channels on
silicon [45]. Takagi and Nakajima [46] have demonstrated the use of this technol-
ogy for connecting MEMS gears together on a substrate. The artifact fabricated
using micro-VP can be used as a mold for subsequent electroplating followed by
removal of the resin [47]. This method has been able to achieve sub-1 pm minimum
feature size.
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The following specifications of a typical point-wise microstereolithography
process have been presented in [48]:

e 5-um spot size of the UV beam

e Positional accuracy is 0.25 pm (in the x—y directions) and 1.0 pm in the z-
direction

e Minimum size of the unit of hardened polymer is 5 pm X 5 pm x 3 pm (in x, y, z)

* Maximum size of fabrication structure is 10 mm x 10 mm x 10 mm

The capability of building around inserted components has also been proposed
for components such as ultrafiltration membranes and electrical conductors.
Applications include fluid chips for protein synthesis [49] and bioanalysis
[50]. The bioanalysis system was constructed with integrated valves and pumps
that include a stacked modular design, 13 x 13 mm? and 3 mm thick, each of which
has a different fluid function. However, the full extent of integrated processing on
silicon has not yet been demonstrated. The benefits of greater design flexibility and
lower cost of fabrication may be realized in the future.

4.9 Mask Projection VP Technologies and Processes

Technologies to project bitmaps onto a resin surface to cure a layer at a time were
first developed in the early 1990s by researchers who wanted to develop special VP
machines to fabricate microscale parts. Several groups in Japan and Europe pursued
what was called mask projection stereolithography technology at that time. The
main advantage of mask projection methods is speed: since an entire part cross
section can be cured at one time, it can be faster than scanning a laser beam.
Dynamic masks can be realized by LCD screens, by spatial light modulators, or by
DMDs, such as the Digital Light Processing (DLP™) chips manufactured by Texas
Instruments [51].

4.9.1 Mask Projection VP Technology

Mask projection VP (MPVP) systems have been realized by several groups around
the world. Some of the earlier systems utilized LCD displays as their dynamic mask
[52, 53], while another early system used a spatial light modulator [54]. The
remaining systems all used DMDs as their dynamic masks [55-58]. These latest
systems all use UV lamps as their radiation source, while others have used lamps in
the visible range [55] or lasers in the UV. A good overview of micro-VP technol-
ogy, systems, and applications is the book by Varadan et al. [59].

Microscale VP has been commercialized by MicroTEC GmbH, Germany.
Although machines are not for sale, the company offers customer-specific services.
The company has developed machines based on point-wise as well as layer-wise
photopolymerization principles. Their Rapid Micro Product Development (RMPD)
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Fig. 4.15 Schematic and photo of mask projection VP machine

machines using a He—Cd laser enable construction of small parts layer-by-layer
(as thin as 1 pm) with a high surface quality in the subnanometer range and with a
feature definition of <10 pm.

A schematic and photograph of a MPVP system from Georgia Tech is shown in
Fig. 4.15. Similar to conventional SL, the MPVP process starts with the CAD model
of the part, which is then sliced at various heights. Each resulting slice cross section
is stored as bitmaps to be displayed on the dynamic mask. UV radiation reflects off
of the “on” micromirrors and is imaged onto the resin surface to cure a layer. In the
system at Georgia Tech, a broadband UV lamp is the light source, a DMD is the
dynamic mask, and an automated XYZ stage is used to translate the vat of resin in
three dimensions. Standard VP resins are typically used, although other research
groups formulate their own.

49.2 Commercial MPVP Systems

Several companies market VP systems based on mask projection technology,
including EnvisionTec and 3D Systems. New companies in Europe and Asia have
also started recently to market MPVP systems.
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EnvisionTEC first marketed their MPVP systems in 2003. They now have
several lines of machines with various build envelopes and resolutions based on
the MPVP process, including the Perfactory, Perfactory Desktop, Aureus, Xede/
Xtreme, and Ultra. Variants of some of these models are available, including
specialized Perfactory machines for dental restorations or for hearing aid shells.
A photo of the Perfactory Standard machine is shown in Fig. 4.16 and its technical
specifications are listed in Table 4.3.

Schematically, their machines are very similar to the Georgia Tech machine in
Fig. 4.15 and utilize a lamp for illuminating the DMD and vat. However, several of
their machine models have a very important difference: they build parts upside
down and do not use a recoating mechanism. The vat is illuminated vertically
upwards through a clear window. After the system irradiates a layer, the cured resin
sticks to the window and cures into the previous layer. The build platform pulls
away from the window at a slight angle to gently separate the part from the window.
The advantage of this approach is threefold. First, no separate recoating mechanism
is needed since gravity forces the resin to fill in the region between the cured part
and the window. Second, the top vat surface being irradiated is a flat window, not a
free surface, enabling more precise layers to be fabricated. Third, they have devised
a build process that eliminates a regular vat. Instead, they have a supply-on-demand

Fig. 4.16 EnvisionTEC |
Perfactory model

Table 4.3 Specifications Lens system f=25-45 mm
on EnvisionTEC Perfactory g 44" e1ope Standard 190 x 142 x 230 mm
Standard Zoom machine - -
High-resolution 120 x 90 x 230 mm
Pixel size Standard 86—136 pm
High-resolution 43-68 pm
Layer thickness 25-150 mm




98 4 Vat Photopolymerization Processes

material feed system. The disadvantage is that small or fine features may be
damaged when the cured layer is separated from the window.

3D Systems introduced their V-Flash machine in 2008. It utilizes MPVP tech-
nology and a novel material handling approach [60]. The V-Flash was intended to
be an inexpensive prototyping machine (under $10,000) that was as easy to use as a
typical home ink-jet printer. Its build envelope was 230 x 170 x 200 mm
(9 x 7 x 8 in.). During operation, parts were built upside down. For each layer, a
blade coated a layer of resin onto a film that spanned the build chamber. The build
platform slid down until the platform or the in-process part contacted the resin layer
and film. A cartridge provided a supply of unused film for each layer. That layer
was cured by the machine’s “UV Imager,” which consisted of the MPVP technol-
ogy. Some rinsing of the part was required, similar to SL, and support structures
may have to be removed during the post-processing phase of part fabrication.

49.3 MPVP Modeling

Most of the research presented on MPVP technology is experimental. As in SL, it is
possible to develop good predictive models of curing for MPVP systems. Broadly
speaking, models of the MPVP process can be described by a model that determines
the irradiation of the vat surface and its propagation into the resin, followed by a
model that determines how the resin reacts to that irradiation. Schematically, the
MPVP model can be given by Fig. 4.17, showing an Irradiance Model and a Cure
Model.

As a given bitmap pattern is displayed, the resin imaged by the “on” mirrors is
irradiated. The exposure received by the resin is simply the product of the irradi-
ance and the time of exposure. The dimensional accuracy of an imaged part cross

Incident beam

characteristics |::> Irradiance
Imaging system IRRADIANCE received by every
parameters l:,> MODEL |:> point on resin

surface

Bitmap displayed |:'>
on DMD

Lateral
dimensions of <‘:| CURE Layer
the cured layer MODEL <:| thickness
<:| Time of
exposure

Fig. 4.17 Model of the MPVP process
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section is a function of the radiation uniformity across the DMD, the collimation of
the beam, and the capability of the optics system in delivering an undistorted image.

If the MPVP machine’s optical system produces a plane wave that is neither
converging nor diverging, then it is easy to project rays from the DMD to the resin
surface. The irradiance model in this case is very straightforward. However, in most
practical cases, it is necessary to model the cone of rays that project from each
micromirror on the DMD to the resin. As a result, a point on the resin may receive
radiation from several micromirrors. Standard ray-tracing methods can be used to
compute the irradiance field that results from a bitmap [61].

After computing the irradiance distribution on the vat surface, the cured shape
can be predicted. The depth of cure can be computed in a manner similar to that
used in Sect. 4.5. Cure depth is computed as the product of the resin’s D, value and
the exponential of the exposure received divided by the resin’s E. value, as in
(4.15). The exposure received is simply the product of the irradiance at a point and
the time of exposure, 7.

Cd = DpeiE/EC = DpeiH'T/EC (430)

In the build direction, overcure and print-through errors are evident, as in SL. In
principle, however, it is easier to correct for these errors than in point-wise SL
systems. A method called the “Compensation Zone” approach was developed to
compensate for this unwanted curing [61]. A tailored volume (Compensation Zone)
is subtracted from underneath the CAD model to compensate for the increase in the
Z dimension that would occur due to print-through. Using this method, more
accurate parts and better surface finish can be achieved.

4,10 Two-Photon Vat Photopolymerization

In the two-photon vat photopolymerization (2p-VP) process, the photoinitiator
requires two photons to strike it before it decomposes to form a free radical that
can initiate polymerization. The effect of this two-photon requirement is to greatly
increase the resolution of photopolymerization processes. This is true since only
near the center of the laser is the irradiance high enough to provide the photon
density necessary to ensure that two photons will strike the same photoinitiator
molecule. Feature sizes of 0.2 pm or smaller have been achieved using 2p-VP.

2p-VP was first invented in the 1970s for the purposes of fabricated three-
dimensional parts [62]. Interestingly, this predates the development of
stereolithography by over 10 years. In this approach, two lasers were used to
irradiate points in a vat of photopolymer. When the focused laser spots intersected,
the photon density was high enough for photopolymerization.

More recently, 2p-VP received research attention in the late 1990s. A schematic
of a typical research setup for this process is shown in Fig. 4.18 [63]. In this system,
they used a high-power Ti:Sapphire laser, with wavelength 790 nm, pulse-width
200 fs, and peak power 50 kW. The objective lens had an NA = 0.85. Similarly to
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Fig. 4.18 Schematic of typical two-photon equipment

Fig. 4.19 Bull model fabricated by 2p-VP. The size scale bar is 1 pm

other micro-VP approaches, the vat was scanned by a 3D scanning stage, not the
laser beam. Parts were built from the bottom up. The viscosity of the resin was
enough to prevent the micropart being cured from floating away. Complicated parts
have been produced quickly by various research groups. For example, the micro-
bull in Fig. 4.19 was produced in 13 min [64]. The shell of the micro-bull was cured
by 2p-VP, while the interior was cured by flood exposure to UV light.

Typical photopolymer materials can be used in 2p-VP machines [64—66]. The
most commonly used resin was SCR500 from Japan Synthetic Rubber Company,
which was a common SL resin in Japan, where this research started during the
1990s. SCR500 is a mixture of urethane acrylate oligomers/monomers and common
free-radical generating photoinitiators. The absorption spectrum of the resin shows
that it is transparent beyond 550 nm, which is a significant advantage since photons
can penetrate the resin to a great depth (Dj, is very large). One implication is that
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parts can be built inside the resin vat, not just at the vat surface, which eliminates
the need for recoating.

Photosensitivity of a 2p-VP resin is measured in terms of the two-photon
absorption cross section (A) of the initiator molecule corresponding to the wave-
length used to irradiate it. The larger the value of A, the more sensitive is the resin
to two-photon polymerization, possibly enabling lower power lasers.

Acrylate photopolymer systems exhibit low photosensitivity as the initiators
have small two-photon absorption cross sections. Consequently, these initiators
require high-laser power and longer exposure times. Other materials have been
investigated for 2p-VP, specifically using initiators with larger A. New types of
photoinitiators tend to be long molecules with certain patterns that make them
particularly good candidates for decomposing into free radicals if two photons
strike it in rapid succession [67]. By tuning the design of the photoinitiators, large
absorption cross sections and low-polymerization threshold energies can be
achieved [68].

