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In recent times, research efforts have been focused on Additive Manufacturing (AM)
technologies, be it high or low energy-based, due to the ability to produce very complex and near-
net shaped components. The overall aim of any AM technique is to produce parts that have
industrial applicability. However, additively manufactured parts exhibit low service life as a result

of part failure during use. These part failures usually arise due to the presence of defects such as
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excessive porosity, part distortion and property anisotropy. In order to meet the aspirations of using
parts manufactured via AM without the fear of catastrophic failure, there is therefore the need for
research efforts to be geared towards developing novel approaches to mitigating and eliminating

unintentional defects in additively manufactured parts.

This body of research work aims to improve on the current understanding of the defect
mitigation strategies in additively manufactured parts by contributing towards accelerating new
discoveries of innovative approaches in eliminating detrimental defects in high and low energy
AM processes. We explored the Binder/Solvent Jetting and the Selective Laser Melting AM
technologies when considering low-energy and high-energy based AM processes respectively,

with a focus on mitigating excessive porosity and part distortion defects.

Our approach to the research work was fundamental in nature, involving both experimental
and analytical considerations from both a macroscopic and microscopic point of view and has
taken the form of understanding the influence of process parameters on defect formation. We
developed novel and innovative approaches to optimizing the AM processes for the production of
defects free parts, and further systematically developed empirical relations between process
parameters and output variables such as final part density and degree of distortion to help control
defect formation from experimental observations and analytical considerations. For example, An
empirical equation describing the distortion strain as a function of powder spreading parameters
during binder jetting AM is suggested as an approximation of the numerical modeling results,
while the results on selective laser melting of metal-matrix-composites show that the filling of the
pores between rigid inclusions by the molten matrix is dependent on the laser dwell time, which

in turn, depends on the volume fraction of ceramic reinforcement, initial pore sizes between
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inclusions and materials properties of the matrix phase such as viscosity, surface energy and initial

pore sizes between rigid inclusions.

Our developed process parameters were used with great success in manufacturing defects
free AISI 316L austenitic stainless steel (SS316L) alloy, (SS316L)-WC and functionally graded
(SS316L)-WC metal-matrix-composites. Furthermore, a comparative study was conducted to
investigate the influence of the various AM processing route on the process-structure-property
relationship of processed parts, with results indicting that due to the differences in the kinetics of
the various processing routes investigated, different microstructures and hence mechanical

properties can be realized.
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Chapter 1
Introduction: Additive Manufacturing

Additive manufacturing (AM) is a term used to describe a collection of manufacturing
technologies that involves the fabrication of parts in a layer-wise manner. This differs from other
conventional manufacturing methods where parts are made by adding constituent materials all at
once like casting or removing materials as in the case of machining [1]. The first recorded AM
process, according to Akmal et al. occurred in the 1980°s, where a UV-laser was employed in
curing a polymer resin in a process now known as stereolithography [2].

There is currently a wide range of AM process techniques that are being used to
manufacture parts made of polymers, metals, ceramics, and composites. These AM process
techniques differ one from the other by the method in which the starting material is supplied, how
these are consolidated, and the energy requirement for the process. According to the technical
committees ASTM F42 and ISO 261, the common AM technologies can be classified into seven
categories viz; binder jetting (BJ), powder bed fusion (PBF), directed energy deposition (DED),
material jetting (MJ), Material extrusion (ME), sheet lamination (SL), and vat
photopolymerization (VPP) [3]. Furthermore, these AM processes can be divided into two broad
categories based on their energy requirements [4, 5], and this is represented schematically in Figure
1.1, with the highlighted paths indicating the case studies for the thesis.

On the one hand, high energy AM is a broad class of AM techniques that require quite a
substantial amount of energy, usually to fuse starting materials together. One such method is the
Powder bed fusion AM technique. The PBF is an AM technique in which the raw material is
supplied through a bed of powder [6]. The powder is melted using a laser beam, as in the case of

selective laser melting (SLM) [7] or sintered using a laser beam, as in the case of selective laser



sintering (SLS) [8]. These AM techniques are generally called laser powder bed fusion (LPBF).
Another way to consolidate a powder bed is using an electron beam, called electron beam powder
bed fusion (EPBF) [9]. Another well-known high energy AM technique is the so-called direct
energy deposition, where powder or a metal wire is focused or fed respectively through a nozzle
into the path of a laser beam, which then melts and deposits the molten feed material onto a

substrate [10].

Additive
Manufacturing (AM)
Low-energy based AM High-Energy based AM
T 1 '
stereolithography Material Extrusion Material Jetting Laser Beam Melting (LBM) Electron Beam Melting (EBM)
Sheet Lamination l | l
Powder Bed Printing (PBP) Powder Bed Fusion (PBF) Direct Energy Deposition (DED)

Binder/Solvent Jetting (BJ/SJ) Selective Laser Melting (SLM})

Figure 1.1 Classification of AM techniques based on energy requirement (highlighted path
represents techniques explored in this work).

On the other hand, low energy AM techniques are those AM techniques that do not require
high amount of energy input during the printing stage. One such method is the Binder Jetting (BJ),
sometimes called the Solvent Jetting (SJ) AM technique, which like the PBF AM process is a
powder-bed-based AM technology. The terms binder jetting and solvent jetting are seldom used
interchangeably even though they describe slightly different techniques. The slight difference will
be expatiated on in a subsequent section. However, for simplicity, we will refer to them as the
Binder/Solvent Jetting (B/SJ) AM technique when speaking in general terms throughout this work.

Unlike in SLM, in the case of the B/SJ, the powder bed is not fused directly during printing,

but instead the part consolidation is carried out in a different step, thereby effectively separating



the AM process into two stages; the printing stage and the consolidation stage [11]. In the printing
stage, liquid binding agents are selectively deposited onto the build bed, based on a CAD model
which is transmitted into the printing machine in the form of an stl file. After printing, a rather
fragile part is made which is then cured to slightly increase its strength enough to be handled [12].
After curing, the printed part is de-powdered, a process that involves the removal of surrounding
loose powder. The next step, known as the debinding and consolidation or sintering step is carried
out. Here, the printed parts are subjected to thermal or sintering environments in order to
consolidate the printed part [13].

In recent times, additive manufacturing of metals has drawn the attention of the
manufacturing industry due to its ability to produce geometrically complex shapes, which hitherto
was, and remains, a major challenge with the more conventional manufacturing processes like
casting and the various forming processes that can include forging, extrusion and rolling [14].
Often, these conventional manufacturing processes are combined with subtractive processes like
machining or additive processes like welding etc. in a bid to produce finished parts. Still, the
complexity of parts produced by the combination of these different manufacturing processes do
not compare to parts manufactured with a single additive manufacturing step [15]. Despite this
advantage of AM processes over the more conventional manufacturing processes, the AM
processes are faced with peculiar challenges, limiting their wide industrial applicability.

The AM techniques of interest in this work are the selective laser melting and the
binder/solvent jetting techniques. The following sections will focus on these technologies,
highlighting the current defects encountered by both techniques and defects mitigating steps being

explored.



1.1 Selective laser melting

Selective laser melting is a PBF AM technology that can be applied to metals and non-
metals like ceramics. Just like other AM technologies, SLM can be used to produce near net shaped
parts. In this AM method, a computer-generated 3D file is aligned with processing parameters and
sliced to several 2D files corresponding to the cross section of the parts after every given layer.
This process is usually done using a computer software such as magics. The print process then
involves the deposition and spreading of a powder layer over a build plate or previously printed
layer according to a pre-defined layer thickness, followed by selectively melting the powder with
a high energy laser beam in accordance with the cross section of each layer. After this, the build
platform is lowered to a distance corresponding to the layer thickness and a fresh powder is spread
over the melted layer. The process repeats itself until the entire 3D part is built. The SLM process
is able to quickly build parts with highly complex shapes without the need for post process
machining operations. Figure 1.2 illustrates the SLM process, highlighting the several process

parameters.

