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Abstract

Additive Manufacturing (AM) has the potential to remove boundaries that traditional
manufacturing processes impose on engineering design work. The space industry pushes product
development and technology to its edge, and there can be a lot to gain by introducing AM.
However, the lack of established qualification procedures for AM parts has been highlighted,
especially for critical components. While the space industry sees an advantage in AM due to
expensive products in low volumes and long lead-times for traditional manufacturing processes
(e.g. casting), it also acknowledges the issue of qualifying mission critical parts within its strict
regulations. This paper focuses on the challenges with the qualification of AM in space
applications. A qualitative study is presented where conclusions have been drawn from
interviews within the aerospace industry. The results highlight important gaps that need to be
understood before AM can be introduced in critical components, and gives insight into
conventional component qualification.

I — Introduction

The space industry is seeing an increase in demand for access to space to enable space-
based services and human space flight, with new actors opting for market shares. This implies a
need for a business-oriented evolution of technology development, decreasing cost and time to
market. Additive Manufacturing (AM) is a manufacturing technology where a lot of potential is
seen concerning free-form design, short lead-times and economical low-series or customized
production (Gibson et al., 2015). This paper focus on applications manufactured by metal AM,
and AM will hereafter refer to metal processes. For reviews of metal AM processes, see for
example Frazier (2014) and Uriondo et al. (2015). The use and development of AM is growing
rapidly within the aerospace industry, and this study focuses on the application of AM in space
applications, ranging from satellite components (e.g. antennas) to launcher sub-systems (e.g.
rocket engines). Some of the characteristics of the space industry are; expensive product
development, high-performance products in harsh environments, low volumes (from one-off
production to tens of parts per year) and strict regulations. However, AM also comes with
challenges, and one of paramount importance for space applications are process qualification and

2699



part qualification (Dordlofva et al., 2016). The purpose of this paper is to identify the challenges
with qualification of AM parts for space. It gives an insight into the qualification of traditional
manufacturing processes and the results will give a direction for future research in understanding
the implications AM has on the engineering design process. The paper is based on a literature
review to establish the state of the art of AM qualification, and case study interviews conducted
at a sub-system supplier in the European space industry. First, the theoretical framework for the
study is presented, followed by a description of the method used for data collection and analysis.
The results from the interviews are thereafter presented and then discussed in the end to conclude
on implications for designing and qualifying AM parts for the space industry.

II — Challenges with Additive Manufacturing

The introduction of low TRL level technologies (Mankins, 1995) in critical space
applications (e.g. launcher applications) is associated with high risks due to the cost of
development and potential market impact (Underhill et al., 2016). AM is considered a technology
with the potential to reduce development and production cost, as well as increasing product
performance (Begoc et al., 2017). There are examples in literature and popular media on flight
proven or qualified space components (see e.g. Rawal et al. (2013), SpaceX, (2014)), but they are
still few. This is mainly due to the requirements on high reliability on space hardware, and it is
still considered that there is development needed on the AM processes to facilitate their use
(Martin-iglesias et al., 2017). While the efforts for developing AM for space flight are many (see
e.g. Lasagni et al., (2016); Soller et al., (2016); Orme et al., 2017)), the need for established
qualification methods is highlighted (Seifi et al., 2016; Uriondo et al., 2015). Areas in need of
further development to enable qualification of AM and its implementation on a larger scale as
production method include those listed in Table 1.

Table 1 — Areas in need of development for AM qualification
ID | Development need Reference
(a) | Methods to identify suitable parts for AM, both from | (Lindemann & Koch, 2016)
an economical perspective and manufacturability

(b) | Standards for AM materials and processes (Seifi et al., 2017)
(c) | Design methods for engineers to utilize the | (Thompson et al., 2016)
possibilities with AM

(d) | Understanding of process and geometry impact on | (Seifi et al., 2017)
material properties
(e) | Machine-to-machine as well as process variation (Frazier, 2014)

(f) | In-situ measurements systems for mapping and | (Everton et al., 2016)
controlling the AM process
(g) | Process modeling as a mean to understand and | (Martukanitz et al., 2014)
develop AM processes
(h) | Post-processing methods, including surface treatment | (Frazier, 2014)
and heat treatment
(1) | Non-Destructive Testing (NDT) methods suitable for | (Waller et al., 2015)
AM
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Many organizations and universities are dealing with the issue of qualification for
aerospace applications, and some approaches have been suggested. Portolés et al. (2016) propose
a generic qualification procedure that has to be adapted for each combination of AM technology,
material and component. They point out the importance of raw material control, the development
of an allowable process window and the importance of identifying the key variables impacting
the manufacturing. Taylor et al. (2016) made a comparison of qualification methods for
conventional manufacturing processes and concluded that an approach for qualification of AM
parts would have to combine the knowledge and methods from the qualification of different
manufacturing processes. Central in their reasoning is the use of a building block approach
similar to what is used for fiber composites (CMH-17, 2012).

As a highly-regulated industry, the space industry is especially dependent on the maturity
of AM technologies (as is the aerospace industry in general). Standards and specifications are
central in product development of products in the space industry, where for example ESA
(European Space Agency) based projects are regulated by the European Cooperation for Space
Standardization standards (ECSS, 2017). The requirements for the qualification of a product
depends on its criticality. External (or third-party) standards are widely used in the space
industry. However, in the introduction of new technologies, internal standards are usually
developed (Seifi et al., 2017) since companies cannot wait for external standards to be developed
and formalized. An example of this for AM is NASA with their Engineering and Quality
Standard for Additively Manufactured Spaceflight Hardware (Clinton, 2017). However, Seifi et
al., (2017) point out the importance of the establishment of external standards since that would
help the implementation of AM in industry by setting a minimum level of requirements as a
reference for organizations developing the technologies for their needs. Current applications of
AM in space products have mainly focused on secondary structures or other non-critical
applications (Brandao et al., 2017). The interest of this work is the possibility to introduce AM in
mission critical components, enforcing the need for applicable specifications.

Many products for space are complex systems-of-systems involving several companies
and organizations. In the development of such engineering systems, e.g. a rocket engine, there is
usually one Original Equipment Manufacturer (OEM) responsible for the system, while there are
several sub-system suppliers. The product development usually follows a stage-gate process, to
assure product design and manufacturing processes (Lindwall et al., 2017). The introduction of
AM is expected to have an impact on the design process (Kumke et al., 2016), and the need for
an end-to-end AM process for initial design, material supply, manufacturing, post-processing and
qualification is highlighted by the space community (Brandao et al., 2017). There are examples of
adaptions to the product development process for space products for AM (Begoc et al., 2017;
Orme et al., 2017; Soller et al., 2016). A review of different work methods identifies key steps
when working with AM PBF processes, and these have been illustrated in Figure 1. Included in
the figure is also a reference to the areas (a) to (i) in Table 1 that are in need of development,
showing where they are needed. The purpose of the illustration is to show that the whole product
development process is impacted by the introduction of AM, and that development is needed
through all steps. Although the suggested work methods usually include the verification of an
AM part, this step is still a challenge. Martin-iglesias et al. (2017) acknowledge that knowledge
about the effect of defects is needed, as well as acceptable verification criteria since complex
geometries make it difficult (if at all possible) to use conventional NDT. X-ray Computerized
Tomography (XCT) is often mentioned in the context of AM as a mean to detect internal defects.
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However, complex geometries become a challenge also for this technology (Seifi et al., 2017)
and further development is needed. Soller et al. (2016) showed that XCT is useful for verification
of cleanliness after production (internal remnants of material) which is important for many space
applications. The impact of product geometry on the material microstructure is an inherent
characteristic of the AM processes, especially PBF technologies. This is due to that the
microstructure is dependent on the thermal environment of the built part, which in turn is
influenced by the build set-up (Fitzgerald & Everhart, 2016). The use of reference (traveler)
specimens is a common approach to monitor the quality of the build (Orme et al., 2017; Soller et
al., 2016). However, due to the geometrical dependency on the microstructure, the
representativeness of such reference specimens is not evident and needs to be further researched
(Seifi et al., 2017). Test specimens have to represent the actual part and should therefore be taken
from a geometry as similar to the product as possible (Taylor et al., 2016). The understanding of
geometry impact is crucial for the verification of AM parts and should be addressed already in
the design phase. This need for early consideration of the built part’s influence on qualification is
represented in Figure 1 by the area (d) from Table 1 as part of the verification step. In-situ
monitoring (f) is also included for the same reason; to highlight that qualification of AM is
dependent on up-stream activities in the product development process, and not only done in the
end.