4.11 Process Benefits and Drawbacks

Two of the main advantages of vat photopolymerization technology over other AM
technologies are part accuracy and surface finish. These characteristics led to the
widespread usage of vector scan stereolithography parts as form, fit, and, to a lesser
extent, functional prototypes as the rapid prototyping field developed. Typical
dimensional accuracies for SL machines are often quoted as a ratio of an error
per unit length. For example, accuracy of an SLA-250 is typically quoted as
0.002 in./in. Modern SL machines are somewhat more accurate. Surface finish of
SL parts ranges from submicron Ra for upfacing surfaces to over 100 pm Ra for
surfaces at slanted angles.

Another advantage of VP technologies is their flexibility, supporting many
different machine configurations and size scales. Different light sources can be
used, including lasers, lamps, or LEDs, as well as different pattern generators, such
as scanning galvanometers or DMDs. The size range that has been demonstrated
with VP technologies is vast: from the 1.5 m vat in the iPro 9000XL SLA Center to
the 100 nm features possible with 2-photon photopolymerization.

Mask projection VP technologies have an inherent speed advantage over laser
scan SL. By utilizing a mask, an entire part cross section can be projected, rather
than having to sequentially scan the vector pattern for the cross section. There is a
trade-off between resolution and the size of the pattern (and size of the solidified
cross section) due to the mask resolution. For example, typical DMDs have
1,024 x 780 or 1,280 x 720 resolution, although newer HDTV DMDs have
resolutions of 1,920 x 1,080. Nonetheless, for fabricated part resolution of 50 pm
or better, the projected area can be a maximum of 96 x 54 mm.

A drawback of VP processes is their usage of photopolymers, since the
chemistries are limited to acrylates and epoxies for commercial materials. Although
quite a few other material systems are photopolymerizable, none have emerged as
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commercial successes to displace the current chemistries. Generally, the current SL
materials do not have the impact strength and durability of good quality injection
molded thermoplastics. Additionally, they are known to age, resulting in degraded
mechanical properties over time. These limitations prevent SL processes from
being used for many production applications.

4.12 Summary

Photopolymerization processes make use of liquid, radiation-curable resins called
photopolymers to fabricate parts. Upon irradiation, these materials undergo a
chemical reaction to become solid. Several methods of illuminating photopolymers
for part fabrication were presented, including vector scan point-wise processing,
mask projection layer-wise processing, and two-photon approaches. The vector
scan approach is used with UV lasers in the VP process, while DLP micromirror
array chips are commonly used for mask projection technologies. Two-photon
approaches, which have the highest resolution, remain of research interest only.
Advantages, disadvantages, and unique characteristics of these approaches were
summarized.

Photopolymerization processes lend themselves to accurate analytical modeling
due to the well-defined interactions between radiation and photopolymers. An
extensive model for laser scan VP was presented, while a simpler one for MPVP
was summarized. Discretization errors and scan patterns were covered in this
chapter to convey a better understanding of these concepts as they apply to
photopolymerization processes, as well as many of the processes still to be
presented in this book.

4.13 Exercises

1. Explain why VP is a good process to use to fabricate patterns for investment
casting of metal parts (0.5 page+).

2. Explain why two photoinitiators are needed in most commercial VP resins.
Explain what these photoinitiators do.

3. Assume you are building with the STAR-WEAVE build style under the follow-
ing conditions: layer thickness =0.006", D,=6.7 mil, E.=9.9 mJ/cm?
(SL-5240), machine = SLA-250/50.

(a) Determine the cure depths Cg4; and Cg4, needed.

(b) Compute the laser scan speeds required for Cy; and Cy».

(c) Determine laser scan speeds required Cq; and Cy4, when building along an
edge of the vat.
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4.

Assume you are building with the ACES build style under the following

conditions: layer thickness=0.004", D,=4.1 mil, E.=114 mJ/cm?

(SL-5510), machine = SLA-Viper Si2.

(a) Determine the cure depths Cg4; and Cg4, needed.

(b) Compute the laser scan speeds required for Cyq; and Cyp.

(c) Determine laser scan speeds required for C4; and C4, when building along
an edge of the vat, taking into account the laser beam angle.

. In the derivation of exposure (4.9) for a scan from 0 to x = b, several steps were

skipped.

(a) Complete the derivation of (4.9). Note that the integral of e from 0 to b is
b

b
/ eVdv = \/TEerf (v)| , where erf(v) is the error function of variable v (see

0
0

Matlab or other math source for explanation of erf(v)).

(b) Compute the exposure received from this scan at the origin, at x =10 mm,
and at b =20 mm using the conditions in Prob. 3b, where laser power is
60 mW.

(c) Now, let b =0.05 mm and recompute the exposure received at the origin and
point b. Compare with results of part (b). Explain the differences observed.

. Consider a tall thin rib that consists of a stack of 10 vector scans. That is, the rib

consists of 10 layers and on each layer, only 1 vector scan is drawn.

(a) Derive an expression for the width of the rib at any point z along its height.

(b) Develop a computer program to solve your rib width equation.

(c) Using your program, compute the rib widths along the height of the rib and
plot a graph of rib width. Use the conditions of Prob. 4 and a scan speed of
1,000 mm/s.

(d) Repeat part (c) using a scan speed of 5,000 mm/s. Note the differences
between your graphs from (c) and (d).
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5.1 Introduction

Powder bed fusion (PBF) processes were among the first commercialized AM
processes. Developed at the University of Texas at Austin, USA, selective laser
sintering (SLS) was the first commercialized PBF process. Its basic method of
operation is schematically shown in Fig. 5.1, and all other PBF processes modify
this basic approach in one or more ways to enhance machine productivity, enable
different materials to be processed, and/or to avoid specific patented features.

All PBF processes share a basic set of characteristics. These include one or more
thermal sources for inducing fusion between powder particles, a method for
controlling powder fusion to a prescribed region of each layer, and mechanisms
for adding and smoothing powder layers. The most common thermal sources for
PBF are lasers. PBF processes which utilize lasers are known as laser sintering
(LS) machines. Since polymer laser sintering (pLS) machines and metal laser
sintering (mLS) machines are significantly different from each other, we will
address each separately. In addition, as electron beam and other thermal sources
require significantly different machine architectures than laser sintering machines,
non-laser thermal sources will be addressed separately from laser sources at the end
of the chapter.

LS processes were originally developed to produce plastic prototypes using a
point-wise laser scanning technique. This approach was subsequently extended to
metal and ceramic powders; additional thermal sources are now utilized; and
variants for layer-wise fusion of powdered materials are being commercially
introduced. As a result, PBF processes are widely used worldwide, have a broad
range of materials (including polymers, metals, ceramics, and composites) which
can be utilized, and are increasingly being used for direct manufacturing of end-use
products, as the material properties are comparable to many engineering-grade
polymers, metals, and ceramics.

In order to provide a baseline description of powder fusion processes, pLS will
be described as the paradigm approach to which the other PBF processes will be
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Fig. 5.1 Schematic of the selective laser sintering process

compared. As shown in Fig. 5.1, pLS fuses thin layers of powder (typically 0.075—
0.1 mm thick) which have been spread across the build area using a counter-rotating
powder leveling roller. The part building process takes place inside an enclosed
chamber filled with nitrogen gas to minimize oxidation and degradation of the
powdered material. The powder in the build platform is maintained at an elevated
temperature just below the melting point and/or glass transition temperature of the
powdered material. Infrared heaters are placed above the build platform to maintain
an elevated temperature around the part being formed, as well as above the feed
cartridges to preheat the powder prior to spreading over the build area. In some
cases, the build platform is also heated using resistive heaters around the build
platform. This preheating of powder and maintenance of an elevated, uniform
temperature within the build platform is necessary to minimize the laser power
requirements of the process (with preheating, less laser energy is required for
fusion) and to prevent warping of the part during the build due to nonuniform
thermal expansion and contraction (resulting in curling).

Once an appropriate powder layer has been formed and preheated, a focused
CO; laser beam is directed onto the powder bed and is moved using galvanometers
in such a way that it thermally fuses the material to form the slice cross section.
Surrounding powder remains loose and serves as support for subsequent layers, thus
eliminating the need for the secondary supports which are necessary for vat
photopolymerization processes. After completing a layer, the build platform is
lowered by one layer thickness and a new layer of powder is laid and leveled
using the counter-rotating roller. The beam scans the subsequent slice cross section.
This process repeats until the complete part is built. A cool-down period is typically
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required to allow the parts to uniformly come to a low-enough temperature that they
can be handled and exposed to ambient temperature and atmosphere. If the parts
and/or powder bed are prematurely exposed to ambient temperature and atmo-
sphere, the powders may degrade in the presence of oxygen and parts may warp due
to uneven thermal contraction. Finally, the parts are removed from the powder bed,
loose powder is cleaned off the parts, and further finishing operations, if necessary,
are performed.

5.2 Materials

In principle, all materials that can be melted and resolidified can be used in PBF
processes. A brief survey of materials processed using PBF processes will be given
here. More details can be found in subsequent sections.

5.2.1 Polymers and Composites

Thermoplastic materials are well-suited for powder bed processing because of their
relatively low melting temperatures, low thermal conductivities, and low tendency
for balling. Polymers in general can be classified as either a thermoplastic or a
thermoset polymer. Thermoset polymers are typically not processed using PBF into
parts, since PBF typically operates by melting particles to fabricate part cross
sections, but thermosets degrade, but do not melt, as their temperature is increased.
Thermoplastics can be classified further in terms of their crystallinity. Amorphous
polymers have a random molecular structure, with polymer chains randomly
intertwined. In contrast, crystalline polymers have a regular molecular structure,
but this is uncommon. Much more common are semi-crystalline polymers which
have regions of regular structure, called crystallites. Amorphous polymers melt
over a fairly wide range of temperatures. As the crystallinity of a polymer increases,
however, its melting characteristics tend to become more centered around a well
defined melting point.

At present, the most common material used in PBF is polyamide, a thermoplastic
polymer, commonly known in the US as nylon. Most polyamides have fairly high
crystallinity and are classified as semi-crystalline materials. They have distinct
melting points that enable them to be processed reliably. A given amount of laser
energy will melt a certain amount of powder; the melted powder fuses and cools
quickly, forming part of a cross section. In contrast, amorphous polymers tend to
soften and melt over a broad temperature range and not form well defined solidified
features. In pLS, amorphous polymers tend to sinter into highly porous shapes,
whereas crystalline polymers are typically processed using full melting, which
result in higher densities. Polyamide 11 and polyamide 12 are commercially
available, where the number designates the number of carbon atoms that are
provided by one of the monomers that is reacted to produce polyamide. However,
crystalline polymers exhibit greater shrinkage compared to amorphous materials
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and are more susceptible to curling and distortion and thus require more uniform
temperature control. Mechanical properties of pLS parts produced using polyamide
powders approach those of injection molded thermoplastic parts, but with signifi-
cantly reduced elongation and unique microstructures.

Polystyrene-based materials with low residual ash content are particularly suit-
able for making sacrificial patterns for investment casting using pLS. Interestingly,
polystyrene is an amorphous polymer, but is a successful example material due to
its intended application. Porosity in an investment casting pattern aids in melting
out the pattern after the ceramic shell is created. Polystyrene parts intended for
precision investment casting applications should be sealed to prevent ceramic
material seeping in and to achieve a smooth surface finish.

Elastomeric thermoplastic polymers are available for producing highly flexible
parts with rubber-like characteristics. These elastomers have good resistance to
degradation at elevated temperatures and are resistant to chemicals like gasoline
and automotive coolants. Elastomeric materials can be used to produce gaskets,
industrial seals, shoe soles, and other components.

Additional polymers that are commercially available include flame-retardant
polyamide and polyaryletherketone (known as PAEK or PEEK). Both 3D Systems
and EOS GmbH offer most of the materials listed in this section.