Laser
(Power, P)

Powder Previously printed
Spreader tracks

Powder
bed

Figure 1.2 Schematic of the SLM process



In order to achieve a successful SLM process, several parameters must be taken into
account. These parameters are generally classified into two broad categories viz 1) materials related
parameters and ii) processing related parameters. Table 1.1 shows the various parameters to be
considered during SLM.

Table 1.1 SLM processing parameters

Materials related parameters

Process related parameters

Thermal conductivity

Laser power

Laser absorptivity

Laser scan speed

Particle morphology

Hatch spacing

Particle size distribution

Layer thickness

viscosity

Laser scan strategy

Surface tension/wettability

Temperature of build bed

Melting temperature

Atmosphere of build chamber

Chemical composition

Recoater speed

The important processing parameters involved in SLM include laser power (P), scanning
speed (v), hatch spacing (h), layer thickness (d), and scanning strategy. These parameters are
chosen in such a way as to ensure an appropriate and uniform energy density across the powder
bed. Several expressions have been used to define the energy density during SLM. According to
several authors [16-19], the energy density is usually expressed as a volumetric energy density

with the expression:

g, =F (1.1)

v.h.t

where E, is the volumetric energy density with a unit of J/mm?
Some authors would substitute the hatch spacing, h for the laser diameter d while
estimating the volumetric energy density. Other authors such as Jiang et al. [20] use the planar or

surface energy density with units of J/mm? given as:

(1.2)



where E, is the planar energy density

The expression of the energy density in equation (1.2) is particularly useful when dealing
with single layer SLM processes. Furthermore, a few others [21, 22] have estimated the energy
density as a linear energy density which is particularly useful when dealing with single track

processes and expressed as

E = (1.3)

P
v
where E, is the linear energy density with a unit of J/mm.
1.2 Binder/Solvent Jetting

ASTM F2792 defines binder jetting as “an additive manufacturing process in which a
liquid bonding agent is selectively deposited to join powder materials”. This process is quite
similar to the SLM, but instead of a high energy laser, a liquid binder jet, supplied through an

inkjet printer head, is used to selectively bond powder particles on a powder bed as shown in Figure

1.3.
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Figure 1.3 Schematic of the binder jetting process



The parts printed by B/SJ are very fragile as mentioned earlier and are referred to as green
bodies. These usually need additional post printing steps like sintering, hot isostatic pressing (HIP)
and liquid infiltration before the parts can be useful [11, 23]. The major and probably only
difference between the binder jetting and the solvent jetting techniques is in the mode of the
application of the binder. In the case of the binder jetting, a liquid polymeric binder in jetted
directly from the inkjet printhead onto the powder bed, while in the case of the solvent jetting, a
polymeric binder in granular form is premixed with the powder to be printed and spread on the
build plate. A binder activator called the solvent is then jetted from the inkjet printhead onto the
powder bed. The solvent, on contact with the binder particles, activates the binder which then binds
the powder to be printed.

In very recent times, the B/SJ of metallic parts has been attracting the attention of both
researchers and industrial partners. This is because of the advances in sintering science. Metal
alloys like Inconel, several classes of stainless steels and nickel-chromium alloys, etc. have been
successfully binder/solvent jetted and advances made to sinter them to near full density. Without
fully consolidating B/SJ parts, their industrial applicability becomes limited to only applications
that require a porous structure as in the case of certain biomedical applications. As such, for B/SJ
components to find full industrial use, sintering becomes an important post printing step. To this
end, several studies, both experimental and modeling, are ongoing to fully understand the sintering
kinetics of B/SJ components.

Several models used in predicting the sintering behavior of green bodies produced by
conventional powder technology methods such as metal injection molding (MIM) are being used
to predict the sintering behavior of B/SJ components with varying degrees of success. One such

model that has been quite successful is the Olevsky’s continuum sintering model [24]. This model



has been used with great success to predict sintering kinetics and shrinkage anisotropy of B/SJ
alloys and ceramic components [25-27].
1.2.1 Sintering of Binder/Solvent Jetting components

A very crucial step in B/SJ is the sintering step, without which the printed part has no
engineering value, especially when it comes to structural applications. In this step, high
temperature induced atomic diffusion helps for densification of printed green part. This
densification results in improved microstructural and mechanical properties. Parts printed usually
exhibit high levels of porosity which depends on the powder characteristics, spreading mechanism
and other printing dynamics. These initial porosities can range from about 40% for metals to as
high as 75% for ceramics. Because of this high level of porosity in printed parts, they exhibit high
surface areas, thus the bid to reduce these surface areas serves as the driving force for sintering of
the printed parts.

The sintering process can be divided into 3 stages viz: the initial, the intermediate and the
final sintering stages [24, 28, 29]. The initial stage occurs at low temperatures with surface
diffusion serving as the dominant mode of mass transport. In this stage, necks form between
particles without any dimensional change or reduction in porosity. The next stage which is the
intermediate sintering stage begins at higher temperatures and involves the growth of the
previously formed necks [29, 30]. In this stage, atomic diffusion occurs across lattice and grain
boundaries, resulting in significant densification of the part. The pore structure during this stage is
interconnected. As the temperature is further increased, the porosity of the part is further reduced
and the pores become isolated, leading to the final stage of sintering. In this final sintering stage,
the pores are further reduced until full densification is achieved with the part exhibiting a well-

developed microstructure. This final sintering stage is also characterized by grain growth [29, 31].



1.2.2 Sintering thermodynamics and Kinetics.

The fundamental force driving the sintering process is the minimization of surface area
and/or surface energy. In order for a porous body to reach a state of lower energy, mass
transportation occurs between particles with the aim of minimizing the total free surface of the
system. Just like in conventional powder metallurgy, in binder jetting, the morphology of the
starting powder influences the densification behavior of the printed part. According to German
[30] fine powder particle exhibits a higher driving force for sintering, resulting in densification
occurring at lower sintering temperatures when compared with the sintering behavior of coarse
powder particles.

The kinetics of sintering can be viewed from two broad mechanisms known as solid-state
and liquid-phase sintering. During solid-state sintering, consolidation occurs in the solid state
without formation of any liquid phase by heating the material below the solidus temperature. In
this case, the diffusion-controlled mechanisms govern the sintering process. This is usually the
preferred mechanism in sintering of B/SJ parts, as the integrity of the printed part is guaranteed.
On the other hand, when the porous part is heated to temperatures above the solidus line, resulting
in the formation of a liquid phase, the liquid phase sintering mechanism comes to effect. The
mechanism that plays out during a sintering process is dependent on the chemistry of the materials
involved and the sintering conditions. It is therefore important to fully understand the high
temperature behavior of the material system being sintered in order to make the right choice of the
sintering parameters such as heating rate, holding temperature and holding time etc.

As parts densify during sintering, these parts experience shrinkage. Reports have shown
that for BJ parts, the shrinkage is anisotropic in nature [26, 27]. Several reasons have been

attributed to this observed anisotropy, and one such reason is the layer-wise nature of the printed



porous part. It is postulated that because of the differences between inter-layer and intra-layer
porosity and pore distribution, non-uniformity in densification occurs as sintering progresses,
resulting in shrinkage anisotropy. Results have shown that there is higher part shrinkage parallel
to the build direction when compared to shrinkage perpendicular to the build direction [32].