(a) (d) (c) (d)
Part and
AM process L Jd Design of part «
identification Post-
Manufacture [ 4 P L Verification
- ’

(b) (b) (d) (e) (f) (g) (b) (h) (b) (i)
[(d) ()]
Figure 1 — Important steps in the development of products for AM, inspired by Begoc et al., 2017;
Gibson et al., 2015; Orme et al., 2017; Soller et al., 2016. The letters (a) to (i) refer to the
development needs for AM in Table 1.

IIT — Research Design

The present research is based on an interview study with engineers in a large
manufacturing company focusing on aerospace and space design. In the design of the interview
study, the aim was to understand how qualification is currently done, how new manufacturing
processes are introduced as well as challenges regarding qualification of AM. The interview
series was divided into two phases; the first focused on understanding qualification in the
aerospace industry and the second on the introduction of new materials. The sampling of
engineers was created to get a mixture of people with component responsibility, process
specialists (i.e., forging, casting, welding) as well as materials experts and experts responsible for
newly introduced materials such as composites and AM. For the first phase (understanding of
qualification) eight people were interviewed, and for the second phase (introduction of new
materials and processes) seven people were interviewed. Semi-structured interviews were
selected as the main data collection method; all interviews were based on an interview guide with
the following focus:
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e How are conventional material processes qualified?
e How are new manufacturing processes introduced and qualified?
e What are the challenges regarding qualification of AM processes?

After analyzing two of the interviews, it became apparent that the first question needed to
be divided into sub-categories, such as definition of qualification and requirements; how
materials and products are tested; how the product influences the qualification; design methods
being used and work methods for qualification. The interview also included more general
questions relating the respondent's background, experience, current and previous roles. The
respondents were free to elaborate when answering the questions and follow-up questions were
used to encourage detailed descriptions and explanations. All interviews were performed in
Swedish, recorded and transcribed; all quotes in this paper are consequently translated by the
authors. The interviews were conducted by one of the authors that have several years of
experience in design of space systems and is situated as an industrial Ph.D. student at a company
within the space industry. The internal author brought understanding and knowledge of the
particular context, official processes, internal lingo, etc. for the analysis. The external author
contributed with the objectivity that was utilized when analyzing the material and drawing
conclusions. To clarify the empirical data and identify recurring and dominant themes, selective
coding was used. Data reduction in the form of pattern matching followed by displays of the data
was utilized to draw conclusions and synthesize the findings (Miles & Huberman, 1994). Data
coding and analysis consisted of the following steps:

1. The selective coding involved the selection of central categories based on the main
research issues identified before performing the interview series.

2. Interview transcripts were read through and instances relating to research issues
highlighted.

The result from the coding was compiled in a spreadsheet with columns for the central
categories and one column labeled other. During this step, relevant quotes were copied into the
table.

IV — Empirical Findings

The following sections present the results from the interviews analysis performed for this
paper based on the respondents’ answers.

Concept of Qualification

Throughout the interviews, it was clear that the word “qualification” had a different
meaning depending on the viewpoint, and often also depending on the background of the
respondent (civil aerospace, military or space products; material, design or process engineering).
There is also a confusion with other words that are used in similar contexts, e.g. verification or
certification, which tend to depend on what word a customer is using. The respondents were
asked to distinguish between material, process and product qualification, however, most of them
expressed that they are linked to each other, and in the end, it is the product qualification that
matters. Regardless of the terminology, the purpose was the same; to gather evidence showing
that a product meets a certain set of defined requirements on e.g. loads, life cycles and
performance. In other words, to show that the design intent of a product is met. Being part of a
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sub-system supplier in the aerospace industry, the respondents reflected on the responsibilities in
product qualification. Working with systems of products, e.g. a rocket engine, the end system is
qualified by the system responsible, while the sub-system product is qualified by its design
responsible. Due to practical reasons, sub-systems are usually qualified as part of the system
qualification. Depending on the agreement between the system responsible and the sub-system
supplier, the formal responsibility of the sub-system qualification in such cases can be on either.
If it is on the system responsible, the sub-system design responsible delivers a design data
package showing compliance to the requirements. The space industry is based on levels of
regulations and requirements. On the highest level, there are authority (or customer)
specifications instructing organizations how to work with product development and include such
quantitative requirements as what margins are needed in the design, what type of material data is
needed and how to qualify products. On the next level, there are the product technical
specifications written by the system responsible that holds the requirements on the sub-systems.
The design responsible for the sub-system plans the product qualification to meet this
specification. Requirements for product qualification are therefore set by the design responsible,
in accordance with the design specifications, and according to the needs of the product.

A — Product Qualification

The approach to qualification has changed over the years, where testing was the dominant
way of showing compliance in the past. Simulation and analysis have received a larger role in the
qualification work during the last 50 years, but still with complementary testing. “Not all things
are possible to calculate that needs testing” as one respondent expressed it. Often, calculations are
correlated towards testing for validation. One part in establishing analytical methods is the
availability of material data used for design. An approved database is built on material testing,
both through standardized material testing and product specific material testing. The respondents
frequently came back to that a manufacturing process needs to be verified with material data.
Hence, product qualification is closely linked to the manufacturing processes, and in the end, it is
the produced (or manufactured) material that needs to be qualified in its application. The relation
between the product qualification and the manufacturing process qualification can be depicted as
in Figure 2.
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Figure 2 — The role of manufacturing process qualification in product qualification. The letters
A-D refer to the corresponding sections in the text.
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B — Manufacturing Process Development

Authority regulations require that a design organization must have control over the
manufacturing of critical components (hence a company’s management system). Within the
scope of this study, four traditional manufacturing processes were discussed; forging, casting,
welding and fiber composites. The following synthesis is based on the common approach that
could be deduced for all of them. The term qualification of processes is used for manufacturing
processes that are considered critical. A critical process is a process that can render what the
respondents call “hidden properties’, e.g. pores, cracks or inclusions that cannot be measured
using NDT techniques (standard operations such as milling or drilling are not such processes).
Given the question if the qualification procedure is different depending on manufacturing process
or product, the respondents answered that the logic is always the same, but the exact activities
may differ. In general, it was also said that the exact qualification approach is dependent on the
customer since they have different experience and different philosophies on how products and
processes are qualified. The following general logic could be deduced from the interviews.

