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Abstract

Metal binder jetting additive manufacturing (BJAM) is an additive manufacturing
(AM) process that builds parts from a feedstock metal powder material by spreading a
layer of powder, then depositing liquid binder over the desired cross-sectional area to
bind the powder together. Once completed, the part is cured and depowdered, resulting
in a green part with the desired form but lacking functional material properties. Heat
treatment, typically in the form of sintering, is required to impart the desired properties

to the material by pyrolyzing the binder and densifying the part.

During each of these steps is the challenge of creating or maintaining a dimensionally ac-
curate part that adheres to the intended geometry of the part that was designed. Each step
has interactions between process parameters, material properties, and geometric feature
characteristics that determine the degree of accuracy of the finished part. Benchmarking
and understanding the physical phenomena of each of these steps is a field of active re-
search with many domains to be covered. In particular, there is a lack of information on
the dimensional accuracy of the printed green parts prior to post-processing and how to

design parts to achieve a desired accuracy.

The goal of this work is to develop a set of design rules that can be applied when
designing for binder jetting additive manufacturing with stainless steel (SS316L). This was
done by printing artifacts with geometric primitives at different scales and orientations to
determine which features can be printed successfully. Six types of features were included in
the design of these to examine minimum feature dimensions and clearances. The artifacts
were analysed with the help of a custom developed automated computer vision approach to
quantify the degree of dimensional accuracy. These results are compiled into a practical set

of design rules for designers that express printability and dimensional error as a function
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of feature type, nominal dimension, thickness, and orientation. Future work is proposed
to expand the formalization of design rules for binder jetting additive manufacturing and

to apply this workflow to other processes.
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Chapter 1

Introduction

Additive manufacturing opens the doors to production of complex designs, ones that could
not be easily manufactured using conventional techniques, and enables them to be made
from a variety of materials, including polymers, metals, and ceramics. To maximize the
potential of additive manufacturing, designers and engineers need to have a thorough
understanding of the limitations and possibilities of the technology class used. One critical
behaviour that needs to be understood is the dimensional accuracy of the manufactured
parts. From a high level, the key is to understand how a digital part le is translated
into a physical object and how closely does it match the design intent of the part. These
can be expressed as a set of design rules [1] which describe the requirements that parts
must meet to be successfully manufactured using a given additive manufacturing process.
These design rules are expressed in numerical form, with quanti ed limits for what can be
printed. In contrast, design guides provide broader recommendations for how parts should
be designed to improve printability, repeatability, reduce post-processing work required,

and optimize the physical properties of the nal part [1].



1.1 Overview of design rules for BJAM

Binder jetting additive manufacturing (BJAM) of metals is a two-step process: the print-
ing step is where the geometry of desired parts is created through a layering process and
a post-processing step that involves heat treatments to impart the desired physical prop-
erties to the part such as mechanical strength, density and surface roughness [2]. BJAM
has advantages over other forms of AM with regards to higher part throughput, compati-
bility with a variety of material classes, tunable physical properties, and greater geometric

freedom [3].

Design rules and guides for a variety of AM technologies have been developed by both re-
searchers and industrial professionals, including for laser powder bed fusion (LPBF), fused
lament fabrication (FFF), selective laser sintering (SLS), and stereolithography (SLA)
technologies [4]{[7]. For BJAM, existing design guidelines lack the information needed by
designers to explore complex geometries and optimize designs for additive manufacturing.
The information provided by manufacturers and service bureaus [7]{[9] provides guidance
on a set of features but does not take into account the e ects of orientation and the under-
lying data is not available, nor veri able across di erent systems and materials. It is also
in the AM community's interest to publish on robust methodologies for creating BJAM
design rules and report on these design rules, as the rapid pace of changes within the AM
industry means that even basic design rules and guidelines from manufacturers are prone
to becoming lost and inaccessible. Emerging research into design rules for BJAM has been
published by Blunk and Seibel [6] for a limited set of designs; more work can still be done
to fully characterize a diverse range of design features under di erent print conditions and

to establish a work ow to analyze and extract process-speci ¢ knowledge from such data.