1.3 Defects in additive manufacturing

Additive manufacturing is still a budding technology, hence the processing-microstructure-
property relationships are yet to be fully understood [33]. Just like all other conventional
manufacturing techniques, AM techniques are associated with manufacturing defects which can
lead to potential part failure during service. During AM processes, several defects are encountered
which may be divided into three categories viz; 1) Pre-process or Powder-related defects [34]; 2)
In-process-related defects which are peculiar to the AM techniques involved [35]; and 3) Post-
processing-related defects [34, 36].

The pre-process related defects concern the defects associated with the starting powder
material which are subsequently transferred to the manufactured parts. These defects are common
to all powder-based AM techniques, and they include such defects that arise as a result of
undesirable powder morphology, powder particle size/size distribution, powder surface
contaminants and trapped gases within the starting powder particles leading to excessive powder
porosity. On the other hand, both in-process and post-process defects are unique to the AM
technique in question, and their features, properties and mode of formation are dependent on the
process technique parameters. Hence to mitigate these defects, the process parameters for the given

AM technique must be well understood.
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1.3.1 Pre-process or powder related defects

In metal AM, the properties of the metal powder are very crucial factors in determining the
success of a printing operation. Of particular interest are the mechanical and geometric properties
of the powder. The mechanical properties such as the powder apparent/tapped density, internal
porosity and flowability are generally influenced by the physical properties which include particle
morphology and size/size-distribution [37]. To fully understand the influence of starting powder
on properties of the final printed part, one must take a closer look at the starting powder
characteristics or properties amongst which includes powder morphology, internal and surface
porosity in starting powder, powder size & size distribution, powder flowability, and powder
apparent/tapped density

a) Powder morphology

The particle morphology of any given powder influences its flowability and
apparent/tapped density. The shape of the powder particles is dependent on its processing route.
Usually, there are two very common ways of manufacturing powders for metal additive
manufacturing which include gas atomization (GA) and water atomization (WA) [38]. Other less
common methods of powder manufacturing for the purpose of metal additive manufacturing
include plasma atomization (PA) and plasma rotation electrode process (PREP).

Generally speaking, PA and PREP powders are highly spherical in shape and exhibit very
high surface quality, but are extremely expensive, while GA powders show some high level of
sphericity, but with some surface irregularities [39, 40]. On the other hand, WA powders are very
cost-effective powders with irregular shapes [41]. Studies have shown that the morphology of the

starting powder affects the final density of manufactured parts because it influences the powder
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bed topography uniformity [42]. To maximize powder bed topography uniformity, particle
sphericity and smoothness must be improved on.

A study by [43] on the effect of moisture content on spreadability shows that powder
morphology greatly influences the moisture absorptivity of a given powder. Powders with high
moisture content leads to agglomeration and segregation during spreading. Their findings also
show that spreading of such powders results in formation of distortion lines on the spread powder
surface, leading to defective parts. Also, studies by Lerma et al. [44] show that powders with high
sphericity and low surface roughness exhibits about 50% increase in packing density when
compared to their counterparts with irregular shapes and rough surface finish.

b) Internal and Surface Porosity in starting powder

It has been shown that porosities within and on the surfaces of powder particles are usually
transferred to the finished parts and are thus unwanted characteristics of the starting powder. Of
the various powder morphology types, the WA powders have been shown to exhibit highest
internal and surface porosity [42, 45]. GA powders also exhibit internal porosity to a lesser degree
resulting from gases trapped within the solidifying powder particles [42]. Among the available
powder types, the PREP powder exhibits the least internal and surface porosity [46]. One way of
visualizing and characterizing internal porosity is by optical or scanning electron microscopy of
polished cross sections of the powder particles [40, 47].

c) Powder Size & Size Distribution

Powders for additive manufacturing usually come in different sizes and size distributions.
Powders will have varying size ranges depending on the synthesis method outlined previously.

The aim in carefully selecting powder size and size distribution is to ensure excellent flowability
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during powder bed spreading and ability to achieve high powder packing after spreading individual
powder layers [48, 49].

A convention in LPBF is to select powders with average particle diameters less than the
laser or electron beam diameter. Also, consideration should be given to the layer thickness when
considering powder particle sizes. The current convention is to select powders with average
particle diameters that are much smaller than the intended printing layer thickness.

Powders with a wide particle size distribution that also contains large number of fine
particles usually encounter the so-called segregation effect during spreading. This is usually a
problem encountered during the spreading of composite powders involving large rigid particle
inclusions. Usually, when these inclusions are larger than 3 times the particle diameter of the
matrix powder, they tend to segregate during powder spreading resulting in non-uniform
distribution of the particulate reinforcements.

There are a few contradictory reports on particle segregation during powder spreading. For
example, according to the results of Lemar et al [44] during powder spreading, large particles
segregate near the beginning of spreading, while smaller particles segregate at the end, when the
spreading blade approaches the other end of the build plate. Meanwhile, another study [50] shows
that the smaller particles segregate at the beginning, leaving the larger particles to segregate
towards the end of the spreading operation. In either case, segregation leads to poor powder bed
uniformity and non-uniform powder bed density and must thus be avoided.

d) Powder flowability

To an extent, the flowability of metal powders determines their printability. Powders with
poor flowability generally tend to be difficult to print. This is because poor flowabilty hinders good

layer spreading during printing, resulting in un-even layer surface after powder spreading. To date,
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there are limited studies on powder spreadability in AM, and as such, more experimental and
theoretic efforts need to be focused on this aspect of AM. Currently, powders used in additive
manufacturing come in either spherical or irregular shapes, and particle size distribution are
usually either monomodal or bimodal. These powder properties influence the flowability of the
powder. The ability of a powder to flow during AM is a very crucial factor because the powder
supply rate through the powder feeder, spreading and packing efficiency depends on it [51].

Results have shown that the flowability of any given powder is very much dependent on
the particle shape, size and size distribution resulting from the effect of surface friction between
particles during powder-powder interaction as powder flows across the build area [52]. Thus, it’s
been argued that since fine powders have a larger apparent surface area when compared to coarse
powders, they exhibit higher interparticle friction and hence lower flow characteristics [51, 53].

The presence of satellites, particularly with irregularly shaped WA powders also contribute
to their observed poor flowability compared to the more regularly shaped GA and PREP powders
due to mechanical interlocking between surface irregularities. One other factor that affects
flowability is particle agglomeration resulting from high moisture content of the powder. Results
have shown that powders with high moisture content are more susceptible to agglomeration
resulting in reduced flowability [54].

Powder size distribution, morphology and surface features can also affect the powder
efficiency as shown by Zhao and his coworkers [51]. Their work on Inconel 718 showed that flow
efficiency is best with PREP powders due to the high particle sphericity and the thin surface oxide
film, concluding that if the environmental factors are well controlled during powder handling,

PREP has a natural advantage over GA in terms of flowability.
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Another factor that influences the ability of a powder to form a uniform powder bed is the
speed of the spreader. In the case of a spreading blade, results have shown that better uniformity
of the spread layer is achieved with low translational speeds in the range of 80 mm/s [55, 56].
When considering the action of a roller, both the translation and rotational speeds come to play, as
such, careful thought is given to the choice of the speeds to ensure the spreading of a uniform
powder bed.

Several measuring techniques have been developed to measure powder flowability
amongst which include Hall flowmeter, and Rheometer, amongst others. In the hall flowmeter
measuring technique, the principle is such that the time taken for a fixed mass of powder to freely
flow through a funnel with a given outlet diameter, known as the so-called Hall Flowmeter funnel,
is used as an indication of how easily a powder flows. Usually, A mass of 50 g of powder is placed
in a cone shaped funnel and allowed to freely flow out under the influence of gravity. The time
taken for the powder to completely exit the funnel is noted and used to estimate the powder flow
rate, using eq (1.4), known as the Hall Flow rate expressed as time per sample mass, following the
ASTM B213 test method [57].

