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Abstract

Metal Binder Jetting (MBJ) is an Additive Manufacturing (AM) method in which
parts are built layer-by-layer using metal powder and a selectively deposited liquid
bonding agent. MBJ can produce complex geometries with competitive physical
properties. The as-printed part must undergo sintering to densify the component
from ~50% to over 95% relative density and to achieve the desired physical prop-
erties. This densification corresponds to linear part shrinkage on the scale of 20%
in addition to other deformations that may result from the high-temperature pro-
cess. Shrinkage and deformation act as obstacles to creating parts with required
geometrical tolerances when using MBJ.

Simulations of the sintering stage of the process present one possible way to im-
prove geometry when addressing and compensating for shrinkage and deformation.
The Simufact Additive Binder Jet module, developed by Hexagon AB, uses a finite
element analysis (FEA) simulation of the sintering process and material model to
predict the change of the geometry and the deviation from the desired tolerances.
Additionally, there is the option to create a compensated, pre-deformed geometry
that should sinter to the desired geometry based on the simulation results. This
work has focused on investigating the sensitivity of input parameters of the simula-
tions and the accuracy of simulation predictions compared to experimentally printed
and sintered parts.

Investigation of simple 10mm cube geometries has shown that the Simufact simula-
tions predict shrinkage on a similar scale to previous research but underestimate the
shrinkage anisotropy in the build direction. When using the default material model,
the pre-deformed geometry created by Simufact lead to an improvement in compli-
ance with geometrical tolerances in 3 out of 5 tested geometries after sintering. An
adjusted model applied to a complex geometry showed improved results from the
default settings but with room for further improvement, indicating that adjusting
simulation settings can improve simulation fidelity compared to real parts. Adjust-
ments to the material model showed a more substantial influence on the results
of simulation compared to adjustments in the sintering profile, with temperature
notably showing little to no effect on predicted densification.

Keywords: additive manufacturing, metal binder jetting, Simufact Additive, sinter-
ing, shrinkage, deformation, simulation, design compensation.
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1

Introduction

This chapter introduces the research work by providing a brief background into the
topic as well as the aims and limitations of the investigation.

1.1 Background

This project was conducted at the Research Institute of Sweden (RISE) in the
frame of the Center for Additive Manufacturing - Metal (CAM?) coordinated by
Chalmers University of Technology. The project focused on one of the growing
additive manufacturing (AM) methods, specifically metal binder jetting (MBJ). In
this process, a CAD file is printed by layers of metal powder being bonded together,
and then this green part is processed and sintered [1]. During this process, the part
shrinks which, together with the impact of external forces, e.g. gravity, friction to
the substrate, etc., can cause nonuniform deformations that are difficult to predict
[2, 3]. This project set out to investigate this shrinkage and deformation behavior
in order to determine how accurately the simulation software from Hexagon AB,
Simufact Additive, and its Metal Binder Jetting module, can be used to simulate
and predict these deformations. Also, this work investigated whether the design can
be altered to compensate for this.

On a societal level, this project could potentially contribute to improved simula-
tions in AM and in turn its acceptance into industrial settings. By improving the
capabilities of the technology its benefits, such as improved customization and more
sustainable manufacturing closer to the customers, will become more accessible.
This relatively new area of manufacturing can affect everything from manufacturing
in industrial settings to the production of smaller parts and toys for use in peo-
ple’s homes. Currently, MBJ is not a fully understood process, thus it is not a
widely adopted manufacturing method. This project acts as a step to improve MBJ
reliability as a supplement to traditional manufacturing methods.

When it comes to relating to the ecological aspect of the project, UN sustainability
goals 8, 9, and 12 are the most relevant as they relate to the development of sustain-
able industry, economic growth, and the responsible consumption and production of
resources [4]. Additive manufacturing in general and MBJ can help with advancing
these goals as they are methods that focus on developing less wasteful methods of
manufacturing along with contributing to the increased ability of local development
and manufacturing.
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The ethical aspects of this project are rather limited as the project consists of an
investigation into the reliability of software that is used to analyze the additive
manufacturing method of MBJ. From a broader perspective, one could look into
the concept of additive manufacturing and what kind of ethical aspects could be
derived from that sector as a whole. One aspect that could be considered is that the
process of additive manufacturing makes it easier to manufacture products locally
and in-house because the process is much less space intensive and works quite well
for many smaller components. Closer production would contribute to more local
manufacturing jobs and would make the process of oversight into worker welfare
easier, compared to having the manufacturing take place overseas in a factory with
poor oversight.

This project aimed to investigate the Binder Jetting Module of Simufact Additive.
The project host, RISE, was interested in determining the reliability and accuracy
of the simulations compared to reality and wanted a better understanding of how
the software can compensate for the designs. The work to address these aims was
divided into 4 main areas: a literature study, design and process simulation, ex-
perimental work, and analysis. The literature study focused on the design and
simulation processes for MBJ as well as previous research on sintering anisotropy
in MBJ parts. The simulation stage used the Simufact Additive 2022 MBJ module
(Hexagon AB) [5]. CAD models were created in either Catia V5 or Fusion 360.
The experiments included printing geometries with RISE’s MBJ printer and using a
digital scanner to measure the deformations at different stages of the process. Some
parameters under investigation included part size, geometrical features, and mate-
rial properties. The analysis consisted of a sensitivity analysis of the different input
and output parameters that were used in the simulation, conducted with the help
of the statistical software JMP.

1.2 Limitations

The project was carried out over 20 weeks creating some limitations on the scope of
the project. Also, there were some limitations related to the availability of equip-
ment. RISE uses an on-site Digital Metal DM P2500 printer; other printer models
were not used during the project. Only one print material is investigated, 316L
stainless steel produced by Hogands AB, so the variation in the behavior of other
materials is not included in this project. The printer and sintering settings were not
adjusted between prints so the only variation was the geometry provided and the
random minor variations that occur during printing.

1.3 Specification of the Issue under Investigation

The following are specific research questions (RQ) that were addressed during the
project relating to the primary objectives set out at the beginning of the project.

1. How well can the simulation tool predict the deformation of parts after sinter-
ing?



1. Introduction

2. Can the prediction be used to redesign the original geometry to compensate
for the deformation?
3. To what extent do different parameters influence the outcome of the simula-
tion?
With regards to RQ1, the investigation considered the overall accuracy as well as
relevant parameters included in the model. Included in this was determining a way
to effectively compare physical geometries with their simulated counterparts. RQ2
pertains mainly to the Compensation Optimization tool included in the software,
but also considers how well the simulations results can be interpreted by the user to
identify where the part requires redesigning. RQ3 includes parameters that act as
inputs for the simulation such as the sintering profile in terms of time and temper-
ature, part orientation, as well as geometrical factors like the part size and features
such as holes, fillets, overhangs, etc.

1.4 Methodology

The process of investigating the reliability of Simufact Additive was divided into
several steps, as mentioned before. The investigation began with a literature study
pertaining to the state of the science regarding MBJ. This initial research formed
the basis of the early design of the phase 1 components that were manufactured and
tested. After the design phase, components were exported into Simufact Additive
for initial analysis. The components were then converted into a printable format
and exported to the on-site MBJ printer. After the components had been printed
and sintered, they were scanned with a GOM scanner to digitize the geometry to
compare to the original CAD geometry. Sintering is the process stage in which the
majority of deformation occurs and is the area of most interest in this research. After
manufacturing, sintering, and scanning MBJ parts, the geometries were compared
with results from Simufact simulations. The methodology is further expanded upon
in Chapter 3.
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Theory

A short introduction of the additive manufacturing technology used - metal binder
jetting - along with a description of the physical phenomena related to the printing
and sintering processes.

2.1 Introduction to Metal Binder Jetting

The area of modern Additive manufacturing (AM) includes a range of technologies
formally defined in ISO 52900 as a "process of joining materials to make parts from
3D model data, usually layer upon layer, as opposed to subtractive manufacturing
and formative manufacturing methodologies" [1]. Recent decades have seen an ex-
plosion of interest in the various metal AM methods and their potential applications,
both from the scientific community and industry [6]. One of the variations of AM
is the method called Metal Binder Jetting (MBJ), which is an AM process in which
a "liquid bonding agent is selectively deposited to join powder materials" [1]. MBJ
is the AM process relevant to this thesis.

The MBJ process consists of five main steps [7]:

1. The printing on the powder bed using metal powder, and a liquid binder which
weakly bonds the metal powder until the next step of the process

2. Curing of the part in a relatively low-temperature oven

3. Removing the unbound powder in the powder cake around the cured part
(depowdering)

4. Debinding and sintering of the part to improve the strength

5. Post-processing of the part if needed, depending on the application of the part

The initial printing of the part takes place within a sealed chamber to prevent the
fine metal powder from escaping the manufacturing area [7]. Inside this chamber
is a build plate on which the metal powder is deposited. Then the binder is selec-
tively dropped on top of the powder that is spread out upon the previously binder-
deposited layer. This deposition and binding continue in a layer-by-layer process,
until the bound part has reached the shape of the 3D design file that was imported
into the machine. A schematic of the printing chamber along with descriptions of
the different parts and their function can be seen in Figure 2.1. After the formation
of the part, the next step is to put the printed part in an oven to cure it. This
process usually reaches a temperature of around 200 °C and evaporates the solvent
carried from the binder.
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Figure 2.1: This schematic illustrates the MBJ process including the printing of
the parts on the powder bed; different parts of the printer and their purpose; and
the curing, debinding, and sintering of the part.