Design rules are intended to cover as many features and materials possible, particularly



those that would be useful to designers, however it can be challenging to generalize design
rules to new materials and process parameters in a robust manner. A need exists for
a method to rapidly develop BJAM design rules for new materials, as the continuing
development of AM processes enables them to be printed. For BJAM, the e ect of process
parameters on mechanical properties has been extensively studied [10]. An opportunity

exists to direct the same level of attention to their e ect on green part geometric accuracy.

1.2 Thesis objectives

This work aims to expand the body of knowledge surrounding the geometric accuracy of
BJAM in two ways. The rst way is to propose a robust work ow that can automatically
extract data from optical images of specimens printed using BJAM and use that data to
establish a set of design rules. The second is to demonstrate this work ow for a given
process parameter set and material to develop preliminary design rules for desired feature

types printed using a particular feedstock material and process parameter set.



Chapter 2

Background

2.1 Binder jetting additive manufacturing

Binder jetting additive manufacturing (BJAM) is a form of additive manufacturing that
takes raw material powder and combines it with a liquid binder to form parts. It is a
multi-step process that can be used with a wide range of materials and can be scaled up
to produce large build volumes of parts. The steps used by BJAM can be broken down
into the following steps: printing, curing, depowdering, and sintering, as illustrated in
Figure 2.1 [11]. All these steps can be organized into two categories, the steps involved
in forming the geometry of the part and the steps required to impart the desired material
properties of the part. Printing is the only step that is used to create the geometry and
part features, while the rest of the steps, which are considered post-processing steps, are
needed to improve part density and strength, while balancing geometric shrinkage and

distortion.



Printing Curing Depowdering Sintering

Figure 2.1: A diagram illustrating the steps required to manufacture a part using BJAM,

including post-processing

2.1.1 Printing process

The printing stage is the initial step for producing parts using BJAM, where the geometry
is formed using a liquid binder being jetted onto a powder bed at select locations and
forming the desired geometries layer by layer. A graphical depiction of this process can
be seen in Figure 2.2 for the hopper con guration of the BJAM process, where powder
is supplied from above the print bed from a hopper holding powder for future layers. An
explanation of the steps shown in Figure 2.2 is as follows: (1) the initial state of the printer
part-way through the build process, where the green areas represented the portions of the
powder bed that have already been exposed to binder to be consolidated together; (2) the
build bed is lowered by a single layer height, which is typically in the range of 50 to 200
um [10]; (3) powder is dispensed on top by a hopper that travels over the bed; (4) the
loose powder dispensed in the previous step resting on top; (5) a counter-rotating roller
traverses over the bed, compacting the powder and removing excess powder to ensure a
consistent layer height and compaction; (6) the build bed after a complete powder layer
has been deposited; (7) an inkjet printhead moves over the layer of powder, jetting liquid
binder droplets into the bed to produce a 2D cross-section of the desired part geometry;

(8) a heater is passed over the entire layer to partially evaporate and/or cure the binder,



Figure 2.2: A diagram showing the powder spreading and jetting steps for a BJAM machine

with a hopper con guration. For description of steps, see main text.

depending on binder chemistry, prior to repeating the process. The process for one layer
is now complete, ready to repeat from step (1). This process repeats for as many layers
as needed, building up the part in 2D cross sections until it is complete. The areas of the
powder bed that will become the nal part are now saturated with binder that will hold
that portion of powder together in later steps, while the remaining powder on each layer
remains loose and will be removed during depowdering. Slight variations of the BJAM

process exist.

This entire process depends on the machine con guration, some BJAM machines do
not employ a hopper for supplying powder but instead, rely on a feed bed to supply powder
at each layer. This process can be seen in Figure 2.3, each step explained as follows: (1)

the left side represents the feed bed and the right side is the print bed that contains a print



Figure 2.3: A diagram showing the powder spreading and jetting steps for a BJAM machine

with a feed bed con guration. For description of steps, see main text.

in progress; (2) the build bed is lowered and the feed bed is raised by one layer height;
(3) a counter rotating roller spreads the powder from the feed bed across to the build bed,
compacting it into a dense layer; (4) the completed powder spreading process; (5) inkjet
printhead deposits the binder; (6) a heater is passed over the powder bed. The process is

now ready to repeat from step (1), as in the case for the hopper con guration.