Researchers have investigated quite a few polymers for biomedical applications.
Several types of biocompatible and biodegradable polymers have been processed
using pLS, including polycaprolactone (PCL), polylactide (PLA), and poly-L-
lactide (PLLA). Composite materials consisting of PCL and ceramic particles,
including hydroxyapatite and calcium silicate, have also been investigated for the
fabrication of bone replacement tissue scaffolds.

In addition to neat polymers, polymers in PBF can have fillers that enhance their
mechanical properties. For example, the Duraform material from 3D Systems is
offered as Duraform PA, which is polyamide 12, as well as Duraform GF, which is
polyamide 12 filled with small glass beads. The glass additive enhances the
material’s stiffness significantly, but also causes its ductility to be reduced, com-
pared to polyamide materials without fillers. Additionally, EOS GmbH offers
aluminum particle, carbon fiber, and their own glass bead filled polyamide
materials.

5.2.2 Metals and Composites

A wide range of metals has been processed using PBF. Generally, any metal that
can be welded is considered to be a good candidate for PBF processing. Several
types of steels, typically stainless and tool steels, titanium and its alloys, nickel-base
alloys, some aluminum alloys, and cobalt-chrome have been processed and are
commercially available in some form. Additionally, some companies now offer
PBF of precious metals, such as silver and gold.

Historically, a number of proprietary metal powders (either thermoplastic
binder-coated or binder mixed) were developed before modern mLS machines
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were available. RapidSteel was one of the first metal/binder systems, developed by
DTM Corp. The first version of RapidSteel was available in 1996 and consisted of a
thermoplastic binder coated 1080 carbon steel powder with copper as the infiltrant.
Parts produced using RapidSteel were debinded (350—450 °C), sintered (around
1,000 °C), and finally infiltrated with Cu (1,120 °C) to produce a final part with
approximately 60 % low carbon steel and 40 % Cu. This is an example of liquid
phase sintering which will be described in the next section. Subsequently,
RapidSteel 2.0 powder was introduced in 1998 for producing functional tooling,
parts, and mold inserts for injection molding. It was a dry blend of 316 stainless
steel powder impact milled with thermoplastic and thermoset organic binders with
an average particle size of 33 pm. After green part fabrication, the part was
debinded and sintered in a hydrogen-rich atmosphere. The bronze infiltrant was
introduced in a separate furnace run to produce a 50 % steel and 50 % bronze
composite. RapidSteel 2.0 was structurally more stable than the original RapidSteel
material because the bronze infiltration temperature was less than the sintering
temperature of the stainless steel powder. A subsequent material development was
LaserForm ST-100, which had a broader particle size range, with fine particles not
being screened out. These fine particles allowed ST-100 particles to be furnace
sintered at a lower temperature than RapidSteel 2.0, making it possible to carry out
sintering and infiltration in a single furnace run. In addition to the above, H13 and
A6 tool steel powders with a polymer binder can also be used for tooling
applications. The furnace processing operations (sintering and infiltration) must
be carefully designed with appropriate choices of temperature, heating and cooling
rates, furnace atmosphere pressure, amount of infiltrant, and other factors, to
prevent excessive part distortion. After infiltration, the part is finish machined as
needed. These issues are further explored in the post-processing chapter.

Several proprietary metal powders were marketed by EOS for their M250
Xtended metal platforms, prior to the introduction of modern mLS machines.
These included liquid-phase sintered bronze-based powders, and steel-based
powders and other proprietary alloys (all without polymer binders). These were
suitable for producing tools and inserts for injection molding of plastics. Parts made
from these powders were often infiltrated with epoxy to improve the surface finish
and seal porosity in the parts. Proprietary nickel-based powders for direct tooling
applications and Cu-based powders for parts requiring high thermal and electrical
conductivities were also available. All of these materials have been successfully
used by many organizations; however, the more recent introduction of mLS and
electron beam melting (EBM) technology has made these alloys obsolete, as
engineering-grade alloys are now able to be processed using a number of
manufacturers’ machines.

As mentioned, titanium alloys, numerous steel alloys, nickel-based super alloys,
CoCrMo, and more are widely available from numerous manufacturers. It should be
noted that alloys that crack under high solidification rates are not good candidates
for mLS. Due to the high solidification rates in mLS, the crystal structures produced
and mechanical properties are different than those for other manufacturing pro-
cesses. These structures may be metastable, and the heat treatment recipes needed
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to produce standard microstructures may be different. As mLS and EBM processes
advance, the types of metal alloys which are commonly utilized will grow and new
alloys specifically tailored for PBF production will be developed.

5.2.3 Ceramics and Ceramic Composites

Ceramic materials are generally described as compounds that consist of metal-
oxides, carbides, and nitrides and their combinations. Several ceramic materials are
available commercially including aluminum oxide and titanium oxide. Commercial
machines were developed by a company called Phenix Systems in France, which
was acquired by 3D Systems in 2013. 3D Systems also says it offers cermets, which
are metal-ceramic composites.

Ceramics and metal-ceramic composites have been demonstrated in research.
Typically, ceramic precipitates form through reactions occurring during the
sintering process. One example is the processing of aluminum in a nitrogen
atmosphere, which forms an aluminum matrix with small regions of AIN
interspersed throughout. This process is called chemically induced sintering and
is described further in the next section.

Biocompatible materials have been developed for specific applications. For
example, calcium hydroxyapatite, a material very similar to human bone, has
been processed using pLS for medical applications.

53 Powder Fusion Mechanisms

Since the introduction of LS, each new PBF technology developer has introduced
competing terminology to describe the mechanism by which fusion occurs, with
variants of “sintering” and “melting” being the most popular. However, the use of a
single word to describe the powder fusion mechanism is inherently problematic as
multiple mechanisms are possible. There are four different fusion mechanisms
which are present in PBF processes [1]. These include solid-state sintering, chemi-
cally induced binding, liquid-phase sintering (LPS), and full melting. Most com-
mercial processes utilize primarily LPS and melting. A brief description of each of
these mechanisms and their relevance to AM follows.

5.3.1 Solid-State Sintering

The use of the word sintering to describe powder fusion as a result of thermal
processing predates the advent of AM. Sintering, in its classical sense, indicates the
fusion of powder particles without melting (i.e., in their “solid state™) at elevated
temperatures. This occurs at temperatures between one half of the absolute melting
temperature and the melting temperature. The driving force for solid-state sintering
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Fig. 5.2 Solid-state sintering. (a) Closely packed particles prior to sintering. (b) Particles
agglomerate at temperatures above one half of the absolute melting temperature, as they seek to
minimize free energy by decreasing surface area. (¢) As sintering progresses, neck size increases
and pore size decreases

is the minimization of total free energy, E, of the powder particles. The mechanism
for sintering is primarily diffusion between powder particles.

Surface energy E is proportional to total particle surface area S, through the
equation Ey =y, X Sa (where y, is the surface energy per unit area for a particular
material, atmosphere, and temperature). When particles fuse at elevated
temperatures (see Fig. 5.2), the total surface area decreases, and thus surface energy
decreases.

As the total surface area of the powder bed decreases, the rate of sintering slows.
To achieve very low porosity levels, long sintering times or high sintering
temperatures are required. The use of external pressure, as is done with hot isostatic
pressing, increases the rate of sintering.

As total surface area in a powder bed is a function of particle size, the driving
force for sintering is directly related to the surface area to volume ratio for a set of
particles. The larger the surface area to volume ratio, the greater the free energy
driving force. Thus, smaller particles experience a greater driving force for necking
and consolidation, and hence, smaller particles sinter more rapidly and initiate
sintering at lower temperature than larger particles.

As diffusion rates exponentially increase with temperature, sintering becomes
increasingly rapid as temperatures approach the melting temperature, which can be
modeled using a form of the Arrhenius equation. However, even at temperatures
approaching the melting temperature, diffusion-induced solid-state sintering is the
slowest mechanism for selectively fusing regions of powder within a PBF process.

For AM, the shorter the time it takes to form a layer, the more economically
competitive the process becomes. Thus, the heat source which induces fusion
should move rapidly and/or induce fusion quickly to increase build rates. Since
the time it takes for fusion by sintering is typically much longer than for fusion by
melting, few AM processes use sintering as a primary fusion mechanism.
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Sintering, however, is still important in most thermal powder processes, even if
sintering is not the primary fusion mechanism. There are three secondary ways in
which sintering affects a build.

1. If the loose powder within the build platform is held at an elevated temperature,
the powder bed particles will begin to sinter to one another. This is typically
considered a negative effect, as agglomeration of powder particles means that
each time the powder is recycled the average particle size increases. This
changes the spreading and melting characteristics of the powder each time it is
recycled. One positive effect of loose powder sintering, however, is that the
powder bed will gain a degree of tensile and compressive strength, thus helping
to minimize part curling.

2. As a part is being formed in the build platform, thermally induced fusing of the
desired cross-sectional geometry causes that region of the powder bed to become
much hotter than the surrounding loose powder. If melting is the dominant
fusion mechanism (as is typically the case) then the just-formed part cross
section will be quite hot. As a result, the loose powder bed immediately
surrounding the fused region heats up considerably, due to conduction from
the part being formed. This region of powder may remain at an elevated
temperature for a long time (many hours) depending upon the size of the part
being built, the heater and temperature settings in the process, and the thermal
conductivity of the powder bed. Thus, there is sufficient time and energy for the
powder immediately next to the part being built to fuse significantly due to solid-
state sintering, both to itself and to the part. This results in “part growth,” where
the originally scanned part grows a “skin” of increasing thickness the longer the
powder bed is maintained at an elevated temperature. This phenomenon can be
seen in Fig. 5.3 as unmolten particles fused to the edge of a part. For many
materials, the skin formed on the part goes from high density, low porosity near
the originally scanned region to lower density, higher porosity further from the
part. This part growth can be compensated in the build planning stage by
offsetting the laser beam to compensate for part growth or by offsetting the
surface of the STL model. In addition, different post-processing methods will
remove this skin to a different degree. Thus, the dimensional repeatability of the
final part is highly dependent upon effectively compensating for and controlling
this part growth. Performing repeatable post-processing to remove the same
amount of the skin for every part is thus quite important.

3. Rapid fusion of a powder bed using a laser or other heat source makes it difficult
to achieve 100 % dense, porosity-free parts. Thus, a feature of many parts built
using PBF techniques (especially for polymers) is distributed porosity through-
out the part. This is typically detrimental to the intended part properties. How-
ever, if the part is held at an elevated temperature after scanning, solid-state
sintering combined with other high-temperature phenomena (such as grain
growth in metals) causes the % porosity in the part to decrease. Since lower
layers are maintained at an elevated temperature while additional layers are
added, this can result in lower regions of a part being denser than upper regions



5.3 Powder Fusion Mechanisms 115

Unmolten
particle fused to
edge

Spherulite from
fully melted &
crystallised
particle

Unmolten
particle core

Spherulite from
melted &
crystallised
region

Fig. 5.3 Typical pLS microstructure for nylon polyamide (Materials Science & Engineering.
A. Structural Materials: Properties, Microstructure and Processing by Zarringhalam, H.,
Hopkinson, N., Kamperman, N.F., de Vlieger, J.J. Copyright 2006 by Elsevier Science &
Technology Journals. Reproduced with permission of Elsevier Science & Technology Journals
in the format Textbook via Copyright Clearance Center) [5]

of a part. This uneven porosity can be controlled, to some extent, by carefully
controlling the part bed temperature, cooling rate and other parameters. EBM, in
particular, often makes use of the positive aspects of elevated-temperature solid-
state sintering and grain growth by purposefully maintaining the metal parts that
are being built at a high enough temperature that diffusion and grain growth
cause the parts being built to reach 100 % density.