After the completion of the curing stage, the excess power around the cured part
will need to be removed [2]. This is performed inside a depowdering chamber which
is a sealed box with a window and internal gloves that are used to handle the part
inside of the box. At this stage, the part has poor mechanical properties and is
very brittle and fragile. To transition from this low-density and brittle state to the
part with desired mechanical properties, the part is sintered. The sintering process
consists of putting the cleaned parts into a high-temperature sintering furnace under
a protective atmosphere or vacuum for several hours at high temperatures. The
initial debinding burns away the binder that remains within the structure and the
sintering densifies the part to a density above 90%, depending on the sintering
profile applied as well as the material composition. This sintering process drastically
increases the mechanical performance of the part.

Removing the binder and densifying the part results in linear shrinkages on the scale
of about 20% [7]. The amount of shrinkage varies depending on various character-
istics such as the green part density and sintering parameters, such as time and
temperature. This shrinkage is not uniform and can cause distortions in the final
part’s geometry and mechanical properties [2]. Previous studies show similar sinter-
ing shrinkage measured in the recoater and nozzle movement directions, and more
substantial shrinkage is observed in the build direction [8, 9, 10]. These actions are
generally in orthogonal directions which can lead to anisotropy in the printed part,
for example, non-homogeneous porosity distribution.

2.1.1 Proper Selection of Metal AM

Looking at the current generation of metal AM as a whole, and MBJ more specif-
ically, what are the significant advantages of the technology and what should it be

6
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applied to take the greatest benefit of its unique properties? The field of AM has
found its special niche in the low-volume production and geometrically complex com-
ponents that place a high value on weight reduction and the ability to customize
components for a specific purpose [11]. These features have translated well into
the areas of on-demand, low-cost rapid prototyping, local production of low-volume
components, and the ability to compensate for risk in supply chains.

One of the main applications of AM is in the manufacturing of functional prototypes
[12]. These prototypes can usually be produced at a fraction of the time and cost that
would take with traditional manufacturing methods and it enables faster evaluation
and adjustment cycles while developing or improving products.

Another area in which metal AM can be used to its full potential is in the local,
low-volume production of custom components [12]. With traditional manufactur-
ing, this type of production often has a prohibitively high startup cost and is often
disregarded in favor of importing ready-made components instead. AM provides
a cheaper initial cost than most traditional manufacturing and the production can
more easily be altered to accommodate alterations in the specifications of the pro-
duction. Examples of industries where this more localized production could be
utilized are the manufacturing of medical and dental components or spare parts for
cars, homes, or general appliances. These are all areas in which each request for a
component of the part will be slightly unique and the cost of providing storage from
all the possible combinations of components can be a large obstacle to the financial
stability of the company providing the product.

Other large industries where metal AM has huge potential are the automotive,
aerospace, defense, communication, energy, and industrial tooling sectors [12]. The
main benefits of applying AM in these industries are the potential for weight reduc-
tion and the ability to manufacture geometries that are impossible or prohibitively
expensive using more traditional manufacturing methods.

Beyond the economic benefits that metal AM can provide, there is also a poten-
tial for positive environmental and social impact that can follow the appropriate
implementation of this manufacturing method [13]. The largest environmental im-
pact that the wider implementation of metal AM could achieve is the reduction of
the need for transporting components over waste distances and instead producing
them locally. The social upside of this would be an increase in local production
and job opportunities, while also contributing to a decrease in CO, impact from the
transportation of these components.

The main benefit of using specifically MBJ printing is that it is a "cold" process
[14]. This means that heating is not required during the printing process to melt
the powder. This leads to the removal of the need for a protective atmosphere while
printing and it also removes high-powered components such as lasers or electron
beam generators that are needed in some "hot" printing processes. Another benefit
of having a "cold" process is the avoidance of temperature gradient during printing
which can cause distortions in the print [15].
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2.1.2 Challenges of Industrial Utilization of MBJ

As mentioned previously AM technology has the potential to improve certain sectors
of the manufacturing industry and can lead to reduced lead time and faster concept
generations. There are, however, some critical challenges for this technology that
must be taken into consideration if it is to be successfully implemented.

These challenges mainly relate to AM specializing in low production volume, high
variability, and geometrically complex components [12]. High precision with com-
plex features comes at the expense of manufacturing speed when dealing with high
production volume. Conventional manufacturing methods are substantially better
at producing a high volume of parts and processing more material at once; this is
especially true when dealing with components with low complexity and low vari-
ability. Another factor that proves challenging for current metal AM technology is
the relatively limited selection of materials that are accessible for AM compared to
traditional manufacturing. This is also related to the manufacturing of the metal
powder that is used in metal AM and requires an extensive production system on
its own.

The last challenges relate to the relative immaturity of the field of AM [12]. This
means that the manufacturing technology lacks universal understanding and accep-
tance in the industry which has limited its implementation. This lack of universally
accepted implementation translates into a lack of standardization and a limited un-
derstanding of what qualifications are needed for different applications of metal AM
in the industry. Along with this, the technology has not yet had time to fully in-
tegrate into the current industrial setting, resulting in the unfulfilled potential for
combining metal AM and traditional manufacturing methods.

In conclusion, AM and MBJ, like all manufacturing technologies have their limita-
tions. These limitations will need to be well understood in order to efficiently and
effectively integrate these technologies into the existing production chain. Under-
standing the area of design for AM is something in particular that will need to be
developed further as it is currently lacking in the industry. The AM technology is not
aiming for and will never be able to substitute traditional manufacturing methods in
the manufacturing industry. It is however capable to assist with the manufacturing
of geometrically complex components with a high degree of customization.

2.2 Sintering - Shrinkage, and Deformation

Sintering is a necessary processing step for MBJ to create the final part with appro-
priate physical properties [7, 16]. The debinding process removes most of the binder
from the green part and the resulting 'brown’ part is sintered in a furnace [17].
Sintering can be defined as a thermal treatment that bonds particles together into
a single solid structure via mass transport mechanisms at an atomic scale [10, 18].
There are several sintering processes for metals that vary depending on the phases
present in the material during sintering, including solid-state sintering (SSS), liquid
phase sintering, and supersolidus liquid phase sintering [9, 10]. Generally 316L steel

8
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is sintered without the presence of a liquid phase, so SSS is the only sintering process
considered in this thesis.

Sintering densification in SSS is driven by the reduction of the system energy due
to a reduction in the surface area [10, 18, 19]. The mass transport mechanisms are
surface transport (surface diffusion and evaporation-condensation) and bulk trans-
port mechanisms (grain boundary diffusion, plastic flow, viscous flow, and volume
diffusion), where the bulk transport mechanisms contribute most strongly to the
overall densification of the part [18, 19]; see Figure 2.2. Sintering densification is
improved in processes with small particles, longer sintering times, and higher sin-
tering temperatures [19]. Additionally, sintering is often performed in the presence
of a controlled atmosphere or vacuum to prevent potentially detrimental reactions
with oxygen in the atmosphere such as oxidation [10]. These reactions impede the
sintering process so protective atmospheres, which generally use inert or reducing
gases, are used. When sintering with 316L, a Hy or Ar-Hy atmosphere is common
to reduce surface oxides.

Evaporation condensation

Grain

boundary
diffussion Volume
diffusion

\/

Surface Diffusion Grain Boundary

Figure 2.2: Depiction of sintering mass-transport paths, redrawn from [9, 18]

While sintering improves the material properties, it also causes significant shrink-
age and potential deformation of MBJ parts. A sintered part transitioning from
approximately 50% density to over 95% density corresponds to linear shrinkage on
the scale of 20% [3, 7]. While smaller magnitude shrinkage may occur during other
stages of the processing, such as debinding, the vast majority of shrinkage occurs
during sintering, and it is also the most likely stage for deformation or cracking and
failure [2]. Small amounts of shrinkage may also occur if the part undergoes hot
isostatic pressing (HIP) treatment, in which the part goes from ~95% density up to
full density.

Sintering shrinkage and deformation can be accounted for via a trial-and-error design
process, but being able to predict and compensate before printing is more desirable
[3]. Previous research has investigated parameters that tend to have the most effect
on shrinkage and deformation:

« Powder distribution and green part density [3, 20]
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 Print orientation and build direction [3, §]
Gravity [2, 3, 7, 20]

Friction with build plate [3, 20]

« Sintering conditions [3, 8, 10, 17]
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Figure 2.3: Examples of sagging and frictional deformations shown at one and four
times scaling respectively. Taken from results of Simufact Additive simulations.

The shrinkages during sintering are related to the characteristics of the printed parts.
The denser the part is prior to the sintering stage, (i.e. high green part density) the
less shrinkage will occur [20]. Additionally, a print will ideally have uniform density,
or alternatively thinking uniform porosity distribution, throughout the green part
to achieve a uniform sintered density [3, 20].

There are several factors in the printing process that can have an impact on the green
part density: the properties of the powder, the recoater depositing the powder, and
the liquid binder used to bond the particles together. The powder properties with
the largest impact on the green density are the combination of the powder particle
shape and sizes [21, 22]. This particle size distribution and shape will affect the
packing density of each deposited layer. To achieve the highest packing density there
should be a bimodal powder mixture, where there are small particles present to fill
the gaps created by the larger, coarser particles [23]. Another factor contributing to
a high powder bed density is the packing effect from recoating when each new layer
is deposited [22]. In addition to the compaction effect from the recoater, the powder
flowability also contributes to packing density. Finer powder allows for smoother
and denser powder layers. Aside from the powder particle size and shape, binder
saturation and penetration of the powder layer also contributes to the green density
of parts [14]. To achieve the highest green part density, the binder distribution will
need to be analyzed in combination with each individual material used in tandem
with layer thickness and particle sizes, and shapes.