Once the part has been built up from layers of binder-saturated powder, the whole build
volume, including excess powder surrounding the part, is typically placed into an oven to
fully cure the binder. The build volume is held at 175 to 450C, depending on the binder
used, for several hours until it is fully cured [11]. Typically, the curing process is done in
an ambient atmosphere and air, but can be done in an inert atmosphere depending on the
material being printed. The purpose of curing the binder is to improve the strength of the
part, otherwise the binder would either remain in a wet state or non-cross-linked state,

and the parts would not be able to be removed from the build volume intact. Once cured,



the parts are now referred to as green parts and can be handled gently without damage.

2.1.2 Depowdering and post-processing

Depowdering is a manual process where the green parts are carefully removed from the
build volume and excess powder is removed. This is typically done by hand using tools
such as brushes, compressed air blow guns, or vacuum nozzles [12]. This step requires
careful attention by the user, as the green parts are still delicate and any thin or detailed
features could be damaged or destroyed if too much force is applied. Any excess powder
from internal cavities needs to be drained out at this step, using pre-designed holes in the

part. Other methods for e ective depowdering using a vortex oscillator have been proposed
by [13].

Once the green parts have been cleaned and excess powder removed, they are still
porous, with densities typically ranging from 50-60% [10]. The particles within the powder
are still only bound by the binder, thus the green part strength is very weak and a sintering
post-processing step is needed to obtain the desired material properties based on the powder
material system utilized. Alternatively, an in Itration step is used in lieu of sintering to

form a metal matrix composite by introducing a di erent metal into the part.

For sintering, the part is placed into a furnace and heated to a lower temperature to rst
burn away the binder, then the temperature is increased and held to allow the sintering
process to occur, wherein the part goes through several stages of sintering, eventually
reaching a density of typically 70-92%, dependent on material class and process parameters
[11]; higher densities have recently been reported [14]. The furnace has a protective gas
owing around the part to prevent oxidation. The exact details of the sintering schedule

and protective gas used are chosen based on the materials that are being printed, with



the starkest di erences being between di erent classes of materials (i.e. metals, ceramics,
polymers, etc.). The sintering pro le also is based on the desired properties for the nal
part, particularly for metals, as the microstructure is highly dependent on how the part is

sintered [15].

An important aspect of particular concern is that the sintering process causes the part
to shrink and deform depending on part geometry; this has to be accounted for when
designing the part. This has been the subject of research that attempts to simulate and

measure this deformation for a variety of materials and geometries [16]{[19].

When in Itration is used, the part is rst heated to burn away the binder, then a metal
with a lower melting temperature than the powder material is brought into contact with
the part and both are heated in a furnace. The new metal in Itrates the material and
lIs the pores that existed, densifying the part [20]. Occasionally, in ltration is performed
after sintering to further improve part density if the materials used are compatible and
do not result in adverse mechanical properties. In Itration was the initial technique used
for densifying parts when BJAM was rst developed, but the focus has shifted largely to

sintering in recent years [21].

2.1.3 Relevant process parameters

BJAM has a long list of process parameters that a ect the nal part quality, with each

step of the process having its own key parameters that then in uence subsequent steps.
These process parameters will be split between printing and post-processing steps. This is
not an exhaustive list of process parameters, rather a collection of the key ones that have
been the focus of research and have been found to have the greatest impact on nal part

properties.



The characteristics of the powder used during printing are critical for ensuring that the
print succeeds and that the nal part has desired properties. Some of the key parameters
used to characterize the powder and its suitability for BJAM are the powder size distribu-
tion, mean size, morphology, owability, and packing density [10], [22]. These properties
impact the nal properties of the part through two main ways, the density of the part as
it is printed and sintering properties [23]. Generally, when selecting a powder, its ability
to from a denser green part is desirable as it leads to greater success in sintering density

outcomes and resulting part strength.