5.3.2 Chemically Induced Sintering

Chemically induced sintering involves the use of thermally activated chemical
reactions between two types of powders or between powders and atmospheric
gases to form a by-product which binds the powders together. This fusion mecha-
nism is primarily utilized for ceramic materials. Examples of reactions between
powders and atmospheric gases include: laser processing of SiC in the presence of
oxygen, whereby SiO, forms and binds together a composite of SiC and SiO,; laser
processing of ZrB, in the presence of oxygen, whereby ZrO, forms and binds
together a composite of ZrB, and ZrO,; and laser processing of Al in the presence
of N,, whereby AIN forms and binds together the Al and AIN particles.

For chemically induced sintering between powders, various research groups
have demonstrated that mixtures of high-temperature structural ceramic and/or
intermetallic precursor materials can be made to react using a laser. In this case,
raw materials which exothermically react to form the desired by-product are



116 5 Powder Bed Fusion Processes

pre-mixed and heated using a laser. By adding chemical reaction energy to the laser
energy, high-melting-temperature structures can be created at relatively low laser
energies.

One common characteristic of chemically induced sintering is part porosity. As a
result, post-process infiltration or high-temperature furnace sintering to higher
densities is often needed to achieve properties that are useful for most applications.
This post-process infiltration may involve other reactive elements, forming new
chemical compounds after infiltration. The cost and time associated with post-
processing have limited the adoption of chemically induced sintering in commer-
cial machines.

5.3.3 LPS and Partial Melting

LPS is arguably the most versatile mechanism for PBF. LPS is a term used
extensively in the powder processing industry to refer to the fusion of powder
particles when a portion of constituents within a collection of powder particles
become molten, while other portions remain solid. In LPS, the molten constituents
act as the glue which binds the solid particles together. As a result, high-
temperature particles can be bound together without needing to melt or sinter
those particles directly. LPS is used in traditional powder metallurgy to form, for
instance, cemented carbide cutting tools where Co is used as the lower-melting-
point constituent to glue together particles of WC.

There are many ways in which LPS can be utilized as a fusion mechanism in AM
processes. For purposes of clarity, the classification proposed by Kruth et al. [1] has
formed the basis for the distinctions discussed in the following section and shown in
Fig. 5.4.

5.3.3.1 Distinct Binder and Structural Materials

In many LPS situations, there is a clear distinction between the binding material and
the structural material. The binding and structural material can be combined in
three different ways: as separate particles, as composite particles, or as coated
particles.

Separate Particles

A simple, well-mixed combination of binder and structural powder particles is
sufficient in many cases for LPS. In cases where the structural material has the
dominant properties desired in the final structure, it is advantageous for the binder
material to be smaller in particle size than the structural material. This enables more
efficient packing in the powder bed and less shrinkage and lower porosity after
binding. The dispersion of smaller-particle-size binder particles around structural
particles also helps the binder flow into the gaps between the structural particles
more effectively, thus resulting in better binding of the structural particles. This is
often true when, for instance, LS is used to process steel powder with a polymer
binder (as discussed more fully in Sect. 5.3.5). This is also true when metal-metal
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Fig. 5.4 Liquid phase sintering variations used in powder bed fusion processing: (a) separate
particles, (b) composite particles, (¢) coated particles, and (d) indistinct mixtures. Darker regions
represent the lower-melting-temperature binder material. Lighter regions represent the high-
melting-temperature structural material. For indistinct mixtures, microstructural alloying
eliminates distinct binder and structural regions

mixtures and metal-ceramic mixtures are directly processed without the use of a
polymer binder.

In the case of LPS of separate particles, the heat source passes by quickly, and
there is typically insufficient time for the molten binder to flow and surface tension
to draw the particles together prior to resolidification of the binder unless the binder
has a particularly low viscosity. Thus, composite structures formed from separate
particles typically are quite porous. This is often the intent for parts made from
separate particles, which are then post-processed in a furnace to achieve the final
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part properties. Parts held together by polymer binders which require further post-
processing (e.g., to lower or fill the porosity) are termed as “green” parts.

In some cases, the density of the binder and structural material are quite
different. As a result, the binder and structural material may separate during
handling. In addition, some powdered materials are most economically
manufactured at particle sizes that are too small for effective powder dispensing
and leveling (see Sect. 5.5). In either case, it may be beneficial for the structural
and/or binder particles to be bound together into larger particle agglomerates. By
doing so, composite powder particles made up of both binder and structural
material are formed.

Composite Particles
Composite particles contain both the binder and structural material within each
powder particle. Mechanical alloying of binder and structural particles or grinding
of cast, extruded or molded mixtures into a powder results in powder particles that
are made up of binder and structural materials agglomerated together. The benefits
of composite particles are that they typically form higher density green parts and
typically have better surface finish after processing than separate particles [1].
Composite particles can consist of mixtures of polymer binders with higher
melting point polymer, metal, or ceramic structural materials; or metal binders with
higher melting point metal or ceramic structural materials. In all cases, the binder
and structural portions of each particle, if viewed under a microscope, are distinct
from each other and clearly discernable. The most common commercially available
composite particle used in PBF processes is glass-filled nylon. In this case, the
structural material (glass beads) is used to enhance the properties of the binding
material (nylon) rather than the typical use of LPS where the binder is simply a
necessary glue to help hold the structural material together in a useful
geometric form.

Coated Particles

In some cases, a composite formed by coating structural particles with a binder
material is more effective than random agglomerations of binder and structural
materials. These coated particles can have several advantages; including better
absorption of laser energy, more effective binding of the structural particles, and
better flow properties.

When composite particles or separate particles are processed, the random distri-
bution of the constituents means that impinging heat energy, such as laser radiation,
will be absorbed by whichever constituent has the highest absorptivity and/or most
direct “line-of-sight” to the impinging energy. If the structural materials have a
higher absorptivity, a greater amount of energy will be absorbed in the structural
particles. If the rate of heating of the structural particles significantly exceeds the
rate of conduction to the binder particles, the higher-melting-temperature structural
materials may melt prior to the lower-melting-temperature binder materials. As a
result, the anticipated microstructure of the processed material will differ signifi-
cantly from one where the binder had melted and the structural material had
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remained solid. This may, in some instances, be desirable, but is typically not the
intent when formulating a binder/structural material combination. Coated particles
can help overcome the structural material heating problem associated with random
constituent mixtures and agglomerates. If a structural particle is coated with the
binder material then the impinging energy must first pass through the coating before
affecting the structural material. As melting of the binder and not the structural
material is the objective of LPS, this helps ensure that the proper constituent melts.

Other benefits of coated particles exist. Since there is a direct correlation
between the speed of the impinging energy in AM processing and the build rate,
it is desirable for the binder to be molten for only a very short period of time. If the
binder is present at the surfaces of the structural material, this is the most effective
location for gluing adjacent particles together. If the binder is randomly mixed with
the structural materials, and/or the binder’s viscosity is too high to flow to the
contact points during the short time it is molten, then the binder will not be as
effective. As a result, the binder % content required for effective fusion of coated
particles is usually less than the binder content required for effective fusion of
randomly mixed particles.

Many structural metal powders are spherical. Spherical powders are easier to
deposit and smooth using powder spreading techniques. Coated particles retain the
spherical nature of the underlying particle shape, and thus can be easier to handle
and spread.

5.3.3.2 Indistinct Binder and Structural Materials
In polymers, due to their low thermal conductivity, it is possible to melt smaller
powder particles and the outer regions of larger powder particles without melting
the entire structure (see Fig. 5.3). Whether to more properly label this phenomenon
LPS or just “partial melting” is a matter of debate. Also with polymers, fusion can
occur between polymer particles above their glass transition temperature, but below
their melting temperature. Similarly, amorphous polymers have no distinct melting
point, becoming less viscous the higher the temperature goes above the glass
transition temperature. As a result, in each of these cases, there can be fusion
between polymer powder particles in cases where there is partial but not full
melting, which falls within the historical scope of the term “liquid phase sintering.”
In metals, LPS can occur between particles where no distinct binder or structural
materials are present. This is possible during partial melting of a single particle
type, or when an alloyed structure has lower-melting-temperature constituents. For
noneutectic alloy compositions, melting occurs between the liquidus and solidus
temperature of the alloy, where only a portion of the alloy will melt when the
temperature is maintained in this range. Regions of the alloy with higher
concentrations of the lower-melting-temperature constituent(s) will melt first. As
aresult, it is commonly observed that many metal alloys can be processed in such a
way that only a portion of the alloy melts when an appropriate energy level is
applied. This type of LPS of metal alloys was the method used in the early EOS
M250 direct metal laser sintering (DMLS) machines. Subsequent mLS
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commercialized processes are all designed to fully melt the metal alloys they
process.

5.3.4 Full Melting

Full melting is the mechanism most commonly associated with PBF processing of
engineering metal alloys and semi-crystalline polymers. In these materials, the
entire region of material subjected to impinging heat energy is melted to a depth
exceeding the layer thickness. Thermal energy of subsequent scans of a laser or
electron beam (next to or above the just-scanned area) is typically sufficient to
re-melt a portion of the previously solidified solid structure; and thus, this type of
full melting is very effective at creating well-bonded, high-density structures from
engineering metals and polymers.

The most common material used in PBF processing is nylon polyamide. As a
semi-crystalline material, it has a distinct melting point. In order to produce parts
with the highest possible strength, these materials should be fully melted during
processing. However, elevated temperatures associated with full melting result in
part growth and thus, for practical purposes, many accuracy versus strength opti-
mization studies result in parameters which are at the threshold between full
melting and LPS, as can be seen from Fig. 5.3.

For metal PBF processes, the engineering alloys that are utilized in these
machines (Ti, Stainless Steel, CoCr, etc.) are typically fully melted. The rapid
melting and solidification of these metal alloys results in unique properties that are
distinct from, and can sometime be more desirable than, cast or wrought parts made
from identical alloys.

Figure 5.5 summarizes the various binding mechanisms which are utilized in
PBF processes. Regardless of whether a technology is known as “Selective Laser
Sintering,” “Selective Laser Melting,” “Direct Metal Laser Sintering,” “Laser
Cusing,” “Electron Beam Melting,” or some other name, it is possible for any of

Primary Binding Mechanisms in Powder Bed Fusion Processes
I ]
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1. Solid State 2. Chemically Induced | (3. Liquid Phase Sintering| .
Sintering Binding (Partial Melting) 4. Full Melting
[ ]
3.1 Distinct binder and 3.2 Indistinct binder and
structural materials structural materials

3.1.1 Separate particles

3.1.2 Composite particles

3.1.3 Coated particles

Fig. 5.5 Primary binding mechanisms in powder bed fusion processes (adapted from [1])
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these mechanisms to be utilized (and, in fact, often more than one is present)
depending upon the powder particle combinations, and energy input utilized to
form a part.

5.3.5 Part Fabrication

5.3.5.1 Metal Parts

There are four common approaches for using PBF processes in the creation of
complex metal components: full melting, LPS, indirect processing, and pattern
methods. In the full melting and LPS (with metal powders) approaches, a metal
part is typically usable in the state in which it comes out of the machine, after
separation from a build plate.

In indirect processing, a polymer coated metallic powder or a mixture of metallic
and polymer powders are used for part construction. Figure 5.6 shows the steps
involved in indirect processing of metal powders. During indirect processing, the
polymer binder is melted and binds the particles together, and the metal powder
remains solid. The metallic powder particles remain largely unaffected by the heat
of the laser. The parts produced are generally porous (sometimes exceeding 50 vol.
% porosity). The polymer-bound green parts are subsequently furnace processed.
Furnace processing occurs in two stages: (1) debinding and (2) infiltration or
consolidation. During debinding, the polymer binder is vaporized to remove it
from the green part. Typically, the temperature is also raised to the extent that a
small degree of necking (sintering) occurs between the metal particles. Subse-
quently, the remaining porosity is either filled by infiltration of a lower melting
point metal to produce a fully dense metallic part, or by further sintering and
densification to reduce the part porosity. Infiltration is easier to control, dimension-
ally, as the overall shrinkage is much less than during consolidation. However,
infiltrated structures are always composite in nature whereas consolidated
structures can be made up of a single material type.