Anisotropic shrinkage in the build direction results from both the debinding and
sintering stages. The shrinkage measured in the build direction, or the z-direction,
generally exceeds the shrinkage in the x or y-directions [3, 8]. Gravity also can create
deformations in the part during sintering when the heated metal becomes soft enough
that the part can begin to sag due to its own weight [2, 3, 7, 20]. This applies to
features such as overhangs as well, where unsupported areas may experience critical
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vertical deformations. Additionally, gravity-causing particle rearrangement during
sintering will lead to greater shrinkage in the build direction [9]. Non-homogeneous
density or porosity distributions within the part, as well as lower rigidity of the
powder compact along the build direction, are also major contributors to sintering
anisotropy.

The movement caused by the shrinking part creates friction between the part and
the baseplate and can contribute to additional deformations [3, 20]; see Figure 2.3.
Some methods to counteract this already exist such as using a setter, or sintering
support, made of the same material so that it will also shrink at the same rate as the
part, which is available in some simulations. Also in the design stage, the designer
should be aware of the weight of the part since the normal force is proportional to
the frictional force.

Sintering parameters have been shown to affect both the shrinkage [3, 8, 17], final
density [10], as well as the microstructure formation [3, 9, 18]. The sintering pa-
rameters of interest include heating rate, sintering temperature, and holding time
at the sintering temperature [17].

2.3 Simufact Additive Software

Ideally, the deformation can be predicted and compensated for prior to printing us-
ing analysis software. This research uses the Hexagon software Simufact Additive,
specifically the 2022 Metal Binder Jetting module, to analyze the MBJ prints and
to gauge the efficacy of the software. The program is optimized for stainless steel
316L and accounts for several phenomena during the simulation including diffusion,
gravity, friction, creep, and grain growth [20]. The software uses a finite element
analysis (FEA) simulation using component geometry, sintering orientation, sup-
ports and setters, and process and material parameters as input.

In line with demand from the industry, the Simufact Additive can perform defor-
mation compensation based on the inputs given [5, 20]. It is an iterative FEA
simulation resulting in a pre-deformed part that should have the desired dimensions
after sintering. While the predictions are not perfect, dimensional accuracy of up
to 95% has been reported with some calibration efforts [20]. Results also vary de-
pending on factors like part geometry, and powder quality. The software includes
a distortion compensation tool [24], which will be featured in this research. An
example is given in Figure 2.4.
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Figure 2.4: An example of the compensated geometry that Simufact additive can
produce based on the expected shrinkage and deformation of the part. The shaded
part is the compensated geometry based on previous calculations of the sintering
deformation.

To begin the simulation, the software takes the geometry in the form of a .step
or .stl file and loads it into the workspace [24]. The user chooses a material to
assign to the geometry and can provide values for the sintering process including
initial relative density and sintering thermal route. The selection of material and
sintering parameters are of high significance as they will greatly affect the output of
the simulation, in the form of sagging, shrinkage, and final density. If the selected
values do not match the real-life process that will be implemented, the results from
the simulation will be of low value. This necessitates a thorough understanding of
both the sintering process and the material that will be simulated using the software.

The material data is available in a material library, or a custom material can be
added to the library. When using the deformation compensation, the user may
set either an acceptable distortion as a convergence goal or a maximum number
of iterations to determine the end of the simulation iterations. Simufact is then
able to measure the deviation between a sintered part and a reference geometry [5].
When the simulation is completed and the distortion compensation has reached the
convergence goal set, the compensated geometry can be directly exported as a .stl
file. There is also the possibility to export the geometry from the software during
timed increments of the simulation.
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Methods

This chapter describes the methodology of the project. It contains a description of
the literature study, the geometry selection, simulation software, the equipment used,
and the data analysis methods.

3.1 Literature Study

MBJ is a technology experiencing constant development. The technical terms and
standards within AM tend to change over just a few years, which became a lim-
iting factor in the initial literature study. The practical consequence of the rapid
development of MBJ is that information becomes outdated faster than other topics.
The initial literature study consisted of thorough searches through the Chalmers
Library and Google Scholar. This search was mainly focused on articles, papers,
and literature published in the areas of MBJ, Sintering, and Simufact prioritizing
literature published more recently.

3.2 Geometry Selection

A variety of geometries were used in the simulations and for manufacturing compo-
nents. These geometries ranged from simpler shapes such as cubes, cylinders, and
rectangles, to more complex shapes such as I-beams, T-beams, and cross shapes.
Later stages of the project used more complicated geometries with features of in-
terest - e.g. holes, fillets, overhangs, etc. - that would be used for simulations
using the Compensation Optimization tool. Finally, a part with complex geome-
try was chosen to investigate how a complex part would perform in the simulation
and how accurately the deformation compensation can be performed. While good
performance with simpler geometries is important, to be useful in industry settings
Simufact Additive should also accurately simulate complex geometries.

Simpler geometries were used to be able to more accurately differentiate how dif-
ferent geometrical parameters influence the accuracy of the results of the Simufact
simulation. Initially, phase 1 geometries in the form of cylinders and cubes were
used to gauge how changing a single parameter - e.g. height, diameter, etc. - would
influence results. These geometries were also simulated without performing geo-
metrical compensation to establish a baseline for the reliability of the software to
predict unaltered sintering deformation. These predictions pertained to the geome-
tries simulated final density, sagging, and shrinkage in the x-, y- and z-directions.
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Pre-deformed geometries were analyzed in the following stage of the study.

The intermediate stages of the project investigated geometries that resembled parts
that were designed to include features that can face difficulties in AM including
angled surfaces, holes, bridges, fillets, and overhangs. After reviewing and refining
the concepts, a total of five potential candidates remained. The phase 2 geometries
were modeled in Fusion 360 can be seen in Figure 3.1.

Figure 3.1: CAD images of phase 2 geometries from Fusion 360.

In the last stages of the project, the investigation focused on a geometry considered
complicated enough to equate to what could be considered a well-toleranced engi-
neering part in an industrial setting. It includes an overhang, thin walls, holes, and
support similar to an arch. This phase 3 geometry was designed and provided by
RISE staff. The simulation and compensation of this geometry served as the final
assessment of the Simufact Additive Binder Jet module’s capability to predict and
compensate for sintering deformation within the context of this project. A CAD
image of the phase 3 geometry visualized in Fusion 360 is shown in Figure 3.2.

Figure 3.2: A CAD image of the phase 3 geometry from Fusion 360.
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3.3 Simulation

The purpose of using increasingly complex geometries was to incrementally test the
reliability of Simufact Additive. Specifically the 2022 Metal Binder Jetting module,
in terms of accurately predicting the deformation of the geometry that will occur
during sintering and see if the software can compensate for said deformation. The
goal of this testing was to find out if the Simufact Additive scaling prediction is su-
perior to Digital Metals’ provided scaling factor, which is about 1.2 in the x, y, and
z-direction. The initial simulations also served as trial-and-error sessions for learn-
ing the program and the optimal approach to setting up the simulations including
considerations of running multiple simulations with different parts or having one
large simulation with multiple parts on the same build plate. The majority of the
simulations performed the calculations with a single component at a time to decrease
the simulation time.
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Figure 3.3: The parameters used for the sintering of the artifacts in the simulation
in Simufact are visualized as numbers and as a graph as shown in the software
interface. These values and times were based on the sintering parameters used at
RISE during the sintering of the printed components.

A template with the simulation settings, material parameters, and sintering details
was used to maintain consistency across the simulations. This template was kept
unmodified for the initial simulations but later altered in the sensitivity analysis
performed in JMP [25]. The sintering profile was selected based on discussions
with relevant personnel at RISE and is shown in Figure 3.3 and the default friction
coefficient, 0.3, was used. This friction coefficient affects the friction between the
part in the sintering substrate at the bottom of the substrate. Increased friction can
lead to distortion similar to that shown with the cube in Figure 2.3. The initial green
part density was originally set to 53%, this number was however updated in later
simulations based on measurements taken of the printed geometry. These values
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and times for the simulations were based on the real-life sintering parameters used
at RISE during the sintering of the printed components. The acceptable distortion
used varied depending on the total size of the geometry under consideration and the
mesh size used, with the goal to restrict computational costs to a reasonable amount
while still requiring several iterations to converge. The MUMPS Parallel Direct
solver was used for these simulations. The standard material 316L Stainless Steel
from the Simufact Additive material database was used in most of the simulations
and only altered later in the project when different material parameters were under
investigation.

3.4 Experimental Procedure

The creation and analysis of the components used in this paper required several
advanced machines. The mentioned hardware along with the knowledge of how to
operate these machines was derived from technicians with expertise operating the
specific machines, both at RISE and at Chalmers.

3.4.1 Printing and Sintering

All parts manufactured in the project were printed at the RISE laboratory in Mol-
ndal using the Digital Metal (DM) P2500 using DM 316L stainless steel powder.
The settings that were used during the prints can be seen in Appendix A.1. The
powder is sieved with Retsch (Germany) 45 and 32-micron sieves and then mixed
in a Turbula mixer (Wab-group) to evenly distribute the powder. The powder size
distribution (PSD) was measured using a Mastersizer 3000 (Malvern, United King-
dom).

The curing of the parts was performed at 200°C and the dwell time depended on
the building height in the build box. The cured parts are depowdered manually in
an MDS 1000 depowdering machine. The setting for the debinding was as follows:
heating at 3°C/min to 345°C, followed by 2 hours holding time and cooling at
5°C/min to 20°C. The standard setting for the sintering was as follows: heating to
1250°C with a heating rate of 5°C/min, then with a slower heating rate of 2°C/min
to a sintering temperature of 1320 °C followed by 3 hours holding time, and further
cooling to room temperature with a cooling rate of 5°C/min.

In addition to the standard sintering of the geometries, one sintering cycle was
performed using dilatometry on one of the phase 1 geometry 10mm cubes. This
dilatometry measures the dimensional variation of the cube as it is sintered. This
method also measures the time and temperature of the sintering process so that the
gathered data can be plotted and compared to other sintered or simulated samples.
The machine that was used while performing the sintering of the cube was a vacuum-
tight dilatometer DIL 402C from NETZSCH (NETZSCH-Gerédtebau GmbH, Ger-
many) equipped with a W-Re thermocouple for inert or reducing atmosphere. The
methodology for using this machine was inspired by the paper from Alberto Cabo
Rios et al. [10].