Aside from the powder feedstock, the parameters that are set on the BJAM machine as
it prints each layer of the part are also critical for determining green and nal part quality.
The mechanisms to spread the powder evenly across the bed are dictated by parameters
such as layer thickness, translational and rotational speed of the roller, and possibly even
the vibration of the roller or hopper [23]. The interaction of the binder and the powder is
given by the behaviour of the inkjet printhead as it deposits droplets with a certain velocity
at a given distance from the powder, and the layer thickness of the powder [10]. This can
be summarized as the saturation of the powder with the binder liquid and the degree to
which it lls the void between particles. Excess saturation will lead to excessive powder
being bound together, causing dimensional inaccuracies, while inadequate saturation will
result in weak parts that will not survive the depowdering and/or post-processing steps
[15]. The time spent between each layer to allow the binder to dry, as well as any heating

performed to partially cure the binder also has an impact on part properties [10].

Lastly, the placement (location and orientation) of the part within the build volume
can also have an impact on the nal resulting parts, with di ering densities based on which
area of the powder bed that the part was printed [11], and increased dimensional accuracy

along certain axes based on part position [24]. This is due to the spreading direction of

10



the powder, the jetting direction of the printhead, and gravity.

Regarding post-processing, the focus of process parameters is on the sintering step used
to produce a dense part. The sintering step can involve heating the part to multiple di erent
temperatures under various gas conditions, for set amounts of time at di erent heating
rates, all of which impact the nal density and strength of the part. The temperature can
impact the type of sintering that occurs, particularly relative to the material's solidus and
liquidus temperatures [10]. The gas atmosphere chosen for the sintering process can also

impact nal part properties [11].

For this work, the focus will be on observing geometric properties of the green parts to
develop strategies to propose design rules and calibrate design features to improve printing
delity. As such, the interplay of parameters involved in the printing process will have a

signi cant importance.

2.1.4 Comparison to other AM technologies

In comparison to other metal powder bed AM processes, BJAM has the advantage of
occurring in an ambient environment when printing. This means that larger print volumes
can be used for large or multiple parts when printing. It also does not require a high energy
source to melt the material that can be expensive or lead to residual thermal stresses in
the printed part [25]. BJAM is also typically faster than other AM technologies due to its
inkjet printhead that can quickly cover large areas of each layer instead of relying on one

or multiple point sources such as lasers or electron-beams to cover that same area [10].

From a design perspective, BJAM allows metal parts to be printed without supports,
as the binder jetting process can dispense binder without issue onto unsupported regions.

This means that multiple layers of parts can be printed on top of each other within the
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same print volume during a batch, increasing productivity. However this does not imply
true support-free design freedom, as designs that will be sintered still need some supports

to prevent slumping or distortion due to gravity [25].

BJAM does have certain disadvantages that need to be overcome or avoided. Some of
these arise from its nature as a multi-step process, meaning that parts do require addi-
tional e ort and intervention to be manufactured. The sintering step introduces a level of
inaccuracy to part geometry due to shrinkage that needs to be compensated using multiple
trial runs before obtaining reliable part dimensions [10]. From a design perspective, this
shrinkage is dependent on the geometry of the part and accurate simulation software to
predict this behaviour is an ongoing challenge. BJAM is also a powder bed process at its
core, meaning that internal cavities and detailed features must be designed with depow-
dering in mind, ensuring that there are appropriate channels and holes for powder to be

removed.

The mechanical properties of the part are also dependent on its successful densi cation
and BJAM has many steps where defects can arise which cause entrapped porosity that
hinders the part's full potential. Additionally with regards to metals, the composition of
the binder may result in leftover elements in the nal part that can compromise material

properties, for example, leaving excess carbon in a steel parts may weaken its strength [14].