Loose Powder ] Green Part ] Brown Part ] Finished Part

5

Powder

bed fusion Furnace

Processing

Furnace
Processing

Metal or ceramic particles
mixed with polymer binders.

Melting and resolid fication
of polymer binders enable
complex parts to be formed
without thermally affecting
the metal or ceramic
powders.

Polymer vaporization and
particle sintering at elevated
temperatures results in a
porous, sintered component.

Infiltration with a lower-
melting-temperature metal
results in a dense, finished
component.

Fig. 5.6 Indirect processing of metal and ceramic powders using PBF
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The last approach to metal part creation using PBF is the pattern approach. For
the previous three approaches, metal powder is utilized in the PBF process; but in
this final approach, the part created in the PBF process is a pattern used to create the
metal part. The two most common ways PBF-created parts are utilized as patterns
for metal part creation are as investment casting patterns or as sand-casting molds.
In the case of investment casting, polystyrene or wax-based powders are used in the
machine, and subsequently invested in ceramic during post-processing, and melted
out during casting. In the case of sand-casting molds, mixtures of sand and a
thermosetting binder are directly processed in the machine to form a sand-casting
core, cavity or insert. These molds are then assembled and molten metal is cast into
the mold, creating a metal part. Both indirect and pattern-based processes are
further discussed in Chap. 18.

5.3.5.2 Ceramic Parts

Similar to metal parts, there are a number of ways that PBF processes are utilized to
create ceramic parts. These include direct sintering, chemically induced sintering,
indirect processing, and pattern methods. In direct sintering, a high-temperature is
maintained in the powder bed and a laser is utilized to accelerate sintering of the
powder bed in the prescribed location of each layer. The resultant ceramic parts will
be quite porous and thus are often post-processed in a furnace to achieve higher
density. This high porosity is also seen in chemically induced sintering of ceramics,
as described earlier.

Indirect processing of ceramic powders is identical to indirect processing of
metal powders (Fig. 5.6). After debinding, the ceramic brown part is consolidated to
reduce porosity or is infiltrated. In the case of infiltration, when metal powders are
used as the infiltrant then a ceramic/metal composite structure can be formed. In
some cases, such as when creating SiC structures, a polymer binder can be selected,
which leaves behind a significant amount of carbon residue within the brown part.
Infiltration with molten Si will result in a reaction between the molten Si and the
remaining carbon to produce more SiC, thus increasing the overall SiC content and
reducing the fraction of metal Si in the final part. These and related approaches have
been used to form interesting ceramic-matrix composites and ceramic-metal
structures for a number of different applications.

5.4 Process Parameters and Modeling

Use of optimum process parameters is extremely important for producing satisfac-
tory parts using PBF processes. In this section, we will discuss “laser” processing
and parameters, but by analogy the parameters and models discussed below could
also be applied to other thermal energy sources, such as electron beams or infrared
heaters.
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5.4.1 Process Parameters

In PBF, process parameters can be lumped into four categories: (1) laser-related
parameters (laser power, spot size, pulse duration, pulse frequency, etc.), (2) scan-
related parameters (scan speed, scan spacing, and scan pattern), (3) powder-related
parameters (particle shape, size, and distribution, powder bed density, layer thick-
ness, material properties, etc.), and (4) temperature-related parameters (powder bed
temperature, powder feeder temperature, temperature uniformity, etc.). It should be
noted that most of these parameters are strongly interdependent and are mutually
interacting. The required laser power, for instance, typically increases with melting
point of the material and lower powder bed temperature, and also varies depending
upon the absorptivity characteristics of the powder bed, which is influenced by
material type and powder shape, size, and packing density.

A typical PBF machine includes two galvanometers (one for the x-axis and one
for the y-axis motion). Similar to stereolilthography, scanning often occurs in two
modes, contour mode and fill mode, as shown in Fig. 5.7. In contour mode, the
outline of the part cross section for a particular layer is scanned. This is typically
done for accuracy and surface finish reasons around the perimeter. The rest of the
cross section is then scanned using a fill pattern. A common fill pattern is a rastering
technique whereby one axis is incrementally moved a laser scan width, and the
other axis is continuously swept back and forth across the part being formed. In
some cases the fill section is subdivided into strips (where each strip is scanned
sequentially and the strip angle is rotated every layer) or squares (with each square
being processed separately and randomly). Randomized scanning is sometimes
utilized so that there is no preferential direction for residual stresses induced by
the scanning. The use of strips or a square-based strategy is primarily for metal
parts, whereas a simple raster pattern for the entire part (without subdividing into
strips or squares) is typically used for polymers and other low-temperature
processing.

In addition to melt pool characteristics, scan pattern and scan strategy can have a
profound impact on residual stress accumulation within a part. For instance, if a part
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is moved from one location to another within a machine, the exact laser paths to
build the part may change. These laser path changes may cause the part to distort
more in one location than another. Thus it is possible for a part to build successfully
in one location but not in another location in the same machine due simply to how
the scan strategy is applied in different locations.

Powder shape, size, and distribution strongly influence laser absorption
characteristics as well as powder bed density, powder bed thermal conductivity,
and powder spreading. Finer particles provide greater surface area and absorb laser
energy more efficiently than coarser particles. Powder bed temperature, laser
power, scan speed, and scan spacing must be balanced to provide the best trade-
off between melt pool size, dimensional accuracy, surface finish, build rate, and
mechanical properties. The powder bed temperature should be kept uniform and
constant to achieve repeatable results. Generally, high-laser-power/high-bed-tem-
perature combinations produce dense parts, but can result in part growth, poor
recyclability, and difficulty cleaning parts. On the other hand, low-laser-power/low-
bed-temperature combinations produce better dimensional accuracy, but result in
lower density parts and a higher tendency for layer delamination. High-laser-power
combined with low-part-bed-temperatures result in an increased tendency for
nonuniform shrinkage and the build-up of residual stresses, leading to curling of
parts.

Laser power, spot size and scan speed, and bed temperature together determine
the energy input needed to fuse the powder into a useable part. The longer the laser
dwells in a particular location, the deeper the fusion depth and the larger the melt
pool diameter. Typical layer thicknesses range from 0.02 to 0.15 mm. Operating at
lower laser powers requires the use of lower scan speeds in order to ensure proper
particle fusion. Melt pool size is highly dependent upon settings of laser power,
scan speed, spot size, and bed temperature. Scan spacing should be selected to
ensure a sufficient degree of melt pool overlap between adjacent lines of fused
material to ensure robust mechanical properties.

The powder bed density, as governed by powder shape, size, distribution, and
spreading mechanism, can strongly influence the part quality. Powder bed densities
typically range between 50 and 60 % for most commercially available powders, but
may be as low as 30 % for irregular ceramic powders. Generally the higher the
powder packing density, the higher the bed thermal conductivity and the better the
part mechanical properties.

Most commercialized PBF processes use continuous-wave (CW) lasers. Laser-
processing research with pulsed lasers, however, has demonstrated a number of
potential benefits over CW lasers. In particular, the tendency of molten metal to
form disconnected balls of molten metal, rather than a flat molten region on a
powder bed surface, can be partially overcome by pulsed energy. Thus, it is likely
that future PBF machines will be commercialized with both CW and pulsed lasers.
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5.4.2 Applied Energy Correlations and Scan Patterns

Many common physics, thermodynamics, and heat transfer models are relevant to
PBF techniques. In particular, solutions for stationary and moving point-heat-
sources in an infinite media and homogenization equations (to estimate, for
instance, powder bed thermo-physical properties based upon powder morphology,
packing density, etc.) are commonly utilized. The solidification modeling discussed
in the directed energy deposition (DED) chapter (Chap. 10) can also be applied to
PBF processes. For the purposes of this chapter, a highly simplified model which
estimates the energy-input characteristics of PBF processes is introduced and
discussed with respect to process optimization for PBF processes.

Melt pool formation and characteristics are fundamentally determined by the
total amount of applied energy which is absorbed by the powder bed as the laser
beam passes. Both the melt pool size and melt pool depth are a function of absorbed
energy density. A simplified energy density equation has been used by numerous
investigators as a simple method for correlating input process parameters to the
density and strength of produced parts [2]. In their simplified model, applied energy
density E A (also known as the Andrews number) can be found using (5.1):

Ex =P/(U x SP) (5.1)

where P is laser power, U is scan velocity, and SP is the scan spacing between
parallel scan lines. In this simplified model, applied energy increases with increas-
ing laser power and decreases with increasing velocity and scan spacing. For pLS,
typical scan spacing values are ~100 pm, whereas typical laser spot sizes are
~300 pm. Thus, typically every point is scanned by multiple passes of the
laser beam.

Although (5.1) does not include powder absorptivity, heat of fusion, laser spot
size, bed temperature, or other important characteristics, it provides the simplest
analytical approach for optimizing machine performance for a material. For a given
material, laser spot size and machine configuration, a series of experiments can be
run to determine the minimum applied energy necessary to achieve adequate
material fusion for the desired material properties. Subsequently, build speed can
be maximized by utilizing the fastest combination of laser power, scan rate, and
scan spacing for a particular machine architecture based upon (5.1).

Optimization of build speed using applied energy is reasonably effective for PBF
of polymer materials. However, when a molten pool of metal is present on a powder
bed, a phenomenon called balling often occurs. When surface tension forces
overcome a combination of dynamic fluid, gravitational and adhesion forces, the
molten metal will form a ball. The surface energy driving force for metal powders
to limit their surface area to volume ratio (which is minimized as a sphere) is much
greater than the driving force for polymers, and thus this phenomenon is unimpor-
tant for polymers but critically important for metals. An example of balling
tendency at various power, P, and scan speed, U, combinations is shown in
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Fig. 5.8 [3]. This figure illustrates five typical types of tracks which are formed at
various process parameter combinations.

A process map showing regions of power and scan speed combinations which
result in each of these track types is shown in Fig. 5.9. As described by Childs
et al. tracks of type A were continuous and flat topped or slightly concave. At
slightly higher speeds, type B tracks became rounded and sank into the bed. As the
speed increased, type C tracks became occasionally broken, although not with the
regularity of type D tracks at higher speeds, whose regularly and frequently broken
tracks are perfect examples of the balling effect. At even higher speeds, fragile
tracks were formed (type E) where the maximum temperatures exceed the solidus
temperature but do not reach the liquidus temperature (i.e., partially melted or
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liquid phase sintered tracks). In region F, at the highest speed, lowest power
combinations, no melting occurred.

When considering these results, it is clear that build speed optimization for
metals is complex, as a simple maximization of scan speed for a particular power
and scan spacing based on (5.1) is not possible. However, within process map
regions A and B, (5.1) could still be used as a guide for process optimization.

Numerous researchers have investigated residual stresses and distortion in laser
PBF processes using analytical and finite element methods. These studies have
shown that residual stresses and subsequent part deflection increase with increase in
track length. Based on these observations, dividing the scan area into small squares
or strips and then scanning each segment with short tracks is highly beneficial.
Thus, there are multiple reasons for subdividing the layer cross section into small
regions for metals.

Randomization of square scanning (rather than scanning contiguous squares one
after the other) and changing the primary scan direction between squares helps
alleviate preferential build-up of residual stresses, as shown in Fig. 5.7. In addition,
scanning of strips whereby the angle of the strip changes each layer has a positive
effect on the build-up of residual stress. As a result, strips and square scan patterns
are extensively utilized in PBF processes for metals.

5.5 Powder Handling
5.5.1 Powder Handling Challenges

Several different systems for powder delivery in PBF processes have been devel-
oped. The lack of a single solution for powder delivery goes beyond simply
avoiding patented embodiments of the counter-rotating roller. The development
of other approaches has resulted in a broader range of powder types and
morphologies which can be delivered.