Powder flowability (g/s) = mass of powder (g)/time taken to completely exit funnel (s)  (1.4)

This value is used as an indication of flowability. On the other hand, another method used
to indicate flowability known as the Rheometer employs the principles of the FT4 Freeman
rheometer [56]. In this case, flowability of a powder is measured by the energy required to establish
flow when a rotating blade moves either downwards (confined test) or upwards (unconfined test)
through the powder and is measured as basic flowability energy (BFE) for confined test or surface

energy (SE) for unconfined test, normalized by the powder mass and with units of mJ/g.

15



Results have shown that even though the results from the various flow measuring
techniques can serve as useful indicators of flow properties, there have been inconsistencies in
reported results. For example, results by Freeman [56] have shown that the inter-particle friction
and particle-particle cohesive forces are not adequately explained by only one given method. In
particular, he noted that the Hall Flow measurement is not sensitive enough to capture differences
among different powders. Also, Clayton and coworkers also showed variation in measured
flowability of powders with similar size distributions from different suppliers and manufacturing
processes [58].

Snow and coworkers [59] have shown from their experimental work on powder
spreadability during AM that the angle of repose is one of the best indicators of spreadability.
Their results show that powder with lower angle of repose exhibit better spreadability as compared
with those of high angle of repose. Also, they proposed that to improve the spreadability of
powders with high angle of repose values, spreading should be carried out at very low translational
speeds.

e) Powder apparent/tapped density

The apparent and tapped densities of a powder are important properties considered in
powder technology and additive manufacturing. They are of importance because they serve as a
measure of powder packing during powder spreading in additive manufacturing. The apparent
density of a powder measures the fraction of space freely occupied by the powder particle in a
given volume. This property may be measured by the use of a Hall Flowmeter funnel where the
powder is allowed to flow freely under the influence of gravity through an opening and made to

fill a container placed below, following ASTM B212 test method [60]. After filling is complete,
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the mass of the powder and total volume of the container are measured and used to estimate the
apparent density as follows;

Apparent density = mass of powder/volume of container (1.5)

Tapped density, on the other hand, is a measure of a powder’s ability to fill a container
after a defined number of taps. Usually, tapping the container results in better consolidation of the
powder, leading to an increased density compared to the powder’s apparent density. This test
simulates vibrations that may occur during the additive manufacturing processes. The difference
between the apparent and tapped density values indicates the sensitivity of a powder to possible
vibrations during the additive manufacturing processes [56].

1.4 In-process related defects in SLM and B/SJ AM

In the case of the SLM defects, in-process related defects resulting from the laser-powder
interaction is the most common and pronounced means of defects formation during metal AM
processing [61-63], and can include powder spreading anomalies, balling, lack of fusion porosity,
keyhole porosity, microstructural inhomogeneity and impurities, loss of alloying elements,
spattering, residual stresses, parts distortion, and surface finish roughness [35].

The major defect plaquing B/SJ is distortion and excessive porosity of green parts leading
ultimately to undesirable physical and mechanical properties of finished parts. Part distortion
generally occur during printing of the green part and can be retained in the finished part after post
printing operations like sintering. It is also well understood in the field of powder technology that
the porosity of green parts affects the eventual porosity of the part after sintering [28], therefore in
order to optimize final part density, green density must be optimized. Several reasons account for

the introduction of defects during B/SJ AM including insufficient or excessive binder saturation
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[64], insufficient curing [13], effect of roller or blade motion [65], inherent porosity within powder
feedstock [66], etc.

To fully mitigate part defects in B/SJ AM parts, consideration must be given to powder
feedstock, printing parameters and post printing operation parameters. It’s been shown by previous
authors that printing parameters optimization is a necessity for defect free B/SJ] AM parts. In
particular, Lee et al., [67] Bai et al., [13] and Mostafaei et al.,[64] amongst others have shown that
optimizing printing parameters such as layer height, binder saturation, powder spreading speed,
etc, aid in producing defect free part. One important post processing defect that needs mentioning
is oxidation of parts during debinding or sintering of BJ AM parts. This has necessitated the need
for debinding and sintering optimization. In order to mitigate these defects, the temperature profile
and atmosphere during debinding and sintering must be carefully selected [68, 69].

In both AM processes, patterned porosity must be avoided at all costs as cracks are easily
propagated across such pore structures leading to catastrophic failure of parts. Results from
previous authors [70, 71] have shown that shape, size, and location of pores affects the mechanical
properties of parts manufactured via both B/SJ and PBF additive manufacturing processing
techniques, and as such, must be avoided.

1.4.1 Porosity in selective laser melting AM

There are several types and origins of porosity in PBF AM and thus require different
strategies to be mitigated. Generally, when dealing with metal alloys, three different types of
porosity are observed in LPBF, namely, keyhole porosity, lack-of-fusion porosity, and gas porosity
[72]. When dealing with metal matrix composites (MMCs), one key porosity that is often

encountered is the porosity resulting from insufficient pore filling time [73]. In this work, we have
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focused on pores resulting from lack of fusion in terms of alloy systems, and pores resulting from
insufficient pore filling time in terms of MMC systems.

Several works have been done to investigate pores resulting from melting mode of the melt
track. With the improper melting mode, phenomenon such as lack of fusion, balling and keyhole
formation may result in excessive porosity within parts known as lack of fusion porosity, balling
pores, and keyhole pores respectively. The origin for the formation of these pores has been given
as; melt instabilities due to hydrodynamic factors [74], insufficient dwell time allowing melt
spreading [73], and poor wettability resulting from oxidation [75].

Lack of fusion porosity has been shown to correlate with gaps in-between the melt tracks
known as hatch spacing [76], thus the major cause of lack-of-fusion porosity is insufficient overlap
between melt pools resulting in un-melted regions [77]. Another cause of LOF porosity as shown
in recent studies is due to the interaction of ejected particles/spatter with the laser and meltpool
[78]. Usually when Large spatter are formed and ejected during the powder fusion process, they
may not be fully melted during subsequent laser interaction, thus becoming potential sites for pore
formation. Hence, to mitigate these types of porosity, process parameters like hatch spacing, layer
thickness, and scanning speed must be optimized. Examples of balling and lack-of-fusion porosity
are presented in Figure 1.4 (a) [79] and Figure 1.4 (b) (this current work) respectively. In contrast,
the keyhole porosity results from abnormalities in the meltpool dynamics such as a combination
of fluid flow patterns and capillary instability, creating deep keyholes which may get cut-off,
leaving behind large unfilled pores [80].

Another type of pore origin that warrants mentioning is gas porosity which results from the
evaporation or sublimation of constituent elements or compounds that make up the melt

composition due to excessively high processing temperatures [81]. Another reason for the
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formation of gas porosity is entrapment of gases and other volatile matter within the melt pool and

are characterized by their highly spherical shapes [40, 62].

Balling effects

\

Figure 1.4 Scanning electron microscopy image showing (a) balling effect in SLM-processed
commercial pure titanium [79] and (b) lack of fusion porosity in SLM-processed SS316L.
(current work), with the red arrows indicating unmelted SS316L particles.

1.4.2 Part distortion in laser powder bed Fusion AM

Part distortion is the bending or deformation of a part usually as a result of residual stresses
due to the layered nature of LPBF [82]. The layering effect imposes compressive stresses on the
top segments of the AM part, while imposing tensile stresses on the lower segments of the AM
parts. With large enough stresses and improper or insufficient support structures, the part breaks
off from the support structure and is distorted [83].