1. Give approval for the manufacturing method based on standards or specifications
2. Develop a specific process that fulfills the material requirements of the product
3. Freeze the final process

The approval of a manufacturing method (1) is usually done on a generic level
(independent of the part) and is based on internal knowledge (internal specifications aided by
third-party material standards) specifying the parameters, machines, etc. that have an impact on
part quality and that need to be controlled. Raw material control is practiced for all
manufacturing methods and material standards are normally used as a reference. In the
development of the manufacturing method to comply with the product specific needs (2),
concurrent engineering with the process owner (often a supplier for traditional materials) is
practiced to utilize the process capabilities and limitations. Once a process is developed, evidence
is gathered for how the product will perform with that process. Since hidden properties are
evaluated, destructive testing is always included in the qualification of a critical process, i.e. one
or more parts are sacrificed. The purpose is to identify what hidden properties there are that
cannot be measured on the final product using NDT, and verify the ones that are dimensioning
for the life of the part. Normally this is done using microstructure evaluation and material testing,
comparing it with a known material database to show that it is within the population. In serial
production, NDT has to be used to find indications for process drift which requires that the used
NDT methods are shown to find the type of defects that are sought for in parallel with the process
development. Having enough evidence that the product will meet the design intent, the process is
finally frozen (3). The idea behind freezing a process is to make sure that a product is
manufactured the same way, every time.

Compared to forging and casting, welding is based on a machine set-up and method
approval is usually done through the qualification of a process parameter window for each
machine individually and a process parameter window. Furthermore, due to the tough, and
usually product specific, requirements in aerospace, it is difficult to use the same welding
parameters for two different products. Fiber composites processes also differentiate since the
mechanical properties of products made of fiber composites are dependent on the geometry of the
product. One respondent expressed that “the principle for processes where your properties depend
on your product and process is to break it down into sub-process and sub-materials, and finally to
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freeze your process”. Practically this is done by approving the suppliers of the materials used in
the process, e.g. fibers or the epoxy. At manufacturing process level, there is normally no
material specification that is used as a reference, rather the requirements on the fiber composite
process are set based on the application.

C — Material Testing

The material data is the link between the product design and the manufacturing process as
one respondent expressed it. Once a manufacturing process is developed, or in the process of
being developed, material testing is therefore commenced to establish the material data which is
then used to verify the product. The authority regulations include what accuracy/confidence you
need in the data (how much testing you need, how many batches that have to be included, etc.),
but given the cost and time of establishing a complete database, there is usually a dialogue with
the customer to set a practical and appropriate level, and what safety factors that have to be used
in the design to compensate. This is especially the case within space programs where there can be
a lack of produced material due to the low number of products. There are usually no requirements
from the customer on what the material should look like in a cut, it is up to the design responsible
to verify its fulfillment. Engineering judgment and experience plays a vital role in the process
acceptance, and the amount and size of defects that can be accepted are set by the design
responsible. Periodical cut-ups (e.g. sacrificing every 10" part) was mentioned among the
respondents indicating that it was used on occasions. Although sacrificing a part is the best
approach to get representative material data, it is expensive for follow-up testing. The use of
‘hang-on bars’ is therefore practiced, where additional material is added to the part to be cut-off
for inspection. For forgings, a prolongation of the forged material is used which usually makes it
easier to show it to be representative. For castings, it is more difficult since the geometry of the
product and placing of the gates (used to pour the metal into the tool) has an impact on the
material flow and the solidification of the material. Castings are therefore more dependent on the
geometry of the product. Hang-on bars can be used to evaluate the bulk material, but defects are
dependent on location and sacrificing a part is therefore often needed for castings. For composites
and welding, there are usually test pieces that are manufactured in parallel with the process
development for cut-up and testing to show the product properties fulfillment. Periodical testing
is also rather common for composites, but then statistical data is used to reduce (or increase) the
interval.

D — Material Data and Design Verification

A challenge for the design responsible is to develop the manufacturing process quick
enough to be able to establish the material data needed for the design. Usually, the product design
is already set and when the manufacturing process has been developed, you need to show that the
product meets the analytical calculations. Normally, a known material database is used for the
product design, but then for the manufacturing process, this data is not necessarily the same since
it will be product specific. Many of the respondents associated the term “material qualification”
with the development of a new material and the building of generic database for its properties.
However, building material data is time-consuming (and costly), and within a development
project where you usually have less manufacturing in the beginning, this becomes a challenge.
Furthermore, the situation is not always ideal and sometimes there is a need to develop a material
or a process in parallel with the product development, knowing that the material data is a risk.
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Some of the respondents stressed that to qualify a product, it is not a requirement to have a
qualified material since in qualifying a product the aim is to show that the product, with its
manufacturing process(es), meets the design intent. Often, specific material requirements for a
product are therefore defined explicitly for that product. Following that logic, material standards
or specifications are not necessary for the qualification of a product, although they make it easier.

The product requirements are less precise early in the design process but become more set
as the development progress. This uncertainty in requirements puts a need to set a plan for the
verification already in the early design phases, and to consider how design choices will impact
the qualification. An example is casting where much thought is put into the product design.
Castings are usually designed for less stress in the material since the robustness of the process
(i.e. spread in material characteristics) is larger than compared to e.g. forgings. Given the
question on how castings can be approved although they include material defects (e.g. pores), the
respondents came back to that the amount of experience in using castings for many years gives
confidence. The material specialists can draw conclusions based on earlier applications and use
similarity to either approve or require re-design of a product or process. Again, appropriate safety
factors can be used for the design. Compared to AM, there is also confidence within the industry
that the processes are stable enough. As for castings, composites include defects (e.g. pores), and
a certain level has to be accepted, e.g. a percentage of the material volume is allowed. Safety
margins are used to reduce the material properties accordingly. However, this requires that there
is a proven NDT method that is capable of finding defects to this level, and this will decide in
practice if you can use the material or not in the given application.

Verification of space products through testing is more difficult since the real loads are not
experienced until they are launched, either as part of a rocket or a payload. At the same time, a
low production volume means less material data from produced components, adding to the
challenge of building knowledge and material data for the verification. The criticality level of a
product adds another factor to the qualification. While the qualification procedure of a critical
process is the same, the critical level of a product might impact the requirements on the
qualification since they are part specific. It can also have an impact on follow-up testing in serial
production, how often and how tough the requirements are on the NDT.