16



3. Methods

3.4.2 Physical Measurements

The physical specimens were measured to compare to simulated geometries. Mea-
surements of phase 1 geometries were conducted with calipers with .001 mm precision
and a high precision scale with 0.0001 g precision for geometries under 200g and a
1g precision scale for geometries above 200g. In addition to the manual measure-
ments, the parts were scanned with an ATOS III triple scanner (GOM, Germany)
with a resolution of up to 0.01 mm. The scanner operation followed the instruc-
tions in the ATOS User Manual Hardware ATOS III Triple Scan - Rev. 02 manual.
The scanned geometries were compared to the original virtual geometry using GOM
Inspect software. GOM Inspect can report surface deviations, simple distance mea-
surements, and volume measurements. The GOM software was used in accordance
with the Inspection Basic GOM Software 2018 3D Metrology handbook, provided
by GOM. No surface treatment was performed on either green or sintered parts, as
such the surfaces of the green and sintered parts are relatively rough. This may lead
to a slight overestimate of the length measurements of the parts when using calipers
or similar tools.

Measurements were taken both on the green bodies after depowdering and the final
parts after the sintering stage. This is an essential step so that deformations or
errors resulting from the printing and curing stages are not incorrectly attributed
to the sintering. Additionally, volume measurements from GOM Inspect and mass
measurements were used to estimate the uniform green density after depowdering
and relative density after the sintering of the parts.

3.5 Parameter Study

One of the points of interest in this project was the investigation of the impact
that the different sintering parameters had on the shape and properties of the final
geometry. The geometry that was used for this analysis was a relatively simple
"tree shape" that was designed and provided by Alberto Cabo Rios at Chalmers.
This tree was deemed to have the necessary features to measure the sagging and
shrinkage and compare them with Simufact Additive simulations. The initial shape
of the tree is shown in Figure 3.4.

The default 316L powder included in the material library was used. The grain size
was the only material parameter that varied at this stage. Other material param-
eters such as the activation energy of viscous flow and a pre-exponential constant
were altered in a parameter study that took place later in the project. The initial
grain size in this first parameter study is assumed to be the same as the D50 statis-
tical distribution of particle sizes in the powder used for the printing of the parts.
Table 3.1 shows the parameters investigated.

When analyzing the sintering parameters of the MBJ sintering module in Simufact
Additive software, a total of five continuous input parameters were chosen. These
included the green part’s relative density (initial density), the sintering temperature
defined in the software as the max holding temperature in the sintering furnace,
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Parameter Range
Max Temp (°C) 1210 - 1370
Temperature Ramp Rate (K/min) 2-10
Holding Time (hr) 1-6
Initial Green Density (%) 50 - 65
Grain Size (Powder particle size) (um) | 5 - 45

Table 3.1: List of parameters included in the investigation.

the ramp rate for the temperature in the furnace, the median powder particle size
(D50, referred to as grain size of the powder), and the holding time at the maximum
temperature in the sintering furnace. These parameters were included in the analysis
as they are the input parameters that can be changed in the interface of the software
without altering the material model. The outputs or responses in the experiments
were determined to be shrinkage in the x, y, and z-directions, along with final density
and sagging on the longest of the arms.

The maximum temperature was of interest because of its strong impact on densifica-
tion [10, 18, 19]. Sintering at too high temperatures can lead to partial melting and
loss of shape, and at too low temperatures and the part will not densify to the extent
required. The melting point of 316L stainless steel is 1400 °C in the Simufact Mate-
rial Library accompanying the Simufact Additive software, so the temperatures used
in the simulations were below that. The ramp rate is also of interest for densification
[5]. Experimentally, the ramp rate must be slow enough that the temperature within
the component is relatively uniform so that the densification is uniform. However,
a high ramp rate would be desirable to reduce the total time needed for sintering.
Similarly, the holding time at the maximum temperature affects densification and
process time.

Figure 3.4: CAD representation of tree geometry used in the parameter study.

As mentioned earlier in the theory section, the initial green density is highly corre-
lated to the part shrinkage. There is some variability in green density depending
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on the printing process and material parameters, so it is of interest to know how
an increase or decrease in green density will affect the sintered part. Grain size, or
powder particle size, is also of interest because of the impact that it will have on
the ability of the part to be printed correctly and to densify properly during the
sintering stage.

The measurement tool within Simufact Additive was used to measure the linear
shrinkage in the x, y, and z-directions of the component. Additionally, the sagging
of the arms from the base of the tree was measured as a way of assessing the non-
shrinkage deformation. Simufact Additive also created the final density distribution
in the results module.

To robustly investigate this, Design of Experiments (DOE), specifically a definitive
screening design using the DOE software JMP [25], was used. Within JMP one can
insert the desired inputs factors and ranges, along with outputs and whether they
should be maximized, minimized, or reach a target value. After inputting these
simulation variables JMP will provide a matrix with several combinations of the
intervals derived from the ranges of the settings. These settings will be combined
in such a manner as to most effectively cover the response surface of the problem
in the fewest experiments possible. The DOE table is given in Appendix B.1. The
experiments with the parameters specified by the DOE were run in Simufact Addi-
tive, and the results were recorded in the same data table in JMP. From this table,
JMP is able to perform several analyses including creating a statistical model or
a factor screening to determine the influence of each individual input factor or a
combination of factors.

19



3. Methods

20



4

Results

This chapter outlines the data and results gathered from the research performed. The
results include a sensitivity analysis of parameters from the simulation, as well as
measurements and insights from printed artifacts.

All printing, sintering, and scanning were conducted on-site at RISE with consistent
process parameters and methodology outlined in Section 3.4.1. The dilatometry
measurements were collected at Chalmers University of Technology.

4.1 Parameter Study and Sensitivity Analysis

The initial screening design was conducted using JMP [25] using the suggested 17
runs, later augmented to 25 runs in total. The full data spreadsheet can be seen in
Appendix B.1. JMP provided the suggested input values for the given parameters
which were then used in the simulations in Simufact. The results for final density;
X, y, z-deformation; and the sagging of the tree arms were inserted into JMP to
continue with the analysis.

The primary area of interest from this stage of the investigation was to determine
to what extent each input factor influences any given output response. The factors
considered in this stage are those which could be measured or changed within the
current manufacturing process. Using JMP [25], a two-level screening tool was
used to identify which factors and higher-order factor interactions have a significant
impact on the responses. From this, a least squares fit model of the responses was
created and the weighted importance of each factor was extracted. Figure 4.1 shows
the importance of each factor for each response of the overall model.

These values display some clear patterns from the model to draw conclusions.
Firstly, the initial grain size (D50) has the greatest effect on the overall model,
and the strongest influence on the final density and sagging responses. Initial den-
sity influenced the shrinkage in all directions the most but also had a negligible effect
on the sagging response. Notably, the maximum temperature during the sintering
cycle was shown to have a practically negligible effect on all responses investigated.
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Overall Shrinkage X

Column Main Effect Total Effect .2 4 .6 .8 Column Main Effect Total Effect .2 4 .6 .8
Grain Size 0.361 0.385 Initial Dens 0.461 0478

Initial Dens 0.28 0.293 Grain Size 0.228 0.252

Holding Time 0.165 0188 [ | Ramp Rate 0.136 01521

Ramp Rate 0.127 0.143 [ ] Holding Time 0.103 0.127 ]

Max Temp 0.002 0.003 Max Temp 0.001 0.002

Final Density Shrinkage Y

Column Main Effect Total Effect .2 4 .6 .8 Column Main Effect Total Effect .2 4 .6 .8
Grain Size 0.505 053 Initial Dens 0.465 0482

Ramp Rate 0.206 0.222 Grain Size 0.286 0.311

Holding Time 0.192 0215 Ramp Rate 0.103 0119 ]

Initial Dens 0.028 0.041 ] Holding Time 0.074 0.098 |

Max Temp 0.002 0.004 Max Temp 0.001 0.001

Sagging Shrinkage Z

Column Main Effect Total Effect .2 4 .6 .8 Column Main Effect Total Effect .2 4 .6 .8
Grain Size 0.555 0.573 Initial Dens 0.443 046

Holding Time 0.347 0.367 Grain Size 0.232 0.257

Ramp Rate 0.048 0.062 [ Ramp Rate 0.144 016 |

Max Temp 0.003 0.004 Holding Time 0.107 01311

Initial Dens 0.001 0.002 Max Temp 0.001 0.002

Figure 4.1: Factor weights for Simufact input parameters and relevant output
responses.