2.1.5 Materials

The range of materials compatible with BJAM can be roughly organized into three groups:
metals, ceramics, and other specialty materials. Table 2.1 gives an overview of the di erent
types of materials that have been reported in the literature as having been printed using
BJAM.
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Table 2.1: Materials that have been deployed with BJAM

Metals Ceramics Specialty Materials
Stainless Steel (316L, 420) [26],Calcium phosphate [28] | Casting sand [29]

[27]

Nickel Alloys Hydroxyapatite [32] Active pharmaceutical
(Inconel 718, 625) [30], [31] ingredients [33]

Iron [34] Alumina [35] Cement [36]

Titanium [37] Porcelain [38] Plaster [24]

Copper [39] Calcium Caseinate [40]

Nickel-manganese SMA [41]

Silicone [42]

Cobalt Alloys [43]

Aluminum [

]
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BJAM can work with metals such as stainless steel for functional parts, in particular,
316L and 17-4PH stainless steels have been well studied in the existing BJAM research
literature, with process parameters being optimized for those materials [15], [21], [45].
BJAM is uniquely suited for printing parts with copper as other metal AM technologies
face issues printing copper due to its material properties [46]. There are a range of ceramic
materials that have also been a focus of ongoing research due to their uses as bioceramics in
medical applications and functional ceramics in engineering designs [47]. More specialized
materials have been explored for targeted applications such as calcium caseinate which was

used to print high-protein snacks [40].

The challenge with printing some of these materials is either due to powder charac-
teristics that negatively impact its performance during the printing step or the powder
behaviour when being sintered that prevents the part from reaching su cient density. An
example of di cult powder to print would be non-spherical powders as they have low
owability due to higher friction [15]. This would typically lead to either less dense layers
of powder or a complete inability to spread a thin layer of powder without disturbing the

underlying layers. Ongoing research is focused on addressing such challenges.

2.2 Additive manufacturing benchmarks

Throughout the history of additive manufacturing, particular part designs have been devel-
oped to be used as tools to benchmark additive manufacturing technologies [48]. A helpful
classi cation of these benchmarks comes from Mahesh [49]: geometric benchmarks to test
the dimensional accuracy of printing certain features, mechanical benchmarks for examin-
ing the mechanical properties that are independent of geometry, and process benchmarks

used to compare the e ects of process parameters in order to optimize said parameters.
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Benchmarks in literature have changed and adapted over time, expanding into new
materials and AM technology classes as they become available. One key shift has been the
move from looking at pre-existing parts that are designed for a realistic functional purpose
to parts intentionally designed for benchmarking with features based around various primi-
tives such as holes, walls, cylinders, and overhangs [50]. These benchmarks usually include
the most challenging situations for the AM technology being tested, where the geometric

feature is likely to warp, be damaged, or fail during the printing process.

A comprehensive list of benchmarks was compiled by Rebaioli and Fassi in their review
of artifacts for AM [50], and a few prominent benchmarks will be mentioned in this work
to provide guidance for the design of new benchmarks. One of the earliest benchmarks
depicted in Figure 2.4 and is described by Kruth as having been performed by Centrum
voor Productietechniek and TNO to compare di erent AM processes available at the time
[48]. Indeed, many of the benchmarks since then have been used to compare dierent

additive manufacturing technologies [51){[53].

Another benchmark part that is often referenced is one that was proposed by Moylan
et al. known as the NIST test artifact, that is designed in a way to act as a geometric,
mechanical, and process benchmark [54]. The benchmark contains surfaces, pins, holes,
staircases, ramps, and cylinders that can be measured and can be seen in Figure 2.5.
Another benchmark of particular interest is the one used by Castillo to compare di erent
AM processes, including metal BJAM [55]. This benchmark contains hollow cylinders,

holes, and multiple types of overhangs as seen in Figure 2.6.