Any powder delivery system for PBF must meet at least four characteristics.

1. It must have a powder reservoir of sufficient volume to enable the process to
build to the maximum build height without a need to pause the machine to refill
the powder reservoir.

2. The correct volume of powder must be transported from the powder reservoir to
the build platform that is sufficient to cover the previous layer but without
wasteful excess material.

. The powder must be spread to form a smooth, thin, repeatable layer of powder.

4. The powder spreading must not create excessive shear forces that disturb the
previously processed layers.

(O8]

In addition, any powder delivery system must be able to deal with these
universal characteristics of powder feeding.
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1. As particle size decreases, interparticle friction and electrostatic forces increase.
These result in a situation where powder can lose its flowability. (To illustrate
this loss of flowability, compare the flow characteristics of a spoon full of
granulated sugar to a spoon full of fine flour. The larger particle size sugar will
flow out of the spoon at a relatively shallow angle, whereas the flour will stay in
the spoon until the spoon is tipped at a large angle, at which point the flour will
fall out as a large clump unless some perturbation (vibration, tapping, etc.)
causes it to come out a small amount at a time. Thus, any effective powder
delivery system must make the powder flowable for effective delivery to occur.

2. When the surface area to volume ratio of a particle increases, its surface energy
increases and becomes more reactive. For certain materials, this means that the
powder becomes explosive in the presence of oxygen; or it will burn if there is a
spark. As a result, certain powders must be kept in an inert atmosphere while
being processed, and powder handling should not result in the generation of
sparks.

3. When handled, small particles have a tendency to become airborne and float as a
cloud of particles. In PBF machines, airborne particles will settle on surrounding
surfaces, which may cloud optics, reduce the sensitivity of sensors, deflect laser
beams, and damage moving parts. In addition, airborne particles have an effec-
tive surface area greater than packed powders, increasing their tendency to
explode or burn. As a result, the powder delivery system should be designed in
such a way that it minimizes the creation of airborne particles.

4. Smaller powder particle sizes enable better surface finish, higher accuracy, and
thinner layers. However, smaller powder particle sizes exacerbate all the
problems just mentioned. As a result, each design for a powder delivery system
is inherently a different approach to effectively feed the smallest possible
powder particle sizes while minimizing the negative effects of these small
powder particles.

5.5.2 Powder Handling Systems

The earliest commercialized LS powder delivery system, illustrated in Fig. 5.1, is
one approach to optimizing these powder handling issues. The two feed cartridges
represent the powder reservoir with sufficient material to completely fill the build
platform to its greatest build height. The correct amount of powder for each layer is
provided by accurately incrementing the feed cartridge up a prescribed amount and
the build platform down by the layer thickness. The raised powder is then pushed by
the counter-rotating roller over the build platform, depositing the powder. As long
as the height of the roller remains constant, layers will be created at the thickness
with which the build platform moves. The counter-rotating action of the roller
creates a “wave” of powder flowing in front of the cylinder. The counter-rotation
pushes the powder up, fluidizing the powder being pushed, making it more flowable
for a particular particle size and shape. The shear forces on the previously processed
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Fig. 5.10 Examples of hopper-based powder delivery systems [6]

layers created by this counter-rotating roller are small, and thus the previously
processed layers are relatively undisturbed.

Another commonly utilized solution for powder spreading is a doctor blade. A
doctor blade is simply a thin piece of metal that is used to scrape material across the
surface of a powder bed. When a doctor blade is used, the powder is not fluidized.
Thus, the shear forces applied to the previously deposited layer are greater than for
a counter-rotating roller. This increased shear can be reduced if the doctor blade is
ultrasonically vibrated, thus partly fluidizing the powder being pushed.

An alternative approach to using a feed cartridge as a powder reservoir is to use a
hopper feeding system. A hopper system delivers powder to the powder bed from
above rather than beneath. The powder reservoir is typically separate from the build
area, and a feeding system is used to fill the hopper. The hopper is then used to
deposit powder in front of a roller or doctor blade, or a doctor blade or roller can be
integrated with a hopper system for combined feeding and spreading. For both
feeding and spreading, ultrasonic vibration can be utilized with any of these
approaches to help fluidize the powders. Various types of powder feeding systems
are illustrated in Fig. 5.10.

In the case of multimaterial powder bed processing, the only effective method is
to use multiple hoppers with separate materials. In a multi-hopper system, the
material type can be changed layer-by-layer. Although this has been demonstrated
in a research environment, and by some companies for very small parts; to date, all
PBF technologies offered for sale commercially utilize a single-material powder
feeding system.

5.5.3 Powder Recycling

As mentioned in Sect. 5.3.1, elevated temperature sintering of the powder
surrounding a part being built can cause the powder bed to fuse. In addition,
elevated temperatures, particularly in the presence of reacting atmospheric gases,
will also change the chemical nature of the powder particles. Similarly, holding
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polymer materials at elevated temperatures can change the molecular weight of the
polymer. These combined effects mean that the properties of many different types
of powders (particularly polymers) used in PBF processes change their properties
when they are recycled and reused. For some materials these changes are small, and
thus are considered highly recyclable or infinitely recyclable. In other materials
these changes are dramatic, and thus a highly controlled recycling methodology
must be used to maintain consistent part properties between builds.

For the most popular PBF polymer material, nylon polyamide, both the effective
particle size and molecular weight change during processing. As a result, a number
of recycling methodologies have been developed to seek to maintain consistent
build properties. The simplest approach to this recycling problem is to mix a
specific ratio of unused powder with used powders. An example of a fraction-
based mixture might be 1/3 unused powder, 1/3 overflow/feed powder, and 1/3
build platform powder. Overflow/feed and loose part-bed powder are handled
separately, as they experience different temperature profiles during the build. The
recaptured overflow/feed materials are only slightly modified from the original
material as they have been subjected to lower temperatures only in the feed and
overflow cartridges; whereas, loose part-bed powder from the build platform has
been maintained at an elevated temperature, sometimes for many hours.

Part-bed powder is typically processed using a particle sorting method, most
commonly either a vibratory screen-based sifting device or an air classifier, before
mixing with other powders. Air classifiers can be better than simple sifting, as they
mix the powders together more effectively and help break up agglomerates, thus
enabling a larger fraction of material to be recycled. However, air classifiers are
more complex and expensive than sifting systems. Regardless of the particle sorting
method used, it is critical that the material be well-mixed during recycling; other-
wise, parts built from recycled powder will have different properties in different
locations.

Although easy to implement, a simple fraction-based recycling approach will
always result in some amount of mixing inconsistencies. This is due to the fact that
different builds have different part layout characteristics and thus the loose part-bed
powder being recycled from one build has a different thermal history than loose
part-bed powder being recycled from a different build.

In order to overcome some of the build-to-build inconsistencies inherent in
fraction-based mixing, a recycling methodology based upon a powder’s melt flow
index (MFI) has been developed [4]. MFI is a measure of molten thermoplastic
material flow through an extrusion apparatus under prescribed conditions. ASTM
and ISO standards, for instance, can be followed to ensure repeatability. When
using an MFI-based recycling methodology, a user determines a target MFI, based
upon their experience. Used powders (part-bed and overflow/feed materials) are
mixed and tested. Unused powder is also tested. The MFI for both is determined,
and a well-blended mixture of unused and used powder is created and subsequently
tested to achieve the target MFI. This may have to be done iteratively if the target
MFI is not reached by the first mixture of unused to used powder. Using this
methodology, the closer the target MFI is to the new powder MFI, the higher the
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new powder fraction, and thus the more expensive the part. The MFI method is
generally considered more effective for ensuring consistent build-to-build
properties than fractional mixing.

Typically, most users find that they need less of the used build platform powder
in their mixture than is produced. Thus, this excess build material becomes scrap. In
addition, repeated recycling over a long period of time may result in some powder
becoming unusable. As a result, the recyclability of a powder and the target MFI or
fractional mixing selected by a user can have a significant effect on part properties
and cost.

5.6 PBF Process Variants and Commercial Machines

A large variety of PBF processes has been developed. To understand the practical
differences between these processes, it is important to know how the powder
delivery method, heating process, energy input type, atmospheric conditions,
optics, and other features vary with respect to one another. An overview of
commercial processes and a few notable systems under development are discussed
in the following section.

5.6.1 Polymer Laser Sintering

Prior to 2014 there were only two major producers of pLS machines, EOS and 3D
Systems. The expiration of key patents in 2014 opened the door for many new
companies to enter the marketplace. pLS machines are designed for directly
processing polymers and for indirect processing of metals and ceramics.

Most commercial polymers were developed for processing via injection mold-
ing. The thermal and stress conditions for a material processed via pLS, however,
are much different than the thermal and stress conditions for a material processed
via injection molding. In injection molding the material is slowly heated under
pressure, flows under high shear forces into a mold, and is cooled quickly. In pLS
the material is heated very quickly as a laser beam passes, it flows via surface
tension under gravitational forces, and it cools slowly over a period of hours to
days. Since polymer microstructural features depend upon the time the material is
held at elevated temperatures, polymer parts made using LS can have very different
properties than polymer parts made using injection molding.

Many polymers which are easy to process using injection molding may not be
processable using pLS. Figure 5.11 illustrates a schematic of a differential scanning
calorimetry (DSC) curve for the types of melting characteristics which are desirable
in a polymer for LS. In order to reduce residual stress induced curling, pLS
machines hold the powder bed temperature (Ty,.q) just below the temperature
where melting begins (Tverr onser)- When the laser melts a region of the powder
bed, it should raise the temperature of the material above the melting temperature,
but below the temperature at which the material begins to deteriorate. If there is a
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Fig. 5.11 Melting and solidification characteristics for an idealized polymer DSC curve for
polymer laser sintering (courtesy: Neil Hopkinson, Sheffield University)

small difference between the melting and deterioration temperatures, then the
material will be difficult to successfully process in pLS.

After scanning, the molten cross section will return over a relatively short period
of time to the bed temperature (Tgcq). If the bed temperature is above the crystalli-
zation temperature of the material, then it will remain in a partially molten state for
a very long time. This is advantageous for two reasons. First, by keeping the
material partially molten, the part will not experience layer-by-layer accumulation
of residual stresses and thus will be more accurate. Secondly, by holding the
material in a semi-molten state for a long period of time, the part will achieve
higher overall density. As a result, parts at the bottom of a build platform (which
were built first and experience a longer time at elevated temperature) are denser
than the last parts to be built. Thus, a key characteristic of a good polymer for pLS is
that it has a broad “Super-Cooling Window” as illustrated in Fig. 5.11. For most
commercially available polymers, the melting curve overlaps the crystallization
curve and there is no super-cooling window. In addition, for amorphous polymers,
there is no sharp onset of melting or crystallization. Thus pLS works best for
polymers that are crystalline with a large super-cooling window and a high deterio-
ration temperature.

The SLS Sinterstation 2000 machine was the first commercial PBF system,
introduced by the DTM Corporation, USA, in 1992. Subsequently, other variants
were commercialized, and these systems are still manufactured and supplied by 3D
Systems, USA, which purchased DTM in 2001. Newer machines offer several
improvements over previous systems in terms of part accuracy, temperature
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uniformity, build speed, process repeatability, feature definition, and surface finish,
but the basic processing features and system configuration remain unchanged from
the description in Sect. 5.1. A typical pLS machine is limited to polymers with a
melting temperature below 200 °C, whereas “high-temperature” pLS machines can
process polymers with much higher melting temperature. Due to the use of CO,
lasers and a nitrogen atmosphere with approximately 0.1-3.0 % oxygen, pLS
machines are incapable of directly processing pure metals or ceramics. Nylon
polyamide materials are the most popular pLS materials, but these processes can
also be used for many other types of polymer materials as well as indirect
processing of metal and ceramic powders with polymer binders.