Challenges with new Processes and Additive Manufacturing

The respondents were also asked about the challenges with process qualification and the
discussions that followed went into both challenges for traditional processes and what challenges
there are with AM. One respondent said that on a high level, “the challenge is to find the
appropriate and relevant requirements on products”, and that the key to process qualification is
process knowledge and understanding. Setting the right requirements is a question of both
product function and economical production. Depending on the previous experience of a process,
the level of development will differ. If it is a new material, then a new set of material data has to
be deduced through testing. However, testing in itself is also a challenge since it might not be
evident what you should measure, as compared to traditional processes where there are
established methods. Similarity can be used for proven manufacturing processes, and if the same
notion can be used for AM, showing that it is at least as good as some known material, then that
might be one approach. However, then you need to gather enough evidence to show that it is
feasible. In literature, AM is often compared to forging and casting, with examples of AM having
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similar properties as forging (Frazier, 2014). However, one of the respondents believed that if the
AM processes cannot be shown to be more or less defect free, they will be difficult to compare
with forgings, ending with the option to compare with castings. Small variations in the material
can be handled through statistics, it is, however, the larger surprises that are more difficult (e.g.
inclusions (Branddo et al.,, 2017)). New manufacturing methods should therefore be
methodologically introduced to minimize the risk, i.e. start with less critical components to gather
experience. This step-by-step introduction has been the approach with Metal Deposition (MD)
technologies within the studied company. The process has been used in low stressed areas or in
non-critical applications to gather experience and periodical testing has been used to follow the
process. MD has also been treated much like a welding process with the requirements for
acceptable defects specified explicitly. One respondent compared AM to welding and mentioned
that the elimination of process defects in welds has been pursued for years, without succeeding,
and questioned if it will be possible to get fully rid of them in AM. Another respondent said that;
”’if we are working with powder, pores are something that we are not going to be able to avoid. I
don’t think so [...] we are going to have to live with pores, just like in castings.” In line with this,
one concern for AM processes that was brought up by several of the respondents was the
characterization and quality assurance of raw material, especially powder. The lack of standards
for AM materials is believed to be another hurdle for AM in space applications according to one
of the respondents. It is a conservative industry and before a new process is introduced you need
all the facts on the table before you move on, hence the logic to follow the TRL scale. The
customer is often involved in setting the requirements for each TRL level if a technology is
developed for an application, and the experience is that increasing the TRL level is easier if there
is an application.

V — Discussion

Throughout this study, it has been clear that knowledge about material behavior is the
foundation for product qualification. In a conservative industry as the space industry, this
becomes a challenge for mission critical components if sufficient knowledge and material data
are not available. The structure of working with TRL levels stems from the need of maturing a
technology before it can be used in real applications. Based on the interviews for this paper,
basically three approaches for qualifying a manufacturing process in a product can be deduced:

1. Rely on a generic material database which can be used as a reference for any product to
be built using that process, as is the case for many of the traditional processes with known
materials.

2. Use a known material database as the reference and show that the known material
database can be used as minimum properties for the new material, i.e. that the new
material is at least as good as the reference. This approach does put a need for sufficient
material testing to show that the new material is statistically within the minimum
properties.

3. Start from the application and look at its specific requirements, much like with
composites. This approach gives the possibility to tailor the manufacturing process
according to the product requirements, at the same time as knowledge about the process is
built, step by step.

Working from the bottom-up with these approaches gives the possibility to build
knowledge and data about the process, and is the logical path to build a materials database that
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can be used to possibly qualify a material in the end. However, since the material properties are
highly dependent on the AM process (e.g. machine type, process parameters), the question should
be asked if a generic database is feasible and practical, considering the fast development of AM
technologies, the cost of material testing, and the application driven mechanical properties. The
complexity of coupling between part and process has made it necessary to have a part-based
qualification approach for already implemented applications. It has been discussed in this paper
that analytical verification is an important part of the product qualification. However, given that
there are still many unknowns with the AM processes, component testing is likely to be important
in product qualification of AM. Fiber composites use this type of working methodology where
the approach towards defects has been that a certain amount has to be accepted. However, for
AM this approach has to be assessed and the design responsible needs to develop an
understanding of what type of defects that could be present, and what implications these have on
the design, the “effect of defect”. Seifi et al., (2017) summarize this in three questions to ask: (1)
what is the largest defect that can go undetected, (2) what is the effect of a given defect type, size
and distribution on part performance and safety, and (3) what is the consequence of catastrophic
part failure stemming from such inspection misses? Regardless of the approach, there is a strong
need for reliable inspection methods, both in-situ and NDT.

All stages of the product development process need adaption for AM (see Figure 1),
which implies that a close cooperation is required among the parties involved. Designing for AM
will require engineers to not only think in new ways to utilize the potential of the technology but
also in how they work with the prerequisites of each AM process. In the field of systems
engineering where there are multiple levels of requirements and suppliers, this becomes more
challenging since the design of sub-systems might impact other sub-systems (Lindwall et al.,
2017). The present paper highlights the importance of taking the product qualification into
consideration early in the design process. This is especially important in processes like casting
where the material is created in the process and is sensitive to the part geometry, similar to AM.
There are different approaches for product qualification, and engineering experience and
understanding of manufacturing processes are key ingredients to set sufficient requirements to
fulfill regulations. Building knowledge is therefore important in the introduction of AM, and the
identified areas in need of development (see Table 1) have to be addressed in parallel.

Implications for Space Applications

The space industry is built on regulations, standards and specifications, and the lack of
standards for AM materials could, therefore, be a hurdle for AM in space applications. However,
since the experience is that it is easier to mature a technology for an application, this should be
utilized for a more efficient development of AM. This approach favors the qualification approach
of developing your process from the needs of the product, again building knowledge towards a
more comprehensive process understanding.

The tough environments on many space applications push the limit on what the materials
are capable of. These extreme conditions could lead to unnecessary conservative designs and
requirements when working with AM due to the current status of the technologies with many
unknowns. Setting the right level of the requirements was mentioned as a challenge by the
respondents, but by involving the customer (or OEM), this could be achieved.
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Another challenge for the space industry compared to e.g. the civil aerospace industry is
the lack of possibility to implement an AM part in its application and use regular inspection to
monitor its behavior. Once a part is launched, it will be inaccessible and a failure could have
severe consequences for the mission. This makes it difficult to have a gradual introduction of AM
components. The use of technology demonstrators is an established approach for the introduction
of new technologies within the space industry and is recommended for mission critical AM
components.

While the characteristically low production volumes of the space industry are usually seen
as one enabler of economical AM production, it is also a challenge. To build confidence in a new
manufacturing method, statistically based production data is needed to be able to show its
robustness. However, the low volumes imply less produced material, and given the rapid
development of AM technologies, this could be a hurdle since the idea of a frozen process makes
it difficult to adapt new and better technologies.

Finally, from an engineering design perspective, AM brings many possibilities to find
new design solutions given the design freedom and possibility to consolidate parts. However, in
the development of a system (e.g. a satellite or a rocket engine) there are often several sub-
systems, and the use of “free form design” might lead to making the traditional interfaces
between these sub-systems more diffuse. The possibility to challenge traditional interfaces or not
might impact both the ability to utilize the capabilities of AM, but also how to maintain the
responsibilities of each sub-system.

VI — Conclusions

The qualification requirements for a space product are set by the design responsible, but is
influenced by customer and authority regulations. Product and manufacturing process
qualification are linked together, where the purpose of the qualification is to show that the design
intent of the product is fulfilled. This purpose should be seen as a guideline for the qualification
of AM products. Resemblances can be seen between AM and the traditional metal processes
welding and casting. Both AM and welding are dependent on specific machines and machine-by-
machine qualification is the practice for welding. Castings are sensitive to the manufacturing
process and part destruction is vital to understand the material structure in a specific product. At
the same time, the geometry dependence on mechanical properties that is seen in AM can be seen
in composites where component testing is common. Hence, elements from the qualification of
traditional manufacturing should be considered and combined in the qualification of AM.
Building industry confidence in AM technologies is probably the biggest challenge in the
conservative space industry, and process knowledge is important. Balancing the requirements of
qualification is a question of understanding the requirements of the product and the capabilities of
the process, making sure not to over specify the qualification.

Acknowledgements

The work is part of the RIT project (Space for Innovation and Growth), funded by the
European Regional Development Fund. The Swedish National Space Board is also involved
through NRFP, Swedish National Space Research Programme.