An important consideration when deciding on benchmark parts is to ensure that the
benchmark encompasses the most useful and common features for the intended AM tech-
nology. For example, it is of little use to examine the e ect of extreme overhangs in AM

processes such as LPBF as the design will be guaranteed to fail, whereas it may provide
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Figure 2.4: Benchmark parts used by Centrum voor Productietechniek and TNO that were
printed using selective laser sintering, stereolithography, and laminated object manufac-

turing to measure the geometric accuracy of each technology. [48]

Figure 2.5: The benchmark proposed by Moylan et al. [54]
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Figure 2.6: Benchmark used by Castillo [55]
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little value when examining SLS technologies as overhangs pose no signi cant challenges
to that AM class. Use cases are also important to consider, as noted by Buswell et al. [56]
who focused on a wall feature when examining concrete material extrusion AM printers,

as construction of building structures was their primary use case.

These manufactured benchmarks are typically measured using CMM [53], [57], [58], 3D
optical scanners [59]{[63] , X-Ray CT scanning [51], [60], [64], image processing techniques
[28], [65], optical microscope [66], [67], caliper gauge [24], [55], [68]. All these measurement
techniques have their own bene ts and drawbacks, for example, X-Ray CT scanning allows
for the measurement of internal feature that would be impossible to quantify otherwise,

but at high nancial and time costs.

2.3 Design rules for additive manufacturing

Design guides have been developed for a variety of AM technologies, including LPBF,
FFF, SLS, and SLA [4], [5], [61], [62], [69]. The most relevant ones are the powder based
technologies, as they share the closest similarities to BJAM. However, these similarities
cannot be directly correlated as most of these are fusion- or sinter-based processes while
BJAM is unique in only having a liquid binder being deposited to form geometry from

powder during the printing process.

Historically, the rst BJAM machines commercially available were intended for use
with plaster and ceramic materials and the geometric accuracy of parts made using these
materials have been studied in the past [24], [28], [53], [58], [67], [68], [7OK[72]. Many
general observations about the nature of binder saturation and the jetting process could

theoretically be transferred to metal powders and binders, however experimental validation
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Table 2.2: Existing metal BJAM design rules

Publication Author Minimum wall Minimum hole Minimum inner

thickness diameter corner radius
Blunk and Seibel [6] | 0.1 mm 0.2 mm 0.06 mm
ExOne [8] 1 mm Not given 0.8 mm
Xometry [9] 1 mm 1 mm Not given
Schmidt-Lehr  and | 0.3 mm 1.5 mm (vertical) 0.8 mm
Fuhrer [7] 1.0 mm (horizontal)

of these e ects have not been recorded for metal powders except in a limited number of

cases [22].

With regards to metal BJAM, there are only a handful of works that compile a useful
set of design rules for di erent types of geometric features. A selection of design rules
extracted from these publications is compiled in Table 2.2. The content in the industrial
publications are focused more on general guidelines as opposite to numerical design rules.
This motivates the goal of this work to provide a work ow that can be used to expand this
body of knowledge around binder jetting design rules and formalize the design guidelines

that already do exist.
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Chapter 3

Artifact design

The goal is now to design benchmark artifacts that isolate design primitives that can be
manufactured to test their printability and dimensional accuracy. Drawing on the work
done by Seepersad et al.[5] and Castilho et al. [28], the artifacts used for this experiment
will use a factorial design to test multiple levels of feature size, part thickness, and orien-
tation. The desire is not to design a monolithic artifact that contains as many di erent
features as possible, as done before by other researchers [54], [58], [63], but to design a
series of parts that will focus on fully investigating a limited subset of features. A mono-
lithic artifact is also undesirable, as it presents many challenges in accurately measuring
the dimensions of the features it contains due to the crowding of features. Most monolithic
benchmarks are also only intended to be printed in a single orientation, optimizing their
overall dimensions to t common rectangular build volumes; however, the goal of this work
is to also examine how orientation a ects the quality of features, making it di cult to use

these existing benchmarks.

To demonstrate the work ow for developing a design guide, a subset of basic geometric
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features were chosen that could be printed as specimens to collect data on their geometric
delity and printability. For the purpose of this work, the focus was on ne features below

5 mm to investigate minimum feature sizes of BJAM.