Source Logworth PValue
Grain Size(5,45) 4.826 0.00001
Ramp Rate(2,10) 4.681 0.00002
Holding Time(1,6) 4439 0.00004
Grain Size*Ramp Rate 3.957 0.00011
Holding Time*Ramp Rate 3493 0.00032
Max Temp(1210,1370) 3.295 0.00051
Grain Size*Grain Size*Holding Time 3.292 0.00051
Grain Size*Holding Time*Ramp Rate 2.985 0.00103
Ramp Rate*Max Temp 2.899 0.00126
Grain Size*Holding Time 2692 0.00203 ~
Holding Time*Max Temp 2.530 0.00295
Holding Time*Holding Time 2.504 0.00313
Initial Dens(50,65) 1.931 0.01173
Holding Time*Initial Dens 1.903 0.01249
Grain Size*Grain Size 1819 | 0.01517 ~
Ramp Rate*Ramp Rate 1744 ] 0.01803
Max Temp*Initial Dens 1354 | 0.04427
Grain Size*Max Temp 1302 ] 0.04988
Grain Size*Initial Dens 1.074 :l 0.08441
Grain Size*Holding Time*Holding Time 0.529 ] 0.29603
Ramp Rate*Initial Dens 0.355/] 0.44136
Max Temp*Max Temp 0.069 | 0.85356

Remove Add Edit I:| FDR (' denotes effects with containing effects above them)

Source Logworth PValue
Grain Size(5,45) 15.194 | 0.00000
Grain Size*Ramp Rate 7.562 0.00000
Holding Time(1,6) 7445 0.00000
Ramp Rate(2,10) 5.782 0.00000 ~
Grain Size*Grain Size*Holding Time 4.251 0.00006
Holding Time*Ramp Rate 4.005 0.00010
Grain Size*Grain Size 3.113 0.00077 ~
Grain Size*Holding Time 0272 0.53404 ~

Remove Add Edit Undo [ | FDR (' denotes effects with containing effects above them)

Figure 4.2: Statistical weighting and significance of simulation parameters for the
sagging response. The blue line represents the threshold for significance. The top
graph considers many higher-order interactions while the lower graph only includes
the significant factors.
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The initial DOE was augmented with additional runs with the intention to more
closely investigate the higher-order interactions between the factors in the model.
Specifically, after initially finding that temperature was having a negligible effect
on the responses, it was of interest to see if the temperature had an effect on the
model in a higher-order interaction, such as a cross with holding time. Figure 4.2
shows the effect summary for the final density. Many interactions were included
and the ones that did not meet the significance threshold were removed. After
removing insignificant factors, the effects are recalculated. Terms were removed

until only significant factors and their parents remained. Effect summaries for the
other responses are given in Appendix B.2.

To further investigate the maximum temperature effect, additional simulations were
conducted with temperature as the only alternating variable. When holding the
other parameters as constant (3-hour holding time, 5K/min ramp rate, 53% green
density, 5pm grain size for the tree, 15pm for the cube), the relationship between
final density and temperature did not follow the expected pattern. The reason for
using two different values for the initial grain size was that the 5pm was the standard
input of the software initially used in the simulation and the 15pm grain size was
later physically measured from the printing powder and was after that used as the
new standard initial grain size value. Higher temperatures were expected to correlate
to higher final density, but instead, the highest densities were achieved with lower
maximum temperatures. The DOE model suggests that the maximum temperature
and its interactions with holding time and grain size cumulatively have a statistically
significant effect on the density, however, this also predicts a positive correlation.
Lower temperatures creating higher-density parts are not captured in the model and
defy the expectation that higher sintering temperatures should improve densifica-

tion. See Figure 4.3 for a visualization of the final density vs temperature simulation
results.
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Figure 4.3: Final relative density results from varied max temperatures. The

Figure represents the temperature test on the cube geometry. The grain size was
set to 15nm.
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Also, this analysis finds that the weight of the factors is very similar for the shrinkage
in the x, y, and z-direction. While the driving factors for shrinkage are similar
across the different directions, the Simufact model does not account for the sintering
anisotropy in its current version.

Sagging was a measurement of interest as a type of deformation related to the
sintering process. Unsupported features, like the arms of the tree, can deform due
to gravity while at high temperatures. The model evaluates the grain size as the most
influential factor by a wide margin. This is also the response for which holding time
has its most substantial influence. This suggests that while the material parameters
may be most important, the length of time that the part is kept at high temperatures
also has a significant effect on the deformation. Sagging was also observed during
the simulations at relatively low temperatures, even prior to densification. A graph
of the impact of the holding temperature on sagging is shown in Figure 4.4.

Sagging vs Holding Temperature

Sagging (mm)

550 650 750 850 950 1050 1150 1250 1350 1450

Holding Temperature (C)

Figure 4.4: Sagging of the lowest arm in the tree geometry measured based on
holding temperature during the sintering simulation.

Like with many multiple-response problems, the ideal settings will depend on how
the responses are prioritized. In future applications of Simufact, a model of the
software could be used to find closer to ideal settings depending on the desired
outcome.

The factor weights that are displayed in Figure 4.1 indicate grain size to be of high
significance for all of the responses in the model. Initially, the default setting in
Simufact Additive was used: 5 pm. To improve simulation accuracy in the later
stages of the project, the 316L. powder used at RISE was measured. This scanning
was performed five times on separate samples of the powder to ensure accurate
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measurements. The averaged values are given in Table C.1 and Appendix C.1 depicts
a histogram of the PSD measurements. The D50 measurement is used as the 'grain
size’ parameter in Simufact Additive.

D10 D50 D90 Simufact Default
8.4 pm | 15.0 pm | 24.7 pm 5.0 pm

Table 4.1: Measured PSD of 316L powder at RISE.

4.2 Phase 1 Geometries

Beyond the parameter study which was purely involving the simulation software,
physical measurements were needed to validate the results of the software simula-
tions. To investigate linear shrinkage and minor deformations, phase 1 geometries
were used to give straightforward measurements. The primary geometry was a
10x10x10mm cube similar to what was used in Rios’ work [8, 9, 10]. Beyond that,
there were cubes of increasing size to see the effect of scaling geometry, cylinders,
and several types of beams to investigate parts significantly larger in one dimen-
sion. The tree geometry from the parameter study was also included to be able to
compare physical results to the simulated ones.

4.2.1 Simulations

All the parts were simulated in Simufact with the same material parameters and
template for the sintering profile to match the conditions for the RISE sintering
furnace: see Figure 3.3. The dimensions were measured using the software’s mea-
surement tool and recorded for later reference.

The simulations of the sintering curve and the final density for the tree geometry
were conducted both in the Simufact additive software and in a model developed
by Alberto Cabo Rios et al. [10]. This comparison was done to evaluate the results
from the different models and to try and see if they have a similar approach to
simulating densification over time. The results of these simulations are shown next
to each other in a three-axis graph in Figure 4.5.

The most similar prediction is for the sintering profile in Figure 4.5b. Aside from
this, the densification behaviors do not consistently agree. The model developed
by Rios et al. accounts for phase changes and their effect on densification [10],
which may contribute to the difference. Dilatometry data was available for the case
shown in Figure 4.5d and when compared with the simulated data, the Simufact
prediction performs poorly, greatly underestimating the densification. Equipment
issues limited the amount of dilatometry data that could be gathered during the
time frame of this project, so further comparisons of the Simufact densification
predictions with dilatometry data are reserved for future work.
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Sintering and density curves

Density (%)

1400 - 80
Sintering and density curves
1400 100 o S
1200
75
Pt 95
1200
y ! 190 1000 -
h ° 70
1000 \ | 2y
\ . S \
I~ \ o 80 \
e \ {80 = = \
o 800 \ X [ \ 165
E Y 2 g — Sintering C
© A 5 2 £ 6ol intering Curve
3 \ S L — - Simufact Sintering Curve
600 &
S — Sintering Curve 170 Q —Density ) -
= - = Simufact Sintering Curve 400 =~ Simufact Density .
400 —— Density = \
- - Simufact Density A
160 7 \ 55
\ 00 =f= === === \
200 \ \
_____ AU - \
\ L
0 i . ) b e 0 . . . L L Aigo
0 200 400 600 800 1000 1200 1400 1600 9 8 00, | o 20 250 300
Time (min) Time (min)
(a) (b)
1400 Sintering and density curves = o Sintering and density curves o
---" & 0 N L
1200 1200
%
\ 920
\
1000 Xy 85 1000 a5
\ \
s e 4
e p——— o g K @
o 80 Sintering Curve < o 80 3
% — - Simufact Sintering Curve 5. 2 \ g
" = = \
@ — Density 2 g %
g 600 - - Simufact Density A E fo \ L
70 " .
e ‘\ = H — Sintering Curve
\ 4 — — Simufact Sintering Curve
65 : e 165
400 N 400 ——Density
\ — — Simufact Density
\\ o ~Dilatometry Data 90
200 \ 200 \
\
_______ I \ 55 ———, 3 55
. & \
0 50 o . . . . . I
0 200 400 600 800 1000 1200 1400 1600 1800 0 50 100 150 200 250 300 350
Time (min) Time (min)
(c) (d)

Figure 4.5: The figure shows the comparison between the simulations of the tree
geometry sintering curve density development over time. The sintering profiles are
as follows: Figure 4.5a maximum temperature 1210°C, ramp rate 2°C/min, 6 hour
holding time; 4.5b maximum temperature 1210°C, ramp rate 10°C/min, 1 hour hold-
ing time; 4.5¢ maximum temperature 1370°C, ramp rate 2°C/min, 6 hour holding
time; 4.5d maximum temperature 1370°C, ramp rate 2°C/min, 6 hour holding time.
The dilatometry curve is not corrected for thermal expansion.

4.2.2 Sintered Part Measurements

Several copies of some of the geometries were seen in Figure 4.6 created to investi-
gate the potential variation that could occur while printing and sintering the same
geometry. One of the geometries with four copies was the tree-geometry. These
prints showed small variations between each other based on weight, height, sagging,
and surface quality. This was further evidenced after the sintering step of the man-
ufacturing process based on the further variation in the sagging of the arm. One
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of the arms on one of the trees even broke off during the sintering, indicating the
delicate nature of the long and thin geometrical features during sintering.

Figure 4.6: Sintered phase 1 geometry processed at RISE.

The sintered cubes were investigated to measure variation in sintering shrinkage in
the x, y, and z-directions. A box-chart plot of the variation in x, y, and z can be
seen in Figure 4.7. Simufact did not predict significant sintering anisotropy for this
geometry and underestimated the shrinkage in the z-direction (build direction).
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Figure 4.7: Figure 4.7a shows a box-chart plot of the variation in sintered dimen-
sions for the cubes in x, y, and z. The blue hollow circles in Figure 4.7a are outliers
in the gathered data. The bar graph in Figure 4.7b shows the linear percentage of
shrinkage in the different directions of the cube.