It has been estimated that about 70% of all metal AM failures result from physical
distortion of the part during the printing process, leading to interrupted printing process [84].
Thermal stress has been attributed as the cause of these distortions. When these distortions are
large enough, the distorted parts interfere with the recoater. When the recoater is made of a soft
material such as silicone or rubber, the raised part of the distorted part interferes with the recoater,

leading to damage to the recoater or even jamming of the recoater, resulting in printing of defective
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parts (Figure 1.5) or even complete interruption of the printing process. Another cause of part
distortion is insufficient support structure. When the support structures are insufficient, they detach
from the part or build plate causing the part being printed to interfere with the recoater, leading to

a failed printing process [82].

Particle drag

Damage to
powder blade

Size=90mmx90mm

Figure 1.5 A typical powder bed highlighting the various possible defects [85]

During PBF AM, a situation known as powder short-feed may arise either as a result of
depleted powder in the supply chamber or printer set to dispense too little powder from the powder
supply unto the build platform [85]. In either case, the powder feeding mechanism delivers
insufficient powder to completely fill the entire build platform. When this arises, regions towards
the end of the build platform are left with little or no powder for the laser beam to melt, resulting

in defective parts. Other causes of part distortion include distortions due to issues with inert gas
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supply, leading to oxidation of printed part; unexpected power outage leading to inconsistencies
in physical and mechanical properties of printed parts.

One way to minimize part distortion is to minimize residual stresses by either optimizing
printing parameters or carrying out stress relieving thermal treatments either in situ by carrying
out re-scanning operations [86] or via ex situ stress relief annealing [87].

1.4.3 Cracks in laser powder bed fusion AM

Cracks occur due to the segregation of solute or impurity elements within a melt pool as it
solidifies. Two commonly attributed origins of crack formation in LPBF are solidification cracking
and hot cracking [88]. Solidification cracking occurs due to thermal strain associated with non-
equilibrium solidification conditions resulting when a liquid portion in a melt pool is trapped
between already solidified material [89]. This becomes particularly pronounced in composite
systems where rigid inclusions are intentionally added as in the case of metal-matrix-ceramics
composites. Here, the ceramic inclusions serve as rigid pinning points for the liquid, resulting in
large enough strains to cause cracking [90]. On the other hand, hot cracking occurs due to excessive
strain from the thermal stresses resulting from reduced ductility of the solidified material [91].
Impurity oxide inclusions such as SiO; or intermetallic precipitates are other reasons for hot
cracking to occur since they serve as potential sites for stress concentration.

Recent studies have also attributed observed cracks on PBF parts to coarse, elongated grain
structure which is characteristic of PBF parts [92]. To ensure crack free parts, undesired inclusions
must be avoided. Moreso, post processing operations like hot isostatic pressing can be carried out.
Another approach to eliminating cracks is to carry out stress relieve heat treatment procedures on

AM parts in order to eliminate the residual stresses which are the root causes of cracks.
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1.5 Defects in binder/solvent jetting AM
1.5.1 Porosity in binder jetting AM

Binder jetting is a multi-step AM process involving steps such as printing, curing,
depowdering, debinding and sintering. Of these process steps, the two that play the most role in
determining the level of porosity in the final part are printing and sintering steps. During the
printing step, just as in the case of PBF AM, the powder spreading parameters influence the powder
packing efficiency and thus the porosity of the printed part. Printing parameters such as layer
thickness, binder saturation level, speed of powder spreading, etc. have been shown to influence
the level of porosity of the green parts [11, 23, 65, 93]. The porosity of the green part is usually
transferred to the sintering step, thus it is important that printing parameters are chosen in such a
way as to minimize the porosity of the green parts.
1.5.2 Part distortion in binder/solvent jetting AM

Part distortions in binder jetting are a major concern because the B/SJ parts are loosely held
together during printing. Even though modeling investigations have shown that the roller or blade
recoater motion over the powder bed affects the previously spread layers [94, 95], and even the
previously printed parts, [96], there exists very limited experimental work to validate or disprove
these model predictions. In the past, there has been very little interest in the AM community on
the effect of powder spreading on the distortion of green parts because it is typically only
experienced during B/SJ and absent in fusion-based AM technologies which are more predominant
technologies compared to the more nascent B/SJ. However, as BJ begins to attract more attention
in the AM research community, there is now the need to properly investigate and account for this

phenomenon.
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It has been reported that the motion of the spreading mechanism induces some level of
dilation on the powder particles that are within the vicinity of the spreading mechanism [97, 98].
This localized dilation affects the packing density of the powder, and thus it therefore follows that
different final layer heights of the spread powder will affect the packing of that layer. Indeed, both
experimental and modeling results have shown that decreasing final layer height results in
increasing layer packing and thus high printed part density which eventually translates to higher
sintered part [99]. It follows therefore that with low packing density of printed green parts, larger
part distortion and shrinkage will be experienced during sintering [26, 27].

In experiments conducted by Lee et al., [67] on 3D printing of alumina, results show that
printing layers with a thickness greater than 2.5 of the average particle diameter results in poor
dimensional accuracy after debinding and sintering. At the same time, it appears that the lower the
final height of the deposition layer, the higher the impact of powder spreading on the distortion of
previously deposited layers, thus a compromise must be reached by optimizing the printing
parameters. Recent publications on binder jetting indicate that the optimal layer thickness for best
part dimensional accuracy and minimal part distortion in previously printed layers is about 3.0
particle diameters [100].

Other than final layer thickness, other printing parameters that affects part distortion during
green body printing in B/SJ] AM includes translational speed of the recoater roller or blade,
rotational speed of the recoater roller, adhesive strength of the binding medium and the mechanical
stability of the powder bed, amongst others [11, 32].

1.5.3 Cracks in binder jetting AM
Cracks in binder jetting occur during the printing process and is transferred to the finished

product. During printing, mechanical instability in the powder bed resulting from unwanted motion
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may disturb the powder bed, leading to crack formation [100]. Another way cracks are introduced
to printed parts during binder jetting is associated with the binder-powder particle interaction.
When a binder is jetted unto a powder bed, capillary action aids the binder in filling the spaces
between powder particles. As the binder dries or solvent evaporates with heating, powder particles
attract and adhere to each other, as a result, stresses develop across the powder bed. These stresses
can lead to cracks formation on the printed part [100]. Therefore, in order to prevent cracking due
to capillary and thermal stress/strain effects, binder composition and chemistry along with printing
parameters must be carefully chosen. Furthermore, because of the fragile nature of green printed
parts, there is the possibility of cracks formation due to handling as material is transferred from
the printer to the curing chamber, debinding chamber or the sintering furnace.

1.6 Post-processing-related defects

Post-process-related defects are more common to B/SJ processed components, as this AM
technique requires post printing operations before they can be useful for engineering applications.
Defects can be introduced to printed B/SJ parts during the curing, debinding and sintering post
processes. Most of these defects come in the form of cracks and the introduction of impurities.

In the sintering step, inappropriate sintering parameters can lead to low final density or
even cracks in processed samples. For example, on one hand, over sintering, i.e., sintering at higher
than necessary temperatures and holding times, can cause the appearance of pores filled with gases
and other volatile materials to expand, causing an increase in the pore sizes, and thus an increase
in the overall porosity of the part. On the other hand, insufficient sintering i.e., sintering at low
temperatures and/or holding times also leads to excessive porosity in finished parts.