The motivation for ne features come from applications for binder jetting for detailed
features with complex geometries, to best leverage the unique capabilities of this AM
technology, namely the ability to print without requiring supports and how increased com-
plexity does not increase the printing time due to the inherent nature of jetting requiring
only a constant amount of time per layer. For this work, the measure of interest is the
geometric delity of the feature, with reference to dimensions such as the length, width,

and position of the feature. Surface roughness is not within the scope of this work.

In particular, three types of geometric features were chosen: thin walls, circular through
holes, and rectangular slots. Thin walls exemplify the ne features required for exures
[73] and surface lattice structures [74]. Circular through holes are representative of micro-
channels [75] or ne lattice structures. Lastly, rectangular slots are important for demon-
strating the minimum separation between parts when laying out print beds of parts and
are also important for quantifying the minimum width required for powder to escape from
a negative feature; additionally, such features are important in printing of thin ns, similar
to ones present in heat exchangers. This last feature is sub-divided into thin gaps along the
X and Y directions and vertical gaps in the Z direction, this is since the Z axis is expected
to result in di erent print quality behaviour [24] and also to keep the artifacts within a

maximum height to reduce printing times for e ciency.

All of these features were designed to be analysed using an optical microscope, which
required them to have a constant 2-dimensional cross-section for the features of interest
which could be imaged to capture the entirety of the feature. This e ectively meant that

all these parts are extrusions of a 2D shape that has the key dimensions. In addition
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to these artifacts, another artifact was designed to test the minimum clearance between
surfaces that can still be successfully printed and depowdered as separate parts without
fusing together. More complex geometries are out of scope of this present study and will

be considered in future work.

3.1 Thin walls

The thin walls artifact is composed of 15.0 mm long walls of varying widths held together
with an outer frame. The walls are separated by 3.0 mm gaps and the entire artifact is 5.0
mm thick. The wall dimensions that were examined are 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6,
0.7, 0.8, 0.9, and 1.0 mm. On the side of the artifact, text is embossed that indicates the
intended orientation of the part relative to the printer axes, this embossed text is standard
for all artifacts used in this work. Figure 3.1a and 3.1b are the top and orthographic view

of the artifact respectively.

(a) Top view (b) Orthographic view

Figure 3.1: Views of the thin walls artifact CAD model
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3.2 Thin gaps

The thin gaps artifact is composed of 15.0 mm long gaps of varying widths within an outer
frame. The gaps are separated by 3.0 mm walls and the entire artifact is 5.0 mm thick.
The gap width dimensions that were examined are 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8,
0.9, and 1.0 mm. Figure 3.2a and 3.2b are the top and orthographic view of the artifact

respectively.

(a) Top view (b) Orthographic view

Figure 3.2: Views of the thin gaps artifact CAD model

3.3 \Vertical gaps

The vertical gaps artifact has gaps that are 10 mm in length, surrounded by a 5.0 mm thick
frame. The square insets around the gaps were used to set the part thickness to either 1.0
or 5.0 mm. The gap widths that were tested for this feature range from 0.1 to 0.8 mm, in

increments of 0.1 mm. Each artifact has 4 di erent feature widths, so the complete list of
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vertical gap widths is measured using 2 di erent artifacts. Figure 3.3a and 3.3b are the

side and orthographic view of the artifact respectively.

(a) Side view (b) Orthographic view

Figure 3.3: Views of a vertical gaps artifact CAD model, where the vertical gap distances
being tested are 0.1, 0.2, 0.3, and 0.4 mm (from left to right), and the part thickness is 1.0

mm for each feature (inset squares)

3.4 Through holes

Each through hole artifact was designed to test 5 di erent hole diameters at 5 di erent part
thicknesses to cover the full factorial design. The part thicknesses ranged from 1.0 mm to
5.0 mm, in 1.0 mm increments. The hole diameters that were tested ranged from 0.1 to
2.0 mm, in 0.1 mm increments. A total of 4 di erent artifacts were used to span all hole
diameters in this testing range. Each artifact has 5 di erent hole diameters arranged in a
cross pattern, with this pattern repeated 5 times for each part thickness. The entire part

has a 3.0 mm frame to stabilize and protect the delicate thinner portions of the artifact.
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Figure 3.4a and 3.4b are the top and orthographic view of one such artifact.