4.2.3 Scan Data and Model Comparisons

The GOM scanner was used to measure the printed parts before and after the sin-
tering. These scans were done for comparisons of the printed geometry the original
CAD file used by the printer. A geometrical comparison was performed and the re-
sult of the comparison was presented using a heat map. The heat map of the Tree,
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after curing, can be seen in Figure 4.8, and it has a maximum deviation of 0.07 mm.
Similar heat maps were created for all of the simpler geometries and they were all
analyzed to ensure that a reliable print was performed without large deviations in
the geometry. Volume measurements at this stage were used to estimate the green
density of the parts; the average across the parts in this print job was 54.4%. A
green part density distribution for the phase 1 geometry can be found in Appendix
C, Figure C.3c.
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Figure 4.8: The heat map visualizes the geometrical deviation between the de-
signed CAD geometry and the printed green part of the same geometry.

After the sintering of the parts, several scans and comparisons were performed be-
tween the various simulated sintering and the actual sintered part. The deviation
between the geometries was measured and used to determine how accurate the MBJ
sintering module of Simufact Additive was. The comparison was visualized and
examples of these can be seen in Figure 4.9. The compiled data of Figure 4.9 are
shown in Table 4.2 where it was indicated the percent of the geometry within a 0.25
mm tolerance for each of the geometries.

The initial comparison between the scanned geometry and the Simufact Additive
prediction showed substantial differences, as seen in Figure 4.9a. Physical measure-
ments from the part were used as inputs for the responses in the JMP model [25].
This JMP model could be used to determine which settings should provide the sim-
ulation results that more closely match reality. In this case, the inputs were changed
from the default previously used to a higher maximum temperature (1370°C), and
a longer holding time (6 hours), and the green density was updated to 55.3% based
on the measurements of the green parts. This deformation simulation produced a
geometry close to the physical part. The results of this model on which the JMP
predictions were based are described in Section 4.1. The comparison between the
JMP model prediction and the actual sintering can be seen in Figure 4.9b.

A third updated model was based on the values used in the second sensitivity analysis
and the results from the geometrical comparison are shown in Figure 4.9c. This
model used fixed sintering values based on measurement of the process at RISE
and only applied custom material parameters for the activation energy of viscous
flow and a pre-exponential constant to improve the results, 1.2E9 Pa*s and 5000
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J/mol respectively. The input values along with the results of the second sensitivity
analysis using the material parameters can be found in Appendix B Figure B.4 and
Figure B.5.

Figure 4.9: A geometrical comparison of the predicted sintering deformation based
on the Simufact additive model in blue, and the actual sintering deformation in grey.
Figure 4.9a represents simulation parameters matching the process at RISE, Figure
4.9b represents a sintering profile from JMP, and Figure 4.9c represents custom
material settings based on physical measurements and JMP recommendations.

Settin Simufact JMP Custom
cttings Default Model Material
Percent within 0.25 mm 43.7% 79.3% 93%

Table 4.2: Tabulated values for the geometric deviation between the standard Sim-
ufact prediction, JMP model prediction, and the custom material model prediction.
Values are taken from the geometries in Figure 4.9.
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4.3 Phase 2 Geometries

For the next stage, 5 geometries were designed to include features not present in the
simpler geometries. These geometries are measured for shrinkage, but the primary
interest is to examine the compensation optimization tool within Simufact. The fea-
tures under consideration include overhangs, bridges, arches, holes, and thin walls.

The phase 1 tree design experienced too severe deformation to be compensated,
see Figure 4.10, so it was redesigned with shorter arms and fillets on some arms to
investigate their effect on the arms’ sagging. Sharp corners are generally avoided in
designs to avoid stress concentrations, so the fillets’ effect on deformation is also of
interest.

Figure 4.10: The phase 1 tree design experienced too severe deformation to be
compensated. The compensation method led to self-intersecting geometry and other
errors.

4.3.1 Simulation and Design Compensation

The simulations were set up similarly to before using the standard real-life sintering
parameters used in the actual sintering of the physical geometries. The new setting
used for this stage was the Compensation Optimization function. The function was
toggled on and the acceptable deviation was set to 0.25mm. Simufact solves the FEA
problem iteratively, creating compensated variants until the deviation compared to
the reference geometry converges below the set value, or the process exceeds the
maximum iteration count [5], in this case, 10 iterations.

From these simulations, a .stl file of the geometry can be exported from any of the
variant results and used as a compensated geometry for printing. The geometries of
interest are the final variant which should be sintered to the desired specification and
the initial reference geometry to print using the printer manufactures recommended
scaling. This allows for a controlled geometry for meaningful comparisons. This
visual comparison is illustrated in Figure 4.11 and the sintered parts are shown in
4.12.
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Figure 4.11: Depictions of results from the sintering compensation simulations of
the phase 2 geometries with their initial solid geometry along with the compensation
geometry shaded on top of them.

Figure 4.12: All of the sintered geometries from phase 2 of prints.

4.3.2 Scan Data

Similar to the simpler geometries, a scan of all the green parts of the second set
of geometries was performed and they were also compared to the original CAD
geometries to confirm a successful print job. One of these heat maps of the second
tree geometry can be seen in Figure 4.13.
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Figure 4.13: The printed geometry of the second set of geometries was scanned
on compared to the created CAD files to ensure the quality of the print job. The
scanning was performed on the part after it had been removed from the print bed,
but before sintering. This figure shows the printed phase 2 tree compared to its
CAD file.

After the sintering process was complete for the second set of geometries they were
also scanned and imported into the GOM software. The scanned sintered geometry
was compared to the initial shape of the part before it was compensated. This was
done to see how close the compensated geometry got to the desired shape, based
only on Simufact’s compensation calculations.

There were two sets of prints performed for each of the second sets of geometries.
One of these was compensated according to the standard Digital Metal scaling factor,
which was about 1.2 in all three directions, and the other one with the results from
the Simufact Additive compensation optimization simulation. Figure 4.14 visualizes
tolerance analyses performed on the geometries. The green color indicates that the
sintered part is within the set tolerance of 0.25 mm from the desired geometry. The
yellow color means that it is within 70% - 100% of exceeding the tolerance. Finally,
the red color means that the area is exceeding the set tolerance for the geometry. A
compilation of the comparisons of all the sintered components is found in Table 4.3.

The geometrical comparison between the Digital Metal and Simufact Additive com-
pensations shows that Simufact’s compensated geometry stays within tolerances
better in 3 of the 5 of the tested cases, as indicated by Table 4.3. The Curved and
Square Arches performed the best while scaled with the Digital Metal scaling factors
while the other geometries fit the CAD design better with the simulated Simufact
compensation.
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Figure 4.14: This figure depicts where the geometries are within or deviate beyond
the set tolerance of 0.25. Green areas indicate the part is within tolerance, yellow
indicates within the tolerance but 75% - 100% of the limit, and red exceeds the
limit. The leftmost geometry in each pair is the Simufact compensated geometry
and is denoted with a "C’. The rightmost geometry in each pair is the Digital Metal

scaled geometry.

Acceptable | Simulated .| Percent
. . Percent in n s
Geometry Deviation | Deviation within
Tolerance

(mm) (mm) 0.5mm
Tree - - 46.7% 68.5%
Tree Compensated 0.25 0.048 65.1% 83.5%
Curved Arches - - 87.6% 99.3%
Curved Arches Compensated 0.25 0.173 73% 89.8%
Square Arches - - 63% 87.0%
Square Arches Compensated 0.25 0.049 50.6% 76.9%
Angled Overhang - - 19.1% 45.1%
Angled Overhang Compensated | 0.25 0.269* 27.9% 50.1%
Tube Cube - - 31.6% 92.5%
Tube Cube Compensated 0.25 0.158 58.2% 98.8%

Table 4.3: Tabulated values for geometric deviation of uncompensated and com-
pensated geometries. * The angled overhang was unable to converge within the
acceptable value, so the closest successful iteration was used.
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In addition to the expected shrinkage and deformation that occurred during sin-
tering, there was some additional warping that affected all of the geometries that
included a solid base plate at the bottom. The sets of each geometry were sintered
simultaneously, so it is assumed that the warping had similar effects on each ge-
ometry and the comparisons between geometries are valid. Additionally, a heavily
warped section of the square arches, more precisely the largest of the arches, was
excluded from both sintered components when comparing the scanned geometry to
the desired CAD geometry. To do so, the surfaces of the largest arch were excluded
from the scanning software prior to making the tolerance measurements.

Observation of the sagging of features on the Tree and the Angled overhang in-
dicated that even though the Simufact compensated geometry ended up closer to
the desired shape, Simufact underestimated the magnitude of the deformation. The
red areas on the overhangs in both geometries presented in Figure 4.14 show this.
This suggests that Simufact can predict how features are likely to occur, but not
sufficiently compensate for it with the settings used in this stage of the project. The
sagging of the arms in the Angled Overhang geometry was another feature that was
not accounted for properly in the simulation compensation. The simulation indi-
cated that the arms would remain mostly straight during sintering and compensated
with only a minor curvature, however, the reality of the sintering showed that the
arms with the larger overhang curved down substantially. As a result, half of the
area of the sintered arms fell outside of the 0.25 mm tolerance.

4.4 Phase 3 Geometry

The phase 3 geometry was printed with one part using the default scaling recom-
mended by Digital Metal and another using the compensated geometry resulting
from the Simufact Additive Simulation. This set of simulations used the Compensa-
tion Optimization tool within Simufact Additive with the acceptable deviation set to
0.1 mm. A very fine mesh, ~275,000 elements, was used to preserve the geometry’s
features and allow for accurate calculations.