German [101] have shown that sintering of a bimodal powder results in poor sintering as

the small particles are constrained at regions close to the large particles, resulting in sintering
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anisotropy or even introduction of cracks as illustrated in Figure 1.6 below. It thus follows that
even though the use of bimodal powder leads to higher green densities, it also leads to poor
sintering of the green part. Thus, a careful balance for the appropriate powder particle size
distribution must be sought after to ensure that both high printed-green and final-sintered densities

can be reached for B/SJ processed parts.

green sintered

unconstrained

constrained

Figure 1.6 Schematic of the sintering behavior of monomodal and bimodal powder mixtures
showing the mechanism of sintering anisotropy and crack introduction in a bimodal powder
mixture [101].

SLM processes also experience some level of introduction of post-process-defects when
post process exercises such as heat treatment and surface finishes are carried out. For example, in
an attempt to mitigate residual stresses by stress relief annealing heat treatments, if care is not
taken, parts could be subjected to oxidation.

1.7  Defects characterization
To fully understand and predict the behavior of parts during service, the part’s physical and

mechanical properties must be known, and correlated to its microstructure. To this end, several
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research in recent times have been dedicated to the study of the macro and microstructural
characterization of AM parts and how these are influenced by the AM processing parameters. Also,
optimizations of AM process parameters have been carried out with the aim of minimizing part
defects for better part performance in service [10].

Of the various forms of defects in AM processes, the ones that have gained considerable
interests among researchers include excessive porosity and dimensional anomaly. These two types
of defects can be found in both high and low energy AM techniques, while others of interest such
as residual stresses and strains are more associated with high energy AM processes [87]. To fully
understand these defects, one must be able to visualize/monitor and develop means of quantifying
them by characterization.

There are several destructive and non-destructive ways of characterizing defects in AM.
Characterization of defects can be done during the manufacturing process, known as the in-situ
characterization [102] or after the manufacturing process has been completed, otherwise known as
the ex-situ characterization [85]. The advantage of the in-situ characterization techniques is that
defects formation is captured in real-time, and as such, steps can be taken to either correct it or
stop the process, thereby saving time, energy and material.

There are three broad defects monitoring or visualization methods viz; Optical,
thermal/infra-red, and x-ray computed tomography (x-ray/CT) scan, based monitoring methods.
Optical methods are employed in either in-situ or ex-situ monitoring to visualize the powder bed
during AM. Spectral analysis from spectral emissions during powder spreading may contain
information that can be related to powder spreading defects such as recoater streaking, super
elevation and incomplete spreading [103, 104]. The two major setbacks to optical based defect

monitoring in AM are associated with non-optimal lighting of the build stage during in-situ
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monitoring, resulting in poor visibility and the use of low-resolution cameras, resulting in low
resolution images [105].

In the conventional ex-situ thermal/infra-red evaluation techniques, a stationary heat source
such as quartz lamp or flash is employed to induce a temperature rise. Defects such as cracks,
delamination damage, or voids obstruct the flow of heat causing a change in the transient heat flow
response. In in-situ thermal/infra-red monitoring in such AM process as SLM, heat sensors such
as an infra-red (IR) camera are used to monitor the temperature distribution across the powder bed
as the laser melting process proceeds [102, 106]. An abnormal temperature reading usually
indicates anomaly in the AM process which could be because of a defect formation.

Thermal imaging methods yield better resolutions in comparison to optical methods,
thereby providing useful information on the fundamental correlation between process parameters,
the melt pool temperature, and the part properties. There are drawbacks to these methods however,
resulting from limited camera’s angle of view, poor camera focusing, extreme temperature
gradients and fast transient responses [107].

Synchrotrons have the ability to generate very high-energy x-rays (in the order of 100 keV),
allowing for deep penetration into AM processed components, and when combined with efficient
x-ray detectors, provides milli- to micro-second time resolution providing information on the melt
pool dynamics and phase transformations occurring during and after solidification in SLM
processing [108, 109]. For example, researchers at the Argonne national laboratory [110]
successfully used in-situ high speed resolution synchrotron x-ray imaging experiments to study
the dynamics and mechanism of pore motion and elimination during SLM. They find that the high
thermocapillary force, induced by the high temperature gradient in the laser interaction region,

rapidly eliminates pores from the melt pool.
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Neutrons possess an even greater capability to penetrate metallic materials than high-
energy x-rays because they do not possess any charges and thus only interact with atomic nuclei
via the strong force. This has led researchers in more recent times to attempt with great success, to
use neutrons to measure voids, phases, and residual stresses in AM parts, thus providing a better
understanding of the processing-structure-properties relationships in AM parts [111].

To further underscore the importance of defect characterization in AM processes, the
Minerals, Metals, and Materials Society (TMS) Advanced Characterization, Testing, and
Simulation Committee in collaboration with the Additive Manufacturing Committee, sponsored a
4-day symposium for scientific discourse between AM researchers and synchrotron/neutron
scientists at the 149th TMS Annual Meeting and Exhibition (San Diego, CA, February 2020).
During this period, a broad range of scientific and engineering topics such as defects visualization,
evaluation and quantification, microstructural evolution, etc. were discussed.

1.8 Defects mitigation

There is a growing body of work that is focused on developing effective AM process
windows that are defined by parameters that dictate the presence or absence of LOF, balling and
keyhole porosities in manufactured parts [104, 112]. When parts are printed using parameters
within certain process window, there is a higher chance of mitigating porosities from these
processes, and the only pores that would be present would be those transferred from the starting
powder. Hence, making a right choice in selecting the appropriate process parameters, coupled
with a careful selection of defect free starting powder, greatly increases the chances of
manufacturing defect free parts [9, 74, 76].

To this end, special focus on eliminating LOF, balling and keyhole porosities in alloy

systems will be placed on this thesis, along with examination of the role of laser dwell time in pore
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elimination in laser melting of metal matrix composites. The aim is to manufacture parts with full
density. By full density, we mean parts whose relative density can be quantified as > 99 %. The
aim is to optimize processing parameters, reduce unwanted defects in SLM and B/SJ] AM
processed materials, and ultimately compare the microstructure and mechanical properties of parts
processed within the developed process window defined by minimized defect microstructures.

Of particular interest in the current work are such defects as excessive porosity, part
distortion or warping and cracking and how they are affected by the AM process techniques. To
mitigate these defects, process parameters must be very carefully optimized as recent studies have
shown that optimizing process parameters in order to mitigate a certain defect may inadvertently
exacerbate another defect. As an example, in order to mitigate excessive porosity, residual stresses
may be introduced into a finished part [36]. To this end, a thorough understanding of the process
parameters and how they influence the integrity of finished parts must be investigated to ensure
defects free parts. It must be mentioned that porosity in an AM part can sometimes be desirable if
the application warrants a porous structure as in the case of certain biomedical applications [67].
But when it is not desirable, necessary steps must be taken during the AM process to reduce it to
the barest minimum. In both instances, the pores must be quantified or characterized in order to
properly predict the mechanical properties of the AM part. In this work, we have considered the
pores as unwanted defects, and means to minimize them explored.
1.8.1 Pre-printing defect mitigation strategies

Most pre-printing defects mitigation strategies center on ensuring that the initial starting
powder meets the requirements for AM, as such steps are taken to ensure that the powder has the
right morphology and particle size distribution that will ensure optimal powder packing during

powder spreading. Results have shown that the use of bimodal powder as opposed to unimodal
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powder size distribution yields better packing of spread layers, resulting in higher green density of
binder jetted parts and final part density of sintered binder jetted parts [70, 113]. Also results
involving selective laser melting of components have also shown that the use of bimodal powders
results in higher density of finished parts [48, 49].