(a) Top view (b) Orthographic view

Figure 3.4: Views of a through holes artifact CAD model, where the hole diameters being
tested are 1.6, 1.7, 1.8, 1.9, and 2.0 mm (arranged in a clockwise spiral), repeated for 1.0,

2.0, 3.0, 4.0, and 5.0 mm part thicknesses (each step from left to right)

3.5 Clearance cylinders

To determine the minimum clearance required between concentric geometries, an artifact
was designed that had a grid of cylinders, 10.0 mm in diameter, placed inside holes with
varying amounts of clearance between the cylinder and the outer wall. Clearances of 0.1,
0.2, 0.3, 0.4, 0.5, and 0.6 mm were tested. For each clearance measurement, two di erent
heights of cylinder were used: 5.0 and 10.0 mm. This artifact can be seen in Figure 3.5b.

Figure 3.5a and 3.5b are the top and orthographic view of the artifact respectively.
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(a) Top view (b) Orthographic view

Figure 3.5: Views of the clearance cylinders artifact CAD model
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Chapter 4

Methodology

4.1 Specimen printing and materials

The specimens used for this experiment were printed using a ExOne M-Flex (ExOne, North
Huntingdon, PA, USA) Binder Jetting machine. The speci cations for this machine can be
seen in Table 4.1 The particular machine used can be seen in Figure 4.3. All the parts were
printed using a custom reduced build volume (RBV) that was designed and built in-house,
which is shown in Figure 4.1. The RBV slots into the existing build volume of the machine
to reduce the e ective print volume to 110 x 110 x 50 mm, reducing the amount of powder

required for a print job.

The RBYV is also equipped with a mechanically-driven feed bed that can be enabled to
move upwards and supply powder for the layering step. This allows the machine to print
using either this feed bed system, or the built-in hopper powder dispensing mechanism of
the ExOne machine, where the powder is dispensed using an oscillating motor for each

layer. This printing process can be seen in Figure 4.2. These two methods are de ned
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Feed bed Reduced bed

Feed bed Build bed volume
Original Build bed
bed volume
Build bed
piston

(@) (b)

Figure 4.1: (a) Photo of the reduced bed volume installed in the ExOne build bed, labelled
with the feed and build beds. (b) CAD model of how the reduced bed volume is mounted

into the larger ExOne build bed

by the source of powder for each new layer and are referred to as as feed bed and hopper
respectively. Refer to chapter Background for more details on the di erences between these
two mechanisms. The powder used for all the printed specimens was a stainless steel 316L
alloy (Renishaw, UK) with a particle size distribution (PSD) of 15-45 um. The powder
has a spherical morphology and a PSD range with generally good owability [22], [77].
During printing, the powder used was fresh powder blended with sieved recycled powder
from prior BJAM prints. The recycled powder was processed from the leftover powder
after depowdering parts nad was sieved with a 48m sieve (Hogentogler, Maryland, USA)

to keep the PSD of the blended powder within the same original PSD. The use of recycled

powder in this way is justi ed as the nal parts have similar properties [78].

The binder used to print the specimens is the AquaFuse binder (ExOne, North Hunting-
don, PA, USA). This is a proprietary agueous polymer binder formulation that is designed

for use with the ExOne M-Flex machine and is suitable for the SS316L powder material

28



Hopper
Build bed

Roller

(@)

Build bed

(b)

Printhead

Figure 4.2: Photos of the BJAM printing process: (a) The roller is midway through spread-

ing powder over the build bed (b) The printhead is partway through jetting the calculated

geometry for this layer.

Table 4.1: Technical speci cations for the ExOne M-Flex BJAM printer |

Build Box Dimensions

400 x 250 x 250 mm

Build Volume 25 L

Layer Height 50 - 200pum
Print Resolution 200 dpi
Max Build Rate 1600 cnih 1!
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