2710



References

Begoc, S., Palerm, S., Salapete, R., Theron, M., & Dehouve, J. (2017). Additive Manufacturing at
French Space Agency with Industry Partnership. In D. I. Wimpenny, P. M. Pandey, & L. J.
Kumar (Eds.), Advances in 3D Printing & Additive Manufacturing Technologies (1st ed.,
pp. 111-120). Singapore: Springer. https://doi.org/10.1007/978-981-10-0812-2

Brandao, A. D., Gerard, R., Gumpinger, J., Beretta, S., Makaya, A., Pambaguian, L., & Ghidini,
T. (2017). Challenges in Additive Manufacturing of Space Parts : Powder Feedstock Cross-
Contamination and Its Impact on End Products. Materials, 10(5).
https://doi.org/10.3390/ma10050522

Clinton, R. G. J. (2017). Overview of Additive Manufacturing Initiatives at NASA Marshall
Space Flight Center - In Space and Rocket Engines. Additive Manufacturing for Aerospace,
Defence and Space 2017 (Presentation). London, United Kingdom.

CMH-17. (2012). Composite Materials Handbook-17 - Polymer Matrix Composites: Materials,
Usage, Design, and Analysis. SAE International.

Dordlofva, C., Lindwall, A., & Torlind, P. (2016). Opportunities and Challenges for Additive
Manufacturing in Space Applications. Proceedings of Norddesign 2016, 1, 401-410.

ECSS. (2017). European Cooperation for Space Standardization. Retrieved from
http://www.ecss.nl

Everton, S. K., Hirsch, M., Stravroulakis, P., Leach, R. K., & Clare, A. T. (2016). Review of in-
situ process monitoring and in-situ metrology for metal additive manufacturing. Materials
and Design, 95, 431-445. https://doi.org/10.1016/j.matdes.2016.01.099

Fitzgerald, E., & Everhart, W. (2016). The Effect of Location on the Structure and Mechanical
Properties of Selective Laser Melted 316L Stainless Steel. In Proceedings of the 27th
Annual International Solid Freeform Fabrication Symposium (pp. 574-583).

Frazier, W. E. (2014). Metal additive manufacturing: A review. Journal of Materials Engineering
and Performance, 23(6), 1917-1928. https://doi.org/10.1007/s11665-014-0958-z

Gibson, 1., Rosen, D., & Stucker, B. (2015). Additive Manufacturing Technologies: 3D Printing,
Rapid Prototyping, and Direct Digital Manufacturing (2nd ed.). New York: Springer.

Kumke, M., Watschke, H., & Vietor, T. (2016). A new methodological framework for design for
additive manufacturing. Virtual and Physical Prototyping, 11(1), 3—19.
https://doi.org/10.1080/17452759.2016.1139377

Lasagni, F., Vilanova, J., Perifan, A., Zorrilla, A., Tudela, S., & Gémez-Molinero, V. (2016).
Getting confidence for flying additive manufactured hardware. Progress in Additive
Manufacturing, 1, 129-139. https://doi.org/10.1007/s40964-016-0014-7

Lindemann, C., & Koch, R. (2016). Cost Efficient Design and Planning for Additive
Manufacturing Technologies. In Proceedings of the 27th Annual International Solid
Freeform Fabrication Symposium (pp. 93—112).

Lindwall, A., Dordlofva, C., & Ohrwall Rénnbick, A. (2017). Additive Manufacturing and the
Product Development Process: insights from the space industry. In 2/st International
Conference on Engineering Design (ICED) - (to be presented).

Mankins, J. C. (1995). Technology Readiness Levels (A White Paper).

Martin-iglesias, P., Vorst, M. Van Der, Gumpinger, J., & Ghidini, T. (2017). ESA’s Recent
Developments in the Field of 3D- Printed RF / Microwave Hardware. In //th European
Conference on Antennas and Propagation (EUCAP) (pp. 553-557).

Martukanitz, R., Michaleris, P., Palmer, T., DebRoy, T., Liu, Z. K., Otis, R., ... Chen, L. Q.
(2014). Toward an integrated computational system for describing the additive

2711



manufacturing process for metallic materials. Additive Manufacturing, 1—4, 52—63.
https://doi.org/10.1016/j.addma.2014.09.002

Miles, M. B., & Huberman, A. M. (1994). Qualitative Data Analysis: An Expanded Sourcebook.
Beverly Hills, CA: Sage Publications.

Orme, M., Gschweitl, M., Ferrari, M., Vernon, R., Madera, I. J., Yancey, R., & Mouriaux, F.
(2017). A Holistic Process-Flow from Concept to Validation for Additive Manufacturing of
Light-Weight, Optimized, Metallic Components Suitable for Space Flight. 58t
AIAA/ASCE/AHS/ASC Structures, Structural Dynamics, and Materials Conference.
https://doi.org/10.2514/6.2017-1540

Portolés, L., Jorda, O., Jord4, L., Uriondo, A., Esperon-Miguez, M., & Perinpanayagam, S.
(2016). A qualification procedure to manufacture and repair aerospace parts with electron
beam melting. Journal of Manufacturing Systems, 41, 65-75.
https://doi.org/10.1016/j.jmsy.2016.07.002

Rawal, S., Brantley, J., & Karabudak, N. (2013). Additive Manufacturing of Ti-6Al-4V alloy
components for spacecraft applications. In 6¢h International Conference on Recent Advances
in Space Technologies (RAST). https://doi.org/10.1109/RAST.2013.6581260

Seifi, M., Gorelik, M., Waller, J., Hrabe, N., Shamsaei, N., Daniewicz, S., & Lewandowski, J. J.
(2017). Progress Towards Metal Additive Manufacturing Standardization to Support
Qualification and Certification. Jom, 69(3), 439—455. https://doi.org/10.1007/s11837-017-
2265-2

Seifi, M., Salem, A., Beuth, J., Harrysson, O., & Lewandowski, J. J. (2016). Overview of
Materials Qualification Needs for Metal Additive Manufacturing. JOM, (January), 1-18.
https://doi.org/10.1007/s11837-015-1810-0

Soller, S., Barata, A., Beyer, S., Dahlhaus, A., Guichard, D., Humbert, E., ... Zeiss, W. (2016).
Selective Laser Melting (SLM) of Inconel 718 and Stainless Steel Injectors for Liquid
Rocket Engines. In Space Propulsion 2016 Proceedings.

SpaceX. (2014). SpaceX Launches 3D-Printed Part to Space, Creates Printed Engine Chamber.
Retrieved June 26, 2017, from http://www.spacex.com/news/2014/07/31/spacex-launches-
3d-printed-part-space-creates-printed-engine-chamber-crewed

Taylor, R. M., Manzo, J., & Flansburg, L. (2016). Certification Strategy for Additively
Manufactured Structural Fittings. In Proceedings of the 27th Annual International Solid
Freeform Fabrication Symposium (pp. 1985-2000).

Thompson, M. K., Moroni, G., Vaneker, T., Fadel, G., Campbell, R. 1., Gibson, 1., ... Martina, F.
(2016). Design for Additive Manufacturing: Trends, opportunities, considerations, and
constraints. CIRP Annals - Manufacturing Technology, 65, 737-760.
https://doi.org/10.1016/j.cirp.2016.05.004

Underhill, K., Caruana, J.-N., De Rosa, M., & Schoroth, W. (2016). Status of FLPP Propulsion
Demonstrators — technology maturation, application perspectives. In Space Propulsion 2016
Proceedings.