4.4.1 Scan Data and Comparisons

The phase 3 geometry was scanned both after depowdering, as a green part, and
after sintering. The scanned data were then compared to the design CAD file and
the simulated sintering file respectively to get an assessment of process accuracy.
After the sintering of the phase 3 geometries, they were compared in the same way

that the phase 2 geometries were. The visualization of this comparison with regards
to the set tolerance of 0.25 mm is shown in Figure 4.16. The tabulation of the data
analyzing the geometrical variation is shown in Table 4.4.
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Figure 4.15: To ensure that the print of the phase 3 geometry matched the designed
geometry they were compared in GOM. The resulting heat map of the deviation can
be seen in the figure above. Figure 4.15a shows the DM compensated green geometry
and Figure 4.15b shows the JMP compensated green geometry.

(b)

Figure 4.16: This figure shows the geometrical comparison between the DM-scaled
and JMP-scaled sintered phase 3 geometry. The green parts of the geometries are
sintered to within a 0.10 mm tolerance of the predicted deformation for the desired
geometries. Figure 4.16a shows the DM compensated sintered geometry and Figure
4.16b shows the JMP compensated sintered geometry.

Acceptable Deviation | Percent in Toler- | Percentage within 0.1
Geometry

(mm) ance mm tolerance
Uncompensated | 0.25 55.9% 25.4%
Compensated 0.25 84.2% 51.7%

Table 4.4: Tabulated values for geometric deviation of compensated phase 3 ge-
ometry.
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Discussion

This section discusses the insights drawn from the results presented in this work.
This includes comparisons of results and discussion of possible limitations associated
with the project.

5.1 Phase 1 Geometries and Sensitivity Analysis

Simufact Additive does not account for sintering anisotropy in the sintering model.
The differences in sintering shrinkage may be a result of numerical differences in
the calculations or because of other unknown factors. This difference in shrinkage
was observed in the 10mm cubes as well as in the tree geometry. For the tree
geometry, scans of the green part exhibited in Figure 4.8 show that the part had
deviations from the expected geometry in the z-direction prior to sintering, likely
from the printing or curing stage. While minor, on a scale of 0.1mm or less, it does
increase the measured anisotropy. Additionally, the sintering simulation excludes
the debinding stage. While debinding contributes significantly less to shrinkage
compared to sintering, it may improve results if taken into consideration.

The sensitivity analyses in JMP [25] provided insights into how to change param-
eters to better match simulation and physical result within the improved matches
shown in Figure 4.9a, 4.9b, and 4.9c. Changing the sintering profile led to more
realistic sagging behavior and more accurate shrinkage. Besides, the material model
parameters were changed while keeping the sintering model as the standard RISE
process to determine if the default material parameters provided were inadequate
and could be determined more accurately by performing another DOE. It shows an
even greater improvement over the default material setting and JMP model. This
improvement is however limited to the phase 1 tree geometry and the degree to
which this performance extrapolates to any other geometry. This comparison is
visualized in Figure 4.9 and Table 4.2. Additionally, improving the accuracy of the
simulation outputs required deviating from the sintering parameters regarding the
time and temperature of the actual physical sintering process, which creates doubts
about whether any given model can be applied consistently or only on a case-by-
case basis. For example, the activation energy of viscous flow that yielded the best
results in Simufact simulations, 5000 J/mol change from the default 20,000 J/mol,
is substantially less than values reported in previous literature, including [10]. How-
ever, using values similar to previous research led to software crashes and simulation
failure, with only vague indications from the software of what may have gone wrong,
necessitating a heavy trial-and-error approach. Preferably, the error messages could
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be updated with more specific causes of the crash, or potential methods to address
the cause of the error.

The impact of the holding temperature on simulated densification and deformation
of the geometry has contradicted established findings from previous research.

The low temperature should correspond to low density with an increasing density
corresponding to an increase in temperature. This was not observed in simulations
using either the tree or the 10mm cube geometries. Both geometries were investi-
gated because the sagging of the arms in the tree could affect the final density of
the part in the simulation and as the cube has no such features it would be immune
to this effect. Further investigations will need to be done to isolate the particular
parameters that are causing this strange behavior. Significant shifts in the simu-
lated behavior were observed at 800°C and 1200°C, and densification and sagging
can be seen in the simulations at low temperatures at which such phenomena are
not expected.

5.2 Design Compensation

Simufact Additive’s Compensation Optimization feature was used on the second
set of geometries to determine if the geometry predicted by this feature could pro-
vide more accurate sintering geometries than Digital Metal’s standard scaling-only
compensation. The results of this comparison were presented in Table 4.3 and it
showed that 3 of the 5 sintered geometries conformed more accurately to the defined
tolerances when pre-deformed by Simufact’s Compensation Optimization tool. Sim-
ufact failed to outperform the scaling-only approach with components with arches
as the dominant feature. The reason for this is unclear but it could be that the
self-supporting nature of these features is ill-accounted for in the Simufact software
or while adequately accounted for with scaling.

The geometries were intentionally designed to have features that deformed signifi-
cantly to test the limitations of the compensation tool in the software. Three of these
features also contained a base plate that distorted rather substantially during the
sintering and this could also have been a contributing factor to the poor prediction
of the software as the geometry did not end up as intended. One interesting area
where Simufact provided an improvement in geometry was in the sagging on the top
and in the middle of some geometries. These improvements can be seen in the Tube
Cube, the updated Tree, and arches where the top surfaces show a higher amount
of area within tolerance than the DM scaling geometry. In this case, Simufact’s
pre-deformation of these areas counteract the expected gravitational sagging during
sintering. The compensation is an improvement but as mentioned before with the
arms in the tree, it can be further improved, as indicated by the still red areas on
some of the improved geometries seen in Figure 4.14.

The simulation approach for the phase 3 geometry used a more customized set
of sintering inputs relating to holding time and temperature, based on additional
physical measurements and insights from the sensitivity analysis. These calibration
efforts led to improvements in the results with the compensated geometry conforming
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to tolerances significantly better, compared to an uncompensated geometry. The top
surface in the green body showed the most deviation which may have contributed
to the top surface not meeting tolerances in the sintered part. The calibration
efforts were extrapolated from insights from the basic tree geometry, but the degree
to which this can be applied to other geometries comprehensively requires further
investigation.

5.3 Limitations

Due to the limited time frame of the work and the lead times associated with creating
a physical sample, many of the tasks in this project were addressed concurrently.
As such, the compensation simulations for the printed geometries were run with
default settings or slightly altered settings for the material and process parameters,
even while other parameters were under investigation. The results are reflective of
this, but it is unclear how further customizing the model to reflect the printing and
sintering process at RISE would affect the results. Additionally, results of the phase
2 geometry were received after the complex geometry was simulated and printed, so
while the findings are reported in the results time restrictions prevented them from
being integrated into improving the final simulations.

The sensitivity DOE did not include all parameters that are available to change in
the Simufact Additive material library for sintering. Rather values that were known
or easily measurable were the focus; these also being parameters that there would be
some control to change to see to what extent changing would affect results according
to Simufact (e.g. sieving powder to a finer D50). Later stages investigated other
material parameters and their effect on the simulations. The material model to a
large extent determines the results of the simulation. Ideally, an accurate material
model would allow for accurate results across multiple simulations and a variety of
geometries while keeping the process parameters constant and representative of the
real process. This project has shown that the simulation results be made to match
physical parts by changing the material model and/or the process parameters. It
remains to be seen, however, how well these changes translate to other geometries,
or if the parameters would need to be changed further to yield similarly accurate
results.
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Conclusions and Future Work

While the default material model parameters applied to the actual sintering profile
did not yield accurate results, calibration efforts showed improvement. The default
model does not include the anisotropy of the sintering shrinkage in phase 1 geome-
tries and did not account for the magnitude of the deformation during sintering
with consistent accuracy. Changing the material model parameters and simulated
sintering profile for the geometries considered in this work resulted in simulation
predictions that matched more closely with the physical sintered parts, reaching as
high as 93% of surfaces within 0.25mm of the ideal in the best case. While ideal
material settings for use in the simulation to give consistent and accurate results can
likely be easily improved and updated, at this time there is no established method-
ology to determine the values for a given process. The lack of a clear method to
reliably fit the Simufact Additive simulations to an individual process and the lack
of feedback provided by the software poses an obstacle for the users of the software
and is a potential area for improvement.

Simufact Additive’s Compensation Optimization tool exhibited inconsistent success
in compensating the geometries to fulfill the defined tolerances. Geometrical fea-
tures, such as long overhangs, conformed to tolerances better after simulation but
still deviated significantly from the desired geometry. This suggests that some fea-
tures may not be appropriate to solely address using pre-deformed geometry, and
other methods such as sintering support, part orientation, or redesigning the geom-
etry should be considered. To that end, Simufact Additive may not be a cure-all
solution to the issue but one of several tools to identify and address design flaws
and other DfAM obstacles.

Suggestions for future work:

o Develop a methodology for fitting the model to individual processes to account
for the variation in the process parameter, equipment, material, etc.

o Investigate the extent to which a custom model can be applied to a variety of
processes and geometries and how the results are affected accordingly.