EOS GmbH, Germany, introduced its first EOSINT P machine in 1994 for
producing plastic prototypes. In 1995, the company introduced its EOSINT M
250 machine for direct manufacture of metal casting molds from foundry sand. In
1998, the EOSINT M 250 Xtended machine was launched for DMLS, which was a
LPS approach to processing metallic powders. These early metal machines used a
special alloy mixture comprised of bronze and nickel powders developed by
Electrolux Rapid Prototyping, and licensed exclusively to EOS. The powder
could be processed at low temperatures, required no preheating and exhibited
negligible shrinkage during processing; however, the end-product was porous and
was not representative of any common engineering metal alloys. Subsequently,
EOS introduced many other materials and models, including platforms for foundry
sand and full melting of metal powders (which will be discussed in the following
section). One unique feature of EOS’s large-platform systems for polymers and
foundry sand is the use of two laser beams for faster part construction (as illustrated
in the 2 x 1D channels example in Fig. 2.6). This multi-machine approach to PBF
has made EOS the market leader in this technology segment. A schematic of an
EOS machine illustrating their approach to laser sintering powder delivery and
processing for foundry sand is shown in Fig. 5.12.

More recent, large-platform pLS systems commonly use a modular design. This
modularity can include: removable build platforms so that part cool-down and
warm-up can occur outside of the chamber, enabling a fresh build platform to be
inserted and used with minimal laser down-time; multiple build platform sizes;
automated recycling and feeding of powder using a connected powder handling
system; and better thermal control options.

In addition to commercial PBF machines, open-source polymer PBF machines
are being developed to mimic the success of the RepRap effort for material
extrusion machines. In addition, inventors have applied PBF techniques to nonen-
gineering applications via the CandyFab machine. Sugar is used as the powdered
material, and a hot air nozzle is used as the energy source. By scanning the nozzle
across the bed in a layer-by-layer fashion, sugar structures are made.
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EOSINT Working Principle of Laser-Sintering

1. Exposure 2. Lower Platform
Laser S RN powder / sand
Scanner hopper
Lenses recoater
“part
container

Fig. 5.12 EOSint laser sintering schematic showing the dual-laser system option, hopper powder
delivery and a recoater that combines a movable hopper and doctor blade system (courtesy: EOS)

5.6.2 Laser-Based Systems for Metals and Ceramics

There are many companies which make commercially available laser-based
systems for direct melting and sintering of metal powders: EOS (Germany),
Renishaw (UK), Concept Laser (Germany), Selective Laser Melting (SLM)
Solutions (Germany), Realizer (Germany), and 3D Systems (France/USA). There
are competing terminologies for these technologies. The term selective laser melt-
ing (SLM) is used by numerous companies; however the terms Laser Cusing and
DMLS are also used by certain manufacturers. For this discussion, we will use mLS
to refer to the technologies in general and not to any particular variant.

mLS research in the late 1980s and early 1990s by various research groups was
mostly unsuccessful. Compared to polymers, the high thermal conductivity, pro-
pensity to oxidize, high surface tension, and high laser reflectivity of metal powders
make them significantly more difficult to process than polymers. Most commer-
cially available mLS systems today are variants of the selective laser powder
re-melting (SLPR) approach developed by the Fraunhofer Institute for Laser Tech-
nology, Germany. Their research developed the basic processing techniques neces-
sary for successful laser-based, point-wise melting of metals. The use of lasers with
wavelengths better tuned to the absorptivity of metal powders was one key for
enabling mLS. Fraunhofer used an Nd-YAG laser instead of the CO, laser used in
pLS, which resulted in a much better absorptivity for metal powders (see Fig. 5.13).
Subsequently, almost all mLS machines use fiber lasers, which in general are
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Fig. 5.13 Optical absorption % (absorptivity) of selected metals versus wavelength (units are
micrometers) (courtesy: Optomec)

cheaper to purchase and maintain, more compact, energy efficient, and have better
beam quality than Nd:YAG lasers. The other key enablers for mLS, compared to
pLS, are different laser scan patterns (discussed in the following section), the use of
f-theta lenses to minimize beam distortion during scanning, and low oxygen, inert
atmosphere control.

One common practice among mLS manufacturers is the rigid attachment of their
parts to a base plate at the bottom of the build platform. This is done to keep the
metal part being built from distorting due to residual stresses. This means that the
design flexibility for parts made from mLS is not quite as broad as the design
flexibility for parts made using laser sintering of polymers, due to the need to
remove these rigid supports using a machining or cutting operation.

Over the years, various mLS machine manufacturers have sought to differentiate
themselves from others by the features they offer. This differentiation includes laser
power, number of lasers offered, powder handling systems, scanning strategies
offered, maximum build volume, and more. Some machine manufacturers give
users more control over the process parameters than other manufacturers, enabling
more experimentation by the user, whereas other manufacturers only provide
“proven” materials and process parameters. For instance, Renishaw machines
have safety features to help minimize the risk of powder fires. EOS, as the world’s
most successful metal PBF provider, has spent considerable time tuning their
machine process parameters and scanning strategies for specific materials which
they sell to their customers. Concept Laser has focused on the development of
stainless and hot-work steel alloys suitable for injection mold and die cast tooling.
3D Systems (after their acquisition of Phenix Systems) has developed machines
which can be held at an elevated temperature, thus enabling efficient sintering of
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Fig. 5.14 3D Micromac
Powder Feed System. In this
picture, only one of the
powder feeders (located over
the build cylinder) is filled
with powder (courtesy:
Laserinstitut Mittelsachsen
e.V.)

ceramic powders, in addition to melting of metal powders. Another unique charac-
teristic of the 3D Systems machine is its use of a roller to spread and then compact
powder, making it the only manufacturer which can directly change the powder bed
packing density on-the-fly.

3D-Micromac, Germany, a partner of EOS, produces the only multimaterial,
small-scale mLS machine. It has developed small-scale mLS processes with small
build cylinders 25 or 50 mm in diameter and 40 mm in height. Their fiber laser is
focused to a particularly small spot size, for small feature definition. In order to use
the fine powder particle sizes necessary for fine feature reproduction, they have
developed a unique two-material powder feeding mechanism, shown in Fig. 5.14.
The build platform is located between two powder feed cylinders. When the
rotating rocker arm is above a powder feed cylinder, the powder is pushed up
into the feeder, thus charging the hopper. When the rocker arm is moved over top of
the build platform, it deposits and smoothens the powder, moving away from the
build cylinder prior to laser processing. By alternating between feed cylinders, the
material being processed can be changed in a layer-by-layer fashion, thus forming
multimaterial structures. An example of a small impeller made using aluminum
oxide powders is shown in Fig. 5.15.

5.6.3 Electron Beam Melting

Electron beam melting (EBM) has become a successful approach to PBF. In
contrast to laser-based systems, EBM uses a high-energy electron beam to induce
fusion between metal powder particles. This process was developed at Chalmers
University of Technology, Sweden, and was commercialized by Arcam AB,
Sweden, in 2001.

Similarly to mLS, in the EBM process, a focused electron beam scans across a
thin layer of pre-laid powder, causing localized melting and resolidification per the
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Fig. 5.15 Example 3D
Micromac part made from
aluminum oxide powders
(courtesy: Laserinstitut
Mittelsachsen e.V.)

Table 5.1 Differences between EBM and mLS

Characteristic

Electron beam melting

Metal laser sintering

Thermal source Electron beam Laser
Atmosphere Vacuum Inert gas
Scanning Deflection coils Galvanometers

Energy absorption

Conductivity-limited

Absorptivity-limited

Powder preheating

Use electron beam

Use infrared or resistive heaters

Scan speeds

Very fast, magnetically driven

Limited by galvanometer inertia

Energy costs

Moderate

High

Surface finish

Moderate to poor

Excellent to moderate

Feature resolution Moderate Excellent
Materials Metals (conductors) Polymers, metals and ceramics
Powder particle size Medium Fine

slice cross section. There are a number of differences between how mLS and EBM
are typically practiced, which are summarized in Table 5.1. Many of these
differences are due to EBM having an energy source of electrons, but other
differences are due to engineering trade-offs as practiced in EBM and mLS and
are not necessarily inherent to the processing. A schematic illustration of an EBM
apparatus is shown in Fig. 5.16.

Laser beams heat the powder when photons are absorbed by powder particles.
Electron beams, however, heat powder by transfer of kinetic energy from incoming
electrons into powder particles. As powder particles absorb electrons they gain an
increasingly negative charge. This has two potentially detrimental effects: (1) if the
repulsive force of neighboring negatively charged particles overcomes the gravita-
tional and frictional forces holding them in place, there will be a rapid expulsion of
powder particles from the powder bed, creating a powder cloud (which is worse for
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Fig. 5.16 Schematic of an P
EBM apparatus (courtesy:
Arcam)
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fine powders than coarser powders) and (2) increasing negative charges in the
powder particles will tend to repel the incoming negatively charged electrons,
thus creating a more diffuse beam. There are no such complimentary phenomena
with photons. As a result, the conductivity of the powder bed in EBM must be high
enough that powder particles do not become highly negatively charged, and scan
strategies must be used to avoid build-up of regions of negatively charged particles.
In practice, electron beam energy is more diffuse, in part, so as not to build up too
great a negative charge in any one location. As a result, the effective melt pool size
increases, creating a larger heat-affected zone. Consequently, the minimum feature
size, median powder particle size, layer thickness, resolution, and surface finish of
an EBM process are typically larger than for an mLS process.

As mentioned above, in EBM the powder bed must be conductive. Thus, EBM
can only be used to process conductive materials (e.g., metals) whereas, lasers can
be used with any material that absorbs energy at the laser wavelength (e.g., metals,
polymers, and ceramics).

Electron beam generation is typically a much more efficient process than laser
beam generation. When a voltage difference is applied to the heated filament in an
electron beam system, most of the electrical energy is converted into the electron
beam; and higher beam energies (above 1 kW) are available at a moderate cost. In
contrast, it is common for only 10-20 % of the total electrical energy input for laser
systems to be converted into beam energy, with the remaining energy lost in the
form of heat. In addition, lasers with beam energies above 1 kW are typically much
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more expensive than comparable electron beams with similar energies. Thus,
electron beams are a less costly high energy source than laser beams. Newer fiber
lasers, however, are more simple in their design, more reliable to maintain, and
more efficient to use (with conversion efficiencies reported of 70-80 % for some
fiber lasers). Thus, this energy advantage for electron beams may not be a major
advantage in the future.

EBM powder beds are maintained at a higher temperature than mLS powder
beds. There are several reasons for this. First, the higher energy input of the beam
used in the EBM system naturally heats the surrounding loose powder to a higher
temperature than the lower energy laser beams. In order to maintain a steady-state
uniform temperature throughout the build (rather than having the build become
hotter as the build height increases) the EBM process uses the electron beam to heat
the metal substrate at the bottom of the build platform before laying a powder bed.
By defocusing the electron beam and scanning it very rapidly over the entire surface
of the substrate (or the powder bed for subsequently layers) the bed can be
preheated rapidly and uniformly to any preset temperature. As a result, the radiative
and resistive heaters present in some mLS systems for substrate and powder bed
heating are not used in EBM. By maintaining the powder bed at an elevated
temperature, however, the resulting microstructure of a typical EBM part is signifi-
cantly different from a typical mLS part (see Fig. 5.17). In particular, in mLS the
individual laser scan lines are typically easily distinguishable, whereas individual
scan lines are often indistinguishable in EBM microstructures. Rapid cooling in
mLS creates smaller grain sizes and subsequent layer scans only partially re-melt
the previously deposited layer. The powder bed is held at a low enough temperature
that elevated temperature grain growth does not erase the layering effects. In EBM,
the higher temperature of the powder bed, and the larger and more diffuse heat input
result in a contiguous grain pattern that is more representative of a cast microstruc-
ture, with less porosity than an mLS microstructure.