Uriondo, A., Esperon-Miguez, M., & Perinpanayagam, S. (2015). The present and future of
additive manufacturing in the aerospace sector: A review of important aspects. Proceedings
of the Institution of Mechanical Engineers, Part G: Journal of Aerospace Engineering,
229(11), 2132-2147. https://doi.org/10.1177/0954410014568797

Waller, J., Saulsberry, R., Parker, B., Hodges, K., Burke, E., & Taminger, K. (2015). Summary of
NDE of Additive Manufacturing Efforts in NASA. In AIP Conference Proceedings (Vol.
1650, pp. 51-62). https://doi.org/10.1063/1.4914594

2712



	Welcome
	Title Page
	Preface
	Organizing Committee
	Papers to Journals
	Table of Contents
	Materials
	Scanning Strategies in Electron Beam Melting to Influence Microstructure Development
	Relating Processing of Selective Laser Melted Structures to Their Material and Modal Properties
	Thermal Property Measurement Methods and Analysis for Additive Manufacturing Solids and Powders
	Prediction of Fatigue Lives in Additively Manufactured Alloys Based on the Crack-Growth Concept
	Fatigue Behavior of Additive Manufactured Parts in Different Process Chains – An Experimental Study
	Effect of Process Parameter Variation on Microstructure and Mechanical Properties of Additively Manufactured Ti-6Al-4V
	Optimal Process Parameters for In Situ Alloyed Ti15Mo Structures by Laser Powder Bed Fusion
	Efficient Fabrication of Ti6Al4V Alloy by Means of Multi-Laser Beam Selective Laser Melting
	Effect of Heat Treatment and Hot Isostatic Pressing on the Morphology and Size of Pores in Additive Manufactured Ti-6Al-4V Parts
	Effect of Build Orientation on Fatigue Performance of Ti-6Al-4V Parts Fabricated via Laser-Based Powder Bed Fusion
	Effect of Specimen Surface Area Size on Fatigue Strength of Additively Manufactured Ti-6Al-4V Parts
	Small-Scale Mechanical Properties of Additively Manufactured Ti-6Al-4V
	Design and Fabrication of Functionally Graded Material from Ti to Γ-Tial by Laser Metal Deposition
	Tailoring Commercially Pure Titanium Using Mo₂C during Selective Laser Melting
	Characterization of MAR-M247 Deposits Fabricated through Scanning Laser Epitaxy (SLE)
	Mechanical Assessment of a LPBF Nickel Superalloy Using the Small Punch Test Method
	Effects of Processing Parameters on the Mechanical Properties of CMSX-4® Additively Fabricated through Scanning Laser Epitaxy (SLE)
	Effect of Heat Treatment on the Microstructures of CMSX-4® Processed through Scanning Laser Epitaxy (SLE)
	On the Use of X-Ray Computed Tomography for Monitoring the Failure of an Inconel 718 Two-Bar Specimen Manufactured by Laser Powder Bed Fusion
	Laser Powder Bed Fusion Fabrication and Characterization of Crack-Free Aluminum Alloy 6061 Using In-Process Powder Bed Induction Heating
	Porosity Development and Cracking Behavior of Al-Zn-Mg-Cu Alloys Fabricated by Selective Laser Melting
	Effect of Optimizing Particle Size in Laser Metal Deposition with Blown Pre-Mixed Powders
	Aluminum Matrix Syntactic Foam Fabricated with Additive Manufacturing
	Binderless Jetting: Additive Manufacturing of Metal Parts via Jetting Nanoparticles
	Characterization of Heat-Affected Powder Generated during the Selective Laser Melting of 304L Stainless Steel Powder
	Effects of Area Fraction and Part Spacing on Degradation of 304L Stainless Steel Powder in Selective Laser Melting
	Influence of Gage Length on Miniature Tensile Characterization of Powder Bed Fabricated 304L Stainless Steel
	Study of Selective Laser Melting for Bonding of 304L Stainless Steel to Grey Cast Iron
	Mechanical Performance of Selective Laser Melted 17-4 PH Stainless Steel under Compressive Loading
	Microstructure and Mechanical Properties Comparison of 316L Parts Produced by Different Additive Manufacturing Processes
	A Parametric Study on Grain Structure in Selective Laser Melting Process for Stainless Steel 316L
	316L Powder Reuse for Metal Additive Manufacturing
	Competing Influence of Porosity and Microstructure on the Fatigue Property of Laser Powder Bed Fusion Stainless Steel 316L
	Studying Chromium and Nickel Equivalency to Identify Viable Additive Manufacturing Stainless Steel Chemistries
	Investigation of the Mechanical Properties on Hybrid Deposition and Micro-Rolling of Bainite Steel
	Process – Property Relationships in Additive Manufacturing of Nylon-Fiberglass Composites Using Taguchi Design of Experiments
	Digital Light Processing (DLP): Anisotropic Tensile Considerations
	Determining the Complex Young’s Modulus of Polymer Materials Fabricated with Microstereolithography
	Effect of Process Parameters and Shot Peening on Mechanical Behavior of ABS Parts Manufactured by Fused Filament Fabrication (FFF)
	Expanding Material Property Space Maps with Functionally Graded Materials for Large Scale Additive Manufacturing
	Considering Machine- and Process-Specific Influences to Create Custom-Built Specimens for the Fused Deposition Modeling Process
	Rheological Evaluation of High Temperature Polymers to Identify Successful Extrusion Parameters
	A Viscoelastic Model for Evaluating Extrusion-Based Print Conditions
	Towards a Robust Production of FFF End-User Parts with Improved Tensile Properties
	Investigating Material Degradation through the Recycling of PLA in Additively Manufactured Parts
	Ecoprinting: Investigating the Use of 100% Recycled Acrylonitrile Butadiene Styrene (ABS) for Additive Manufacturing
	Microwave Measurements of Nylon-12 Powder Ageing for Additive Manufacturing
	Improvement of Recycle Rate in Laser Sintering by Low Temperature Process
	Development of an Experimental Laser Sintering Machine to Process New Materials like Nylon 6
	Optimization of Adhesively Joined Laser-Sintered Parts
	Investigating the Impact of Functionally Graded Materials on Fatigue Life of Material Jetted Specimens
	Fabrication and Characterization of Graphite/Nylon 12 Composite via Binder Jetting Additive Manufacturing Process
	Fabricating Zirconia Parts with Organic Support Material by the Ceramic On-Demand Extrusion Process
	The Application of Composite Through-Thickness Assessment to Additively Manufactured Structures
	Tensile Mechanical Properties of Polypropylene Composites Fabricated by Material Extrusion
	Pneumatic System Design for Direct Write 3D Printing
	Ceramic Additive Manufacturing: A Review of Current Status and Challenges
	Recapitulation on Laser Melting of Ceramics and Glass-Ceramics
	A Trade-Off Analysis of Recoating Methods for Vat Photopolymerization of Ceramics
	Additive Manufacturing of High-Entropy Alloys – A Review
	Microstructure and Mechanical Behavior of AlCoCuFeNi High-Entropy Alloy Fabricated by Selective Laser Melting
	Selective Laser Melting of AlCu5MnCdVA: Formability, Microstructure and Mechanical Properties
	Microstructure and Crack Distribution of Fe-Based Amorphous Alloys Manufactured by Selective Laser Melting
	Construction of Metallic Glass Structures by Laser-Foil-Printing Technology
	Building Zr-Based Metallic Glass Part on Ti-6Al-4V Substrate by Laser-Foil-Printing Additive Manufacturing
	Optimising Thermoplastic Polyurethane for Desktop Laser Sintering