» Investigate how sintering setters or supports can be used in tandem with Sim-
ufact Additive to improve design compensation efforts.
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A. Printer Settings

Appendix A. Printer Settings

dame
PB4, 2PH, 316L, Dark 8/8/3, Lissel long, Normal, MultiOffsetFull
Jescription

Suitable for larger sized components, Low print speed, high surface finish

Print box type PB4

Number of printheads 2

Powder material 316L

Binder type c20

Add print walls Yes

Print wall thickness 60

Shell thickness 1 pixels

Shell raster type Dark 8

Inner shell thickness 0 pixels

Inner shell raster type Dark 8

Body raster type Dark 3

Resolution 1200 dpi

Print layer thickness 42,000 um

Stripe set PB4 2-PH Lissel Long

Offset type Multi

Multi offset set Multi 1

Number of base layers 50

Cleaning interval 5

Powder magazine temperature 70.000 =°C

Powder applicator temperature 70.000 =°C

Print box temperature 80.000 =°C

Number of print speed 1 layers 0

Print speed 2 200 mm/s

Print speed 1 50  mmy/s

Powder applicator speed 30

Powder application actuators pos dir l ; j j j i ; i i 1;
12 3 4 5 6 T 8 9 10

Powder application actuators neg dir

Enable powder bed camera After print
Enable print head inspection Disable

Time from print end to powder application 0000 s
Recipe type DM Standard

Figure A.1: Settings used when printing with the DM P2500.
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Appendix B. DOE Data

Max Initial Final

Temp | Holding Time | Dens | Ramp Rate | Grain Size | Density Deviation X | Deviation Y | Deviation Z | Sagging

1 1210 1 50 10 5 0,862 1,202 1,198 1,202 2,646
2 1370 35 65 10 5 0,939 1,134 1,128 1,135 4,475
3 1370 1 65 2 5 0,99 1,161 1,152 1,165 3,747
4 1370 1 50 6 45 0712 1,131 1,122 1,131 7,568
5 1210 1 65 10 25 0,784 1,067 1,063 1,067 3644
6 1370 6 50 10 5 0,939 1.24 1,229 1,241 5624
7 1210 6 65 6 5 0972 1,148 1,14 1,149 4,309
8 1290 1 50 2 5 0,99 1,263 1,254 1,267 31
9 1370 1 57,5 10 45 0717 1,08 1,075 1,08 5453
10 1370 6 50 2 25 0,942 1,247 1,225 1,257 10,06
1 1210 1 65 2 45 0,852 1,102 1,09 1,103 9,543
12 1290 35 57,5 6 25 0,855 1,147 1,137 1,148 7,231
13 1210 6 50 10 45 0,789 1,173 1,16 1,173 9,097
14 1290 6 65 10 45 0,864 1,106 1,094 1,107 8,593
15 1210 6 57,5 2 5 0,99 1,209 1,198 1,214 4,477
16 1370 6 65 2 45 0,933 1.14 1,118 1,142 11,01
17 1210 35 50 2 45 0,839 1.2 1,18 12 10,5
18 1370 6 65 10 45 0872 1,11 1,097 1,111 8,992
19 1290 6 50 2 45 0,886 1,223 1,201 1,225 10,24
20 1290 1 65 2 5 0,99 1,159 1,151 1,163 3,303
21 1290 6 50 10 5 0,924 1,233 1,222 1,234 5758
22 1210 6 65 10 45 0,852 1.1 1,091 1,101 8,174
23 1290 1 50 10 45 0,65 1,095 1,089 1,095 5677
24 1210 1 50 2 5 0,99 1,262 1,254 1,265 2,831
25 1370 1 50 2 5 0,99 1,263 1,253 1,267 3,25
26 1320 3 53 5 5 0,963 1,224 1,217 1,226 4,247

Figure B.1: Full data table for DOE investigating process parameters.
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B. DOE Data

Source Logworth PValue
Grain Size(545) 13.381 . | 0.00000
Ramp Rate(2,10) 10.514 | 0.00000
Holding Time(1,6) 9.080 0.00000
Initial Dens(50,65) 4434 0.00004
Grain Size*Holding Time 4.092 0.00008
Grain Size*Initial Dens 2.945 0.00114
Ramp Rate*Holding Time 2415 0.00384
(a)
Source Logworth PValue
Initial Dens(50,65) 14.320 : | 0.00000
Grain Size(5,45) 11.596 | 0.00000
Ramp Rate(2,10) 9.811 0.00000
Holding Time(1,6) 8.577 0.00000
Grain Size*Holding Time 3.980 0.00010
Initial Dens*Grain Size 2.736 0.00183
Ramp Rate*Holding Time 2.144 0.00717
(b)
Source Logworth PValue
Initial Dens(50,65) 13.676 | 0.00000
Grain Size(5,45) 12.075 | 0.00000
Ramp Rate(2,10) 8.073 0.00000
Holding Time(1,6) 6.705 0.00000
Grain Size*Holding Time 4.051 0.00009
Initial Dens*Grain Size 3.073 0.00085
(c)
Source Logworth PValue
Initial Dens(50,65) 14.428 . | 0.00000
Grain Size(5,45) 11.901 : | 0.00000
Ramp Rate(2,10) 10.257 | 0.00000
Holding Time(1,6) 8.791 0.00000
Grain Size*Holding Time 4.186 0.00007
Initial Dens*Grain Size 2.865 0.00136
Ramp Rate*Holding Time 2.197 0.00635
(d)
Source Logworth PValue
Grain Size(5,45) 15.194 0.00000

Grain Size*Ramp Rate 7.562 0.00000
Holding Time(1,6) 7.445 0.00000
Ramp Rate(2,10) 5782 0.00000 ~
Grain Size*Grain Size*Holding Time 4.251 0.00006
Holding Time*Ramp Rate 4.005 0.00010
Grain Size*Grain Size 3.113 0.00077 ~
Grain Size*Holding Time 0272 0.53404 ~

Remove Add Edit Undo D FDR (*'denotes effects with containing effects above them)
(e)

Figure B.2: Significant factor weights for (a) final relative density, (b) shrinkage
in x, (c) shrinkage in y, (d) shrinkage in z, (e) sagging of the longest arms
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B. DOE Data

4 (= Prediction Profiler

> "
‘2 0920809 0.9
8 0913429, g
S 0.928189] 1
= 0.7
> 125
§ 1193807 45
2 (1189731, 4 4o ]
= 1.197883] .
wn 1‘1—_
o 125
81183557 1.2
g ]
2 [1.179749, 1154
£ 1.187366] 44
w 4
1.05 -
N 1.25
§ 1.196131 12
2 (1192142, 4 1o ]
= 1.20012] 1
v 1‘1—_
10-
25218914 8]
S 479631, 5]
& 5.641519] o] . ;
. 1 z z z
= 0.75 g g g
©0.502161 0.5 : : :
I'II'III;IIII T T III:III'III'I'IIIII
O O O — AN M ST ;nmWVWo N O NN T VW WO O O 0O O O N W wn o
n O v 0] o © - - N ™ T N o N
S 8 3 55.3 S
1320 Holding Initial 5 15
Max Temp Time Dens Ramp Rate Grain Size Desirability

Figure B.3: JMP generated prediction profiler used to estimate responses based
on the factor weights and inputs.



B. DOE Data

Final

Activation Energy | PreEx Constant | Density | X Y Z | Sagging
1 2500 3 99 (4634 |4.843 |21.97 8.63
2 2500 6 99 | 48| 4952332 9.537
3 2500 9 99 | 4.86 |4.925 (23.82 9.858
4 16250 3 99 |4.866 |4.906 |24.01 8.452
5 16250 6 96.9 4915 |4.979 [24.51 7.365
6 16250 9 92.6 14998 | 5.043 |24.94 7.204
7 30000 3 92.2 |5.008 |5.049 25 6.52
8 30000 6 80.5 5245|5278 |26.23 5.246
9 30000 9 745 5387 | 5411 [26.94 4.193
10 20000 7.8 90.1 | 5.047 |5.089 |25.21 6.691
11 10000 3 99 (4747 |4911 2339 9.624
12 10000 6 99 [4.865 |4.944 |24.12 7.942
13 10000 9 97.6 14911 |4.964 [24.41 8.03
14 8175 8 99 [4.898 |4.929 (24.19 7.801
15 7350 85 99 (4898 | 493 (2423 8.055
16 12000 6 99 (4901 |4.926 |24.23 6.977
17 6500 9 99 [4.875 |4.952 |24.16 8.188
18 10000 7 99 [4.877 |4.952 |24.22 7.886
19 14200 4.84 99 (4877 |4.948 |24.23 6.961
20 5000 12 98.6 1 4.881 |4.964 |24.25 8.489
21 30000 1 99 [4.851 |4.934 |24.09 8.165
22 4000 12 98.9 4875|4959 [24.18 8.636
23 4000 12.5 99.8 14.871| 4.87 [24.21 9.658

Figure B.4: Full data table for DOE investigating other material parameters.

Source

Activation Energy(2500,30000)
PreEx Constant(3,9)
PreEx Constant*Activation Energy

Logworth PValue
12191 [ | 0.00000
10.686 0.00000

5828 | 0.00000

Figure B.5: Effect summary of the activation energy and pre-exponential constant.
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Appendix C. Additional Physical Mea-
surement Data

Element Fe Cr | Ni | Mo C
Weight % | Balance | 17.0 | 11 | 2.2 | 0.015

Table C.1: Chemical composition of 316L. powder at RISE.

PSD Powder
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Size class (um)

Figure C.1: A histogram of the PSD of the 316L powder that was used for the
printing of the components.
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C. Additional Physical Measurement Data

Temp. /A°C
dL/Lo /% dL/dt /(%/min)
2l 0.0 1400
02 1200
11000
'04 ‘800
0.6 1600
-0.8 400
-1.0 [200
- : - : : : -1.2 0
0 50 100 150 200 250 R
Time /min

Figure C.2: Dilatometry measurements gather by Ablerto Cabo Rios used for
comparison with simulated values.
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C. Additional Physical Measurement Data

Phase 2 Green Part Density Phase 2 Sintered Part Density
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Figure C.3: A compilation of the measured green part and sintered part density
for some printed geometries. Figure C.3a shows the green part density distribution
for the second phase of the geometries and Figure C.3b shows the sintered part
density distribution for the same parts. Figure C.3c illustrates the green part density
distribution for the simple geometries.
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