Although the microstructures presented in Fig. 5.17 are representative of mLS
and EBM, it should be noted that the presence of beam traces in the final

Fig. 5.17 Representative CoCrMo mLS microstructure (/eft, courtesy: EOS), and Ti6Al4V EBM
microstructure (right, courtesy: Arcam)
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microstructure (as seen in the left image of Fig. 5.17) is process parameter and
material dependent. For certain alloys, such as titanium, it is not uncommon for
contiguous grain growth across layers even for mLS. For other materials, such as
those that have a higher melting point, the layering may be more prevalent. In
addition, layering is more prevalent for process parameter combinations of lower
bed temperature, lower beam energy, faster scan rate, thicker layers, and/or larger
scan spacing for both mLS and EBM. The reader is also referred to the presentation
of material microstructures and process parameter effects of the DED processes in
Sects. 10.6 and 10.7, since the phenomena seen mLS and EBM are similar to those
observed in DED processes.

One of the most promising aspects of EBM is the ability to move the beam nearly
instantaneously. The current control system for EBM machines makes use of this
capability to keep multiple melt pools moving simultaneously for part contour
scanning. Future improvements to scanning strategies may dramatically increase
the build speed of EBM over mLS, helping to distinguish it even more for certain
applications. For instance, when nonsolid cross sections are created, in particular
when scanning truss-like structures (with designed internal porosity), nearly instan-
taneous beam motion from one scan location to another can dramatically speed up
the production of the overall product.

In EBM, residual stresses are much lower than for mLS due to the elevated bed
temperature. Supports are needed to provide electrical conduction through the
powder bed to the base plate, to eliminate electron charging, but the mass of
these supports is an order of magnitude less than what is needed for mLS of a
similar geometry. Future scan strategies for mLS may help reduce the need for
supports to a degree where they can be removed easily, but at present EBM has a
clear advantage when it comes to minimizing residual stress and supports.

5.6.4 Line-Wise and Layer-Wise PBF Processes for Polymers

PBF processes have proven to be the most flexible general approach to AM. For
production of end-use components, PBF processes surpass the applicability of any
other approach. However, the use of expensive lasers in most processes, the fact
that these lasers can only process one “point” of material at any instant in time, and
the overall cost of the systems means that there is considerable room for improve-
ment. As a result, several organizations are developing ways to fuse lines or layers
of polymer material at a time. The potential for polymer processing in a line-wise or
layer-wise manner could dramatically increase the build-rate of PBF processes, thus
making them more cost-competitive. Three of these processes will be discussed
below. All three utilize infrared energy to induce fusion in powder beds; the key
differences lay in their approach to controlling which portions of the powder bed
fuse and which remain unfused, as illustrated in Fig. 5.18.

Sintermask GmbH, Germany, founded in 2009, sold several selective mask
sintering (SMS) machines, based upon technology developed at Speedpart
AB. The key characteristics of their technology are exposure of an entire layer at a
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Fig. 5.18 Three different approaches to line- and layer-wise powder bed fusion processing (a)
mask-based sintering, (b) printing of an absorptivity-enhancing agent in the part region, and (c)
printing of a sintering inhibitor outside the part region

time to infrared thermal energy through a mask, and rapid layering of powdered
material. Their powder delivery system can deposit a new layer of powder in 3 s.
Heat energy is provided by an infrared heater. A dynamic mask system, similar to
those used in a photocopier to transfer ink to paper, is used between the heater and
the powder bed. This is a re-birth of an idea conceived by Cubital for layer-wise
photopolymerization in the early days of AM, as mentioned in Chap. 2. The SMS
mask allows infrared energy to impinge on the powder bed only in the region
prescribed by the layer cross section, fusing powder in approximately 1 s. From a
materials standpoint, the use of an infrared energy source means that the powder
must readily absorb and quickly sinter or melt in the presence of infrared energy.
Most materials with this characteristic are dark colored (e.g., gray or black) and thus
color-choice limitations may be a factor for some adopters of the technology. It
appears that development of this technology is on hold, as of the writing of this book.

High-speed sintering (HSS) is a process developed at Loughborough University
and Sheffield University and being commercialized by FACTUM. In HSS, an
ink-jet printer is used to deposit ink onto the powder bed, representing a part’s
cross section for that layer. Inks are specially formulated to significantly enhance
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infrared absorption compared with the surrounding powder bed. An infrared heater
is used to scan the entire powder bed quickly, following ink-jetting. Thus, this
process is an example of line-wise processing. The difference between the absorp-
tivity of the unprinted areas compared to the printed areas means that the unprinted
areas do not absorb enough energy to sinter, whereas the powder in the printed areas
sinters and/or melts. As the distinguishing factor between the fused and unfused
region is the enhanced absorption of energy where printing occurs, the inks are
typically gray or black and thus affect the color of the final part.

A third approach to rapid PBF is the selective inhibition sintering (SIS) process,
developed at the University of Southern California. In contrast to HSS, a sintering
inhibitor is printed in regions where fusion is not desired, followed by exposure to
infrared radiation. In this case, the inhibitor interferes with diffusion and surface
properties to inhibit sintering. In addition, researchers have also utilized movable
plates to mask portions of the powder bed where no sintering is desired, in order to
minimize the amount of inhibitor required. One benefit of SIS over the previous two
are that it does not involve adding an infrared absorption agent into the part itself,
and thus the untreated powder becomes the material in the part. However, the
unused powder in the powder bed is not easily recyclable, as it has been
“contaminated” with inhibitor, and thus, there is significant unrecyclable material
created.

Two additional variations of ink-jet printing combined with PBF methodology
are also practiced in SIS and by fcubic AB. In SIS, if no sintering is performed
during the build (i.e., inhibitor is printed but no thermal infrared energy is scanned)
the entire part bed can be moved into an oven where the powder is sintered to
achieve fusion within the part, but not in areas where inhibitor has been printed.

fcubic AB, Sweden, uses ink-jet printing plus sintering in a furnace to compete
with traditional powder metallurgy for stainless steel components. A sintering aid is
printed in the regions representing the part cross section, so that this region will fuse
more rapidly in a furnace. A sintering aid is an element or alloy which increases the
rate at which solid-state sintering occurs between particles by changing surface
characteristics and/or by reacting with the particles. Thus, sintering in the part will
occur at lower temperatures and times than for the surrounding powder that has not
received a sintering aid.

Both SIS and fcubic are similar to the binder jetting processes described in
Chap. 8 (such as practiced by ExOne and Voxeljet) where a binder joins powders in
regions of the powder bed where the part is located followed by furnace processing.
There is, however, one key aspect of SIS and the fcubic processing which is
different than these approaches. In the SIS and fcubic processes, the printed
material is a sintering aid or inhibitor rather than a binder, and the part remains
embedded within the powder bed when sintering in the furnace. Using the ExOne
process, for instance, the machine prints a binder to glue powder particles together;
and the bound regions are removed from the powder bed as a green part before
sintering in a furnace (much like the indirect metal processing discussed earlier).

Common to all of the line-wise and layer-wise PBF processes is the need to
differentiate between fusion in the part versus the remaining powder. Too low of
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total energy input will leave the part weak and only partially sintered. Too high of
energy levels will result in part growth by sintering of excess surrounding powder to
the part and/or degradation of the surrounding powder to the point where it cannot
be easily recycled. Most importantly, in all cases it is the difference between fusion
induced in the part versus fusion induced in the surrounding powder bed that is the
key factor to control.

5.7 Process Benefits and Drawbacks

Due to its nature, PBF can process a very wide variety of materials, in contrast to
many other AM processes. Although it is easier to control the processing of semi-
crystalline polymers, the PBF processing of amorphous polymers has been success-
ful. Many metals can be processed; as mentioned, if a metal can be welded, it is a
good candidate for mLS. Some ceramic materials are commercially available, but
quite a few others have been demonstrated in research.

During part building, loose powder is a sufficient support material for polymer
PBF. This saves significant time during part building and post-processing, and
enables advanced geometries that are difficult to post-process when supports are
necessary. As a result, internal cooling channels and other complex features that
would be impossible to machine are possible in polymer PBF.

Supports, however, are required for most metal PBF processes. The high residual
stresses experienced when processing metals means that support structures are
typically required to keep the part from excessive warping. This means that post-
processing of metal parts after AM can be expensive and time consuming. Small
features (including internal cooling channels) can usually be formed without
supports; but the part itself is usually constrained to a substrate at the bottom of
the build platform to keep it from warping. As a result, the orientation of the part
and the location of supports are key factors when setting up a build.

Accuracy and surface finish of powder-based AM processes are typically infe-
rior to liquid-based processes. However, accuracy and surface finish are strongly
influenced by the operating conditions and the powder particle size. Finer particle
sizes produce smoother, more accurate parts but are difficult to spread and handle.
Larger particle sizes facilitate easier powder processing and delivery, but hurt
surface finish, minimum feature size and minimum layer thickness. The build
materials used in these processes typically exhibit 34 % shrinkage, which can
lead to part distortion. Materials with low thermal conductivity result in better
accuracy as melt pool and solidification are more controllable and part growth is
minimized when heat conduction is minimized.

With PBF processes, total part construction time can take longer than other
additive manufacturing processes because of the preheat and cool-down cycles
involved. However, as is the case with several newer machine designs, removable
build platforms enable preheat and cool-down to occur off-line, thus enabling much
greater machine productivity. Additionally, the ability to nest polymer parts in
three-dimensions, as no support structures are needed, mean that many parts can be
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produced in a single build, thus dramatically improving the productivity of these
processes when compared with processes that require supports.

5.8 Conclusions

PBF processes were one of the earliest AM processes, and continue to be one of the
most popular. Polymer-based laser sintering is commonly used for prototyping and
end-use applications in many industries, competing with injection molding and
other polymer manufacturing processes. PBF processes are particularly competitive
for low-to-medium volume geometrically complex parts.

Metal-based processes, including laser and electron beam, are one of the fastest
growing areas of AM around the world. Metal PBF processes are becoming
increasingly common for aerospace and biomedical applications, due to their
inherent geometric complexity benefits and their excellent material properties
when compared to traditional metal manufacturing techniques.

As methods for moving from point-wise to line-wise to layer-wise PBF are
improved and commercialized, build times and cost will decrease. This will make
PBF processing even more competitive. The future for PBF remains bright; and it is
likely that PBF processes will remain one of the most common types of AM
technologies for the foreseeable future.

5.9 Exercises

1. Find a reference which describes an application of the Arrhenius equation to
solid state sintering. If an acceptable level of sintering is achieved within time T
at a temperature of 750 K, what temperature would be required to achieve the
same level of sintering in half the time?

2. Estimate the energy driving force difference between two different powder beds
made up of spherical particles with the same total mass, where the difference in
surface area to volume ratio difference between one powder bed and the other is
a factor of 2.

3. Explain the pros and cons of the various binder and structural material
alternatives in LPS (Sect. 5.3.3.1) for a bone tissue scaffold application, where
the binder (matrix material) is PCL and the structural material is hydroxyapatite.

4. Using standard kitchen ingredients, explore the powder characteristics described
in Sect. 5.5.1 and powder handling options described in Sect. 5.5.2. Using at
least three different ingredients, describe whether or not the issues described are
reproducible in your experiments.

5. Using an internet search, find a set of recommended processing parameters for
nylon polyamide using laser sintering. Based upon (5.1), are these parameters
limited by machine laser power, scan spacing, or scan speed? Why? What
machine characteristics could be changed to increase the build rate for this
material and machine combination?
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6. Using Fig. 5.9 and the explanatory text, estimate the minimum laser dwell time

(how long a spot is under the laser as it passes) needed to maintain a type B scan
track at 100 W.
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