	Modeling
	Real-Time Process Measurement and Feedback Control for Exposure Controlled Projection Lithography
	Optimization of Build Orientation for Minimum Thermal Distortion in DMLS Metallic Additive Manufacturing
	Using Skeletons for Void Filling in Large-Scale Additive Manufacturing
	Implicit Slicing Method for Additive Manufacturing Processes
	Time-Optimal Scan Path Planning Based on Analysis of Sliced Geometry
	A Slicer and Simulator for Cooperative 3D Printing
	Study on STL-Based Slicing Process for 3D Printing
	ORNL Slicer 2: A Novel Approach for Additive Manufacturing Tool Path Planning
	Computer Integration for Geometry Generation for Product Optimization with Additive Manufacturing
	Multi-Level Uncertainty Quantification in Additive Manufacturing
	Computed Axial Lithography for Rapid Volumetric 3D Additive Manufacturing
	Efficient Sampling for Design Optimization of an SLS Product
	Review of AM Simulation Validation Techniques
	Generation of Deposition Paths and Quadrilateral Meshes in Additive Manufacturing
	Analytical and Experimental Characterization of Anisotropic Mechanical Behaviour of Infill Building Strategies for Fused Deposition Modelling Objects
	Flexural Behavior of FDM Parts: Experimental, Analytical and Numerical Study
	Simulation of Spot Melting Scan Strategy to Predict Columnar to Equiaxed Transition in Metal Additive Manufacturing
	Modelling Nanoparticle Sintering in a Microscale Selective Laser Sintering Process
	3-Dimensional Cellular Automata Simulation of Grain Structure in Metal Additive Manufacturing Processes
	Numerical Simulation of Solidification in Additive Manufacturing of Ti Alloy by Multi-Phase Field Method
	The Effect of Process Parameters and Mechanical Properties Oof Direct Energy Deposited Stainless Steel 316
	Thermal Modeling of 304L Stainless Steel Selective Laser Melting
	The Effect of Polymer Melt Rheology on Predicted Die Swell and Fiber Orientation in Fused Filament Fabrication Nozzle Flow
	Simulation of Planar Deposition Polymer Melt Flow and Fiber Orientaiton in Fused Filament Fabrication
	Numerical Investigation of Stiffness Properties of FDM Parts as a Function of Raster Orientation
	A Two-Dimensional Simulation of Grain Structure Growth within Substrate and Fusion Zone during Direct Metal Deposition
	Numerical Simulation of Temperature Fields in Powder Bed Fusion Process by Using Hybrid Heat Source Model
	Thermal Simulation and Experiment Validation of Cooldown Phase of Selective Laser Sintering (SLS)
	Numerical Modeling of High Resolution Electrohydrodynamic Jet Printing Using OpenFOAM
	Mesoscopic Multilayer Simulation of Selective Laser Melting Process
	A Study into the Effects of Gas Flow Inlet Design of the Renishaw AM250 Laser Powder Bed Fusion Machine Using Computational Modelling
	Development of Simulation Tools for Selective Laser Melting Additive Manufacturing
	Machine Learning Enabled Powder Spreading Process Map for Metal Additive Manufacturing (AM)

	Process Development
	Melt Pool Dimension Measurement in Selective Laser Melting Using Thermal Imaging
	In-Process Condition Monitoring in Laser Powder Bed Fusion (LPBF)
	Performance Characterization of Process Monitoring Sensors on the NIST Additive Manufacturing Metrology Testbed
	Microheater Array Powder Sintering: A Novel Additive Manufacturing Process
	Fabrication and Control of a Microheater Array for Microheater Array Powder Sintering
	Initial Investigation of Selective Laser Sintering Laser Power vs. Part Porosity Using In-Situ Optical Coherence Tomography
	The Effect of Powder on Cooling Rate and Melt Pool Length Measurements Using In Situ Thermographic Tecniques
	Monitoring of Single-Track Degradation in the Process of Selective Laser Melting
	Machine Learning for Defect Detection for PBFAM Using High Resolution Layerwise Imaging Coupled with Post-Build CT Scans
	Selection and Installation of High Resolution Imaging to Monitor the PBFAM Process, and Synchronization to Post-Build 3D Computed Tomography
	Multisystem Modeling and Optimization of Solar Sintering System
	Continuous Laser Scan Strategy for Faster Build Speeds in Laser Powder Bed Fusion System
	Influence of the Ratio between the Translation and Contra-Rotating Coating Mechanism on Different Laser Sintering Materials and Their Packing Density
	Thermal History Correlation with Mechanical Properties for Polymer Selective Laser Sintering (SLS)
	Post Processing Treatments on Laser Sintered Nylon 12
	Development of an Experimental Test Setup for In Situ Strain Evaluation during Selective Laser Melting
	In Situ Melt Pool Monitoring and the Correlation to Part Density of Inconel® 718 for Quality Assurance in Selective Laser Melting
	Influence of Process Time and Geometry on Part Quality of Low Temperature Laser Sintering
	Increasing Process Speed in the Laser Melting Process of Ti6Al4V and the Reduction of Pores during Hot Isostatic Pressing
	A Method for Metal AM Support Structure Design to Facilitate Removal
	Expert Survey to Understand and Optimize Part Orientation in Direct Metal Laser Sintering
	Fabrication of 3D Multi-Material Parts Using Laser-Based Powder Bed Fusion
	Melt Pool Image Process Acceleration Using General Purpose Computing on Graphics Processing Units
	Blown Powder Laser Cladding with Novel Processing Parameters for Isotropic Material Properties
	The Effect of Arc-Based Direct Metal Energy Deposition on PBF Maraging Steel
	Fiber-Fed Laser-Heated Process for Printing Transparent Glass
	Reducing Mechanical Anisotropy in Extrusion-Based Printed Parts
	Exploring the Manufacturability and Resistivity of Conductive Filament Used in Material Extrusion Additive Manufacturing
	Active - Z Printing: A New Approach to Increasing 3D Printed Part Strength
	A Mobile 3D Printer for Cooperative 3D Printing
	A Floor Power Module for Cooperative 3D Printing
	Changing Print Resolution on BAAM via Selectable Nozzles
	Predicting Sharkskin Instability in Extrusion Additive Manufacturing of Reinforced Thermoplastics
	Design of a Desktop Wire-Feed Prototyping Machine
	Process Modeling and In-Situ Monitoring of Photopolymerization for Exposure Controlled Projection Lithography (ECPL)
	Effect of Constrained Surface Texturing on Separation Force in Projection Stereolithography
	Modeling of Low One-Photon Polymerization for 3D Printing of UV-Curable Silicones
	Effect of Process Parameters and Shot Peening on the Tensile Strength and Deflection of Polymer Parts Made Using Mask Image Projection Stereolithography (MIP-SLA)
	Additive Manufacturing Utilizing Stock Ultraviolet Curable Silicone
	Temperature and Humidity Variation Effect on Process Behavior in Electrohydrodynamic Jet Printing of a Class of Optical Adhesives
	Reactive Inkjet Printing Approach towards 3D Silcione Elastomeric Structures Fabrication
	Magnetohydrodynamic Drop-On-Demand Liquid Metal 3D Printing
	Selective Separation Shaping of Polymeric Parts
	Selective Separation Shaping (SSS) – Large-Scale Fabrication Potentials
	Mechanical Properties of 304L Metal Parts Made by Laser-Foil-Printing Process
	Investigation of Build Strategies for a Hybrid Manufacturing Process Progress on Ti-6Al-4V
	Direct Additive Subtractive Hybrid Manufacturing (DASH) – An Out of Envelope Method
	Metallic Components Repair Strategies Using the Hybrid Manufacturing Process
	Rapid Prototyping of EPS Pattern for Complicated Casting
	5-Axis Slicing Methods for Additive Manufacturing Process
	A Hybrid Method for Additive Manufacturing of Silicone Structures
	Analysis of Hybrid Manufacturing Systems Based on Additive Manufacturing Technology
	Fabrication and Characterization of Ti6Al4V by Selective Electron Beam and Laser Hybrid Melting
	Development of a Hybrid Manufacturing Process for Precision Metal Parts
	Defects Classification of Laser Metal Deposition Using Acoustic Emission Sensor
	An Online Surface Defects Detection System for AWAM Based on Deep Learning
	Development of Automatic Smoothing Station Based on Solvent Vapour Attack for Low Cost 3D Printers
	Casting - Forging - Milling Composite Additive Manufacturing Thechnology
	Design and Development of a Multi-Tool Additive Manufacturing System
	Challenges in Making Complex Metal Large-Scale Parts for Additive Manufacturing: A Case Study Based on the Additive Manufacturing Excavator
	Visual Sensing and Image Processing for Error Detection in Laser Metal Wire Deposition