When dealing with bimodal powders, consideration must be given to the particle size ratio
of the large and small powders. German [114] and McGeary [115] have shown that for optimal
powder packing, the size ratio of the large to small powder particles must be greater than 5 and the
volume fraction of the small particles must be about 0.3 as is illustrated in Figure 1.7 where, f* is
the maximum packing of a bimodal powder mixture composed of two unimodal powders with
initial packing fraction of fs and fi. for the small and large powders respectively. The maximum
packing occurs at an optimal volume fraction X*. For typical size ratio range for AM, the relative
apparent density of the bimodal powder goes up by about 15% from an apparent density of 55%
for a unimodal powder size distribution to about 63% apparent density for bimodal powder size

distribution [116].
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Figure 1.7 Packing density variation with composition for a bimodal powder mixture [101]
Particle size distribution inhomogeneity and segregation must be taken care of during the
pre-printing process of powder spreading. Particle segregation is highly influenced by particle size
distribution and powder spreading speed. To mitigate this phenomenon, the starting powder with
the right particle size distribution, ratio and mixing volume fractions must be carefully selected to
ensure a homogenously spread powder layer.
1.8.2 In-printing defect mitigation strategies
Once the appropriate powder has been selected, powder spreading parameters and printing
parameters must be optimized during the printing process to minimize defects in the printed parts.
Increasing packing density of spread layer for both SLM and B/SJ and optimizing powder
spreading parameters such as roller rotational speed and roller/blade translational speed must be

fine-tuned to ensure a homogeneously spread powder layer.
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1.8.3 Defects mitigation in selective laser melting

During SLM, printing parameters such as layer heigh, laser power, laser diameter, laser
speed, and hatch spacing must be carefully selected to yield the right energy density unto the
powder bed. Gong et al [117] showed that with the right energy density, fully dense parts can be
processed. They presented a set of parameters (zone I in Figure 1.8) within which fully dense parts
can be produced. Printing outside of these parameters could result in over melting or incomplete
melting as presented in the set of parameters represented by zones II and III respectively in Figure

1.8.
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Figure 1.8 SLM processing map developed by Gong and his co-workers [117]

For example, relative density of 99.98 % was achieved for Ti-6Al1-4V by manipulating the
processing parameters during SLM i.e. using a high energy density input [18]. Also, increasing the
laser heat input has been shown to reduce the formation of gas pores by decreasing the
solidification rate, allowing gaseous phase to escape before the melt pool solidifies. Furthermore,

Kobryn et al [118] found that both LOF and gas porosity decreased with increasing scan speed and
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laser power. It has been shown that large hatch spacing, especially when greater than the laser
beam diameter leads to insufficient overlapping of the melted tracks resulting in LOF porosity.
Also, low laser power, high scanning speed and large layer thickness must be avoided as they lead
to the so called balling effects which deteriorate the spreading of a new layer and may result in
LOF porosity [16].

Scanning strategy means any specific scan pattern or exposure method that is used to
influence a dependent variable during the LPBF process. This includes, but is not limited to,
different vector, segment, or layer scanning methods. The scanning strategy which describes the
laser scan pattern plays a significant role in residual stress formation and surface quality prints.
Care must be taken when selecting the laser scan strategy in order to mitigate such defects as part
distortion, delamination, and balling [82, 119].

Melt pool dynamics have a large influence on dimensional accuracy of finished parts, as
such, there is the need to ensure a stable melt pool during SLM in order to minimize dimensional
anomaly and other defects [120]. Several attempts have been made to correct defects just as they
are formed by remelting the previously melted layer. In this defect mitigation method, in-situ
monitoring combined with machine learning is employed to detect, classify and remedy defects
just as they are formed during SLM [121, 122]

1.8.4 Defects mitigation in binder and solvent jetting

To achieve defect free B/SJ, printing parameters must be optimized. Such parameters
include initial and final layer height, binder saturation, spreader rotational and translational speed.
Unlike the SLM process where printed parts are fully dense, in the case of B/SJ, the printed parts
are quite fragile, thus the amount of powder deposited and spread over the previously printed layer

becomes very important. As such the amount of deposited powder must be such that distortion of
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previously printed layers does not occur. The height of the initially deposited powder is referred
to as the initial layer height, while the finale height of the spread layer is called the final layer
thickness.

To ensure optimal compaction of the spread layer, resulting in less porosity defect of the
printed part, a final layer height of about 3 times the particle diameter is recommended [123-125].
Ensuring a powder bed with high packing density results in lower part distortion during post
printing operations and must be encouraged. Furthermore, to produce defect free B/SJ, the speed
of the spreader must be optimized. Results have shown that the rotational and more importantly
translational speed of the spreader significantly affects the integrity of the printed part [23].

Improper binder saturation levels may result in dimensional inaccuracy and part distortion.
For instance, excessive binder saturation results in slumping of the printed part, while insufficient
binder saturation may lead to layer delamination, thus the optimal binder saturation must be used
during B/SJ AM. Several works [126-128] have been done on optimizing the binder saturation
amongst other parameters. For example, Wang et al [129] showed that two materials properties,
powder bed porosity and the particle contact angles influences the binder penetration level, and
thus the integrity of the printed part.

Just as in the case of the SLM AM process, there have been attempts to develop real time
in-situ monitoring capabilities for the B/SJ] AM technique. For example, Gaikwad et al. [130]
developed a machine learning algorithm to monitor in-process binder droplet quality during binder
jetting AM.

Other important factors like drying/curing temperature and time, and depowdering must be

carefully selected to ensure that parts do not crack or distort during printing, handling, and transfer
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to the next processing stage such as a sintering furnace. Results have shown that excessive in-
process drying could result in insufficient inter layer adhesion and should thus be avoided [124].
1.9 Post-printing defect mitigation strategies

Post-printing defect mitigation strategies becomes particularly important in B/SJ because
parts produced by these techniques require post printing operations such as depowdering,
debinding, sintering, liquid phase infiltration, cold isostatic pressing and compaction amongst
others before parts are fit for use. As such, during these post printing operations, necessary steps
are taken to eradicate defects incurred during the printing stage and additional care should be taken
to ensure that new defects are not introduced into the parts.

After printing B/SJ components, the green body should be handled with care during
depowdering such as not to cause part deformation. Also, curing, debinding and sintering
parameters such as heating rates, holding temperatures and time should be fully optimized to
ensure defect free part. The curing, debinding and sintering atmospheres should also be carefully
selected in order to mitigate defects resulting from part oxidation.

For SLM processed parts, one major post printing operation that is employed in mitigating
defects such as residual stress is stress relief annealing [131]. For example, heat treatment
procedures are routinely employed to homogenize the microstructure processed SLS and B/SJ AM
components [83]. Results have shown that post annealing of AM part is capable of reducing
residual stresses in AM processed components by about 70% [87].

Also, in order to mitigate defects associated with surface irregularities that impact surface
integrity of both SLM and consolidated B/SJ part such as poor surface finishing and surface
anisotropy, post-processing operations such as grinding, sand blasting, chemical polishing, shot

peening and electropolishing are carried out [132-134].
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1.10 Simulation and modeling of powder spreading in AM processes

Defects like excessive porosity in the starting powder bed and distortion in printed layers
(particularly in the case of B/S J) get inherited by the final product. There is therefore the need to
closely examine the influence of powder spreading on powder packing and distortion of previously
printed layers during AM, hence the need for modeling of the powder bed. The complexity of the
AM processes and wide range of length scale dictates the modeling techniques. In modeling AM
processes, there are usually 3 modeling techniques based on the length scales involved [135].
Firstly, there is the micro-scale modeling technique which involves modeling of components with
dimensions in the micro-meter length scale, i.e with dimensions in the range 100 nm to 100 pm
[136]. Secondly, there is the meso-scale modeling technique which considers components with
dimensions in the range of about 0.1 mm to 5 mm length scale [137]. And thirdly, there is the
Macro-scale modeling technique that is employed during the modeling of components with
dimensions greater than 0.5 mm [138]. The meso-scale modeling technique fills the gap between
micro and macro modeling and has a length scale that overlaps both.