	Applications
	Embedding of Liquids into Water Soluble Materials via Additive Manufacturing for Timed Release
	Prediction of the Elastic Response of TPMS Cellular Lattice Structures Using Finite Element Method
	Multiscale Analysis of Cellular Solids Fabricated by EBM
	An Investigation of Anisotropy of 3D Periodic Cellular Structure Designs
	Modeling of Crack Propagation in 2D Brittle Finite Lattice Structures Assisted by Additive Manufacturing
	Estimating Strength of Lattice Structure Using Material Extrusion Based on Deposition Modeling and Fracture Mechanics
	Controlling Thermal Expansion with Lattice Structures Using Laser Powder Bed Fusion
	Determination of a Shape and Size Independent Material Modulus for Honeycomb Structures in Additive Manufacturing
	Additively Manufactured Conformal Negative Stiffness Honeycombs
	A Framework for the Design of Biomimetic Cellular Materials for Additive Manufacturing
	A Post-Processing Procedure for Level Set Based Topology Optimization
	Multi-Material Structural Topology Optimization under Uncertainty via a Stochastic Reduced Order Model Approach
	Topology Optimization for 3D Material Distribution and Orientation in Additive Manufacturing
	Topological Optimization and Methodology for Fabricating Additively Manufactured Lightweight Metallic Mirrors
	Topology Optimization of an Additively Manufactured Beam
	Quantifying Accuracy of Metal Additive Processes through a Standardized Test Artifact
	Integrating Interactive Design and Simulation for Mass Customized 3D-Printed Objects – A Cup Holder Example
	High-Resolution Electrohydrodynamic Jet Printing of Molten Polycaprolactone
	3D Bioprinting of Scaffold Structure Using Micro-Extrusion Technology
	Fracture Mechanism Analysis of Schoen Gyroid Cellular Structures Manufactured by Selective Laser Melting
	An Investigation of Build Orientation on Shrinkage in Sintered Bioceramic Parts Fabricated by Vat Photopolymerization
	Hypervelocity Impact of Additively Manufactured A356/316L Interpenetrating Phase Composites
	Understanding and Engineering of Natural Surfaces with Additive Manufacturing
	Additive Fabrication of Polymer-Ceramic Composite for Bone Tissue Engineering
	Binder Jet Additive Manufacturing of Stainless Steel - Tricalcium Phosphate Biocomposite for Bone Scaffold and Implant Applications
	Selective Laser Melting of Novel Titanium-Tantalum Alloy as Orthopedic Biomaterial
	Development of Virtual Surgical Planning Models and a Patient Specific Surgical Resection Guide for Treatment of a Distal Radius Osteosarcoma Using Medical 3D Modelling and Additive Manufacturing Processes
	Design Optimisation of a Thermoplastic Splint
	Reverse Engineering a Transhumeral Prosthetic Design for Additive Manufacturing
	Big Area Additive Manufacturing Application in Wind Turbine Molds
	Design, Fabrication, and Qualification of a 3D Printed Metal Quadruped Body: Combination Hydraulic Manifold, Structure and Mechanical Interface
	Smart Parts Fabrication Using Powder Bed Fusion Additive Manufacturing Technologies
	Design for Protection: Systematic Approach to Prevent Product Piracy during Product Development Using AM
	The Use of Electropolishing Surface Treatment on IN718 Parts Fabricated by Laser Powder Bed Fusion Process
	Towards Defect Detection in Metal SLM Parts Using Modal Analysis “Fingerprinting”
	Electrochemical Enhancement of the Surface Morphology and the Fatigue Performance of Ti-6Al-4V Parts Manufactured by Laser Beam Melting
	Fabrication of Metallic Multi-Material Components Using Laser Metal Deposition
	A Modified Inherent Strain Method for Fast Prediction of Residual Deformation in Additive Manufacturing of Metal Parts 2539
	Effects of Scanning Strategy on Residual Stress Formation in Additively Manufactured Ti-6Al-4V Parts
	How Significant Is the Cost Impact of Part Consolidation within AM Adoption?
	Method for the Evaluation of Economic Efficiency of Additive and Conventional Manufacturing
	Integrating AM into Existing Companies - Selection of Existing Parts for Increase of Acceptance
	Ramp-Up-Management in Additive Manufacturing – Technology Integration in Existing Business Processes
	Rational Decision-Making for the Beneficial Application of Additive Manufacturing
	Approaching Rectangular Extrudate in 3D Printing for Building and Construction by Experimental Iteration of Nozzle Design
	Areal Surface Characterization of Laser Sintered Parts for Various Process Parameters
	Design and Process Considerations for Effective Additive Manufacturing of Heat Exchangers
	Design and Additive Manufacturing of a Composite Crossflow Heat Exchanger
	Fabrication and Quality Assessment of Thin Fins Built Using Metal Powder Bed Fusion Additive Manufacturing
	A Mobile Robot Gripper for Cooperative 3D Printing
	Technological Challenges for Automotive Series Production in Laser Beam Melting
	Qualification Challenges with Additive Manufacturing in Space Applications
	Material Selection on Laser Sintered Stab Resistance Body Armor
	Investigation of Optical Coherence Tomography Imaging in Nylon 12 Powder
	Powder Bed Fusion Metrology for Additive Manufacturing Design Guidance
	Geometrical Accuracy of Holes and Cylinders Manufactured with Fused Deposition Modeling
	New Filament Deposition Technique for High Strength, Ductile 3D Printed Parts
	Applied Solvent-Based Slurry Stereolithography Process to Fabricate High-Performance Ceramic Earrings with Exquisite Details
	Design and Preliminary Evaluation of a Deployable Mobile Makerspace for Informal Additive Manufacturing Education
	Comparative Costs of Additive Manufacturing vs. Machining: The Case Study of the Production of Forming Dies for Tube Bending


	Attendee List
	Author Index
	Print
	Search