A few other reasons why modeling is useful in the AM process include the need to reduce
the cost and time associated with optimization experiments and to provide an insight into the
underlining physics of the various aspects of the AM process [33]. Several aspects of the SLM
have been modeled and include 1) powder deposition and spreading, and ii) laser-powder
interaction [139]. In the case of the B/SJ, aspects modelled include i) powder deposition and
spreading ii1) binder-particle interaction and iii) sintering [100]. In both SLM and B/SJ cases, it is
evident that powder deposition and spreading is unique and very crucial as the success of the

process heavily depends on it, to this end, several modeling techniques have been employed in
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modeling powder spreading in SLM and B/SJ. One such modeling technique is the Discrete
Element Modeling (DEM) technique [94].

DEM has been widely used to investigate particle-spreader and particle-particle
interactions. In the DEM models, the effects of various contact forces are estimated and used to
estimate the motion and position of particles. for example, the instantaneous translational and

rotational accelerations of particles could be determined using the following expressions:

d2
md—t’;=zFi+FG (1.6)
dw
1= =Y M, (1.7)

where )} F; is the sum of all particle-particle interaction forces, Fg is the gravitation force, ), M; is
the sum of all the torques, x is the position of the particle center, w is the angular velocity of the
particle, m is the mass of the particle, and I is the momentum of inertia of the particle.

Solving for the translational/rotational acceleration for each particle yields the
translational/rotational speed and hence the position. The relative position of each particle is then
used in computing the particle parking density. In solving the translational/rotational acceleration
of each particle, the attractive and non-attractive contact forces between particles and between
particle and spreader, where the spreader is considered a particle with an infinite mass and radius,
are taken into consideration. To calculate the non-attractive forces, several models including soft
particle model, continuous potential model, linear viscoelastic model, and non-linear viscoelastic
model can be used [140, 141]. While to estimate the attractive forces, models like the Hertz-JKR

or the Hertz-mindlin models are used [142].
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During powder spreading modeling/simulation, spreading parameters such as rotational
and translational speed, geometry of the spreader, initial and final layer thickness, amongst others
are taken into account. The effects of these parameters on the spread layer quality when factored
in with the particles-laser interaction, as in the case of SLM or with the particles-binder interaction,
as in the case of the B/SJ gives an insight into the quality of the printed part.

Miao and coworkers [71] have investigated the effects of roller diameter and layer
thickness on the packing fraction of a spread powder layer. Their result shows that increasing the
roller diameter increases the powder bed packing fraction for a fixed layer thickness, while
decreasing the layer height for a fixed roller diameter also led to an increased powder bed packing
fraction. Also, several works have shown that increasing the rotational and translational spread of
the spreader leads to poorly packed powder bed with high surface non-uniformity. Furthermore,
results have shown that spreading with a roller produces better spreading results as opposed to

spreading with a blade [95, 96].
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CHAPTER 2
Research Incentives and Objectives

2.0 Research motivation/justification

Currently, the service life of additively manufactured metals and alloys is considerably low
compared to their wrought counterparts and exhibits significant defects in terms of excessive
porosity, part distortion and property anisotropy, limiting their wide scale industrial application.
There is therefore the need for additional research efforts towards developing novel approaches to
mitigating and eliminating unintentional defects in additively manufactured parts. It is hoped that
this research work will help to improve on the current understanding of the defect mitigation
strategies in AM parts and contribute towards accelerating new discoveries of innovative
approaches in eliminating detrimental defects in high and low energy AM processes, with
particular emphasis on selective laser melting and binder/solvent jetting.
2.1 Research objectives and scope

The previous sections have presented a general outlook on past studies and current
questions on SLM and B/SJ AM that need answers. Answering these questions are very important
for developing effective defect mitigation strategies, particularly for excessive porosity and parts
distortion in high and low energy AM processes. To the best of the author’s understanding, there
is no current work from literature that has been conducted to directly compare the properties of
parts processed via SLM and B/SJ.

With the above in mind, the primary objective of this body of research work is to
investigate ways for defect mitigation in low and high energy AM processes, while the secondary
objective is to carry out comparative studies on these two AM processes in terms of the

microstructure and mechanical properties of parts manufactured via these processes. The overall
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goal of the research work is the optimization of high and low energy AM of selected alloys and
composites.

The scope of the research will be limited to the binder jetting and solvent jetting techniques
in the case of low energy AM process and selective laser melting in the case of high energy AM
process. Materials of choice include SS316L alloy, WC reinforced SS316L matrix composite, and
functionally graded SS316L / WC system. The investigations are primarily fundamental in nature,
and a natural starting point for the thesis work are the studies conducted previously by Maximenko
and Olevsky [73], Olevsky [143], Olevsky et al. [24] and Lee et al. [67].

The research topic has been approached experimentally from both a macroscopic and
microscopic point of view. For example, part dimensions and Archimedes’ density measurements,
which are essential macroscopic techniques have been employed to probe part distortion and
density respectively. On the other hand, scanning electron microscopy, x-ray diffraction and micro
indentation techniques have been utilized for microstructural analysis.

Here, it should be mentioned that a new selective laser melting machine, the Xact Metal
XM200C printer (Xact Metal, Inc. Pennsylvania, USA); the Anton Paar PSA 1090 (Graz
Australia) particle size analyzer; and the Anton Paar Ultrapyc 5000 pycnometer (Graz Australia),
were all recently acquired by the San Diego state university powder technology lab for this work.
Moreso, the binder jetting ZPrinter 450 machine (Z-Corporation, now 3Dsystems Inc., South
Carolina, USA) has been modified to print metal powders and fitted with a special structure to
allow for pressure and heat application on the powder bed. Combining pressure and heating makes

the binder jetting printing unique and an integral part of this Ph.D. work.
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2.2 Major research tasks

In order to achieve the formulated research objectives, the following main tasks have been

carried out:

1.

Discrete Element Modeling (DEM) of powder bed: discrete element modeling has
been employed to simulate and model part distortion due to powder spreading during
B/SJ AM, optimal powder particle size distribution for low porosity defects and
pressure assisted B/SJ for low porosity defects and maximum inclusion packing in
composite systems in SLM melt pool.

BJ Printing Optimization: Optimization experiments using the Taguchi optimization
method has been carried out to determine optimal printing process for low porosity
defects and minimal part distortion. A novel B/SJ process involving the application of
pressure for powder bed compaction has been explored for possibility of improved
green body packing without significant part distortion.

Sintering Optimization: Optimization of debinding and sintering temperature, time
and atmosphere has been carried out with the aim of mitigating oxidation and high
porosity defects of final parts processed by B/SJ] AM.

SLM optimization: This has included single-track/layer and multiple-tracks/layers
experiments involving selected alloy and composite systems. The Taguchi optimization
method has also been employed for process optimization. Experiments have been
conducted to validate/improve on existing model put forward by Maximenko and
Olevsky for predicting the pore filling time for a pore free composite system processed

via SLM.
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5. Comparative studies: This has involved microstructural characterization and
mechanical properties tests and comparison between B/SJ and SLM processed samples.
To add more context to the comparison study, a powder-based non-additive
manufacturing technique, the spark plasma sintering, is also considered in comparison
to the other two additive manufacturing techniques.

A schematic of the structure of the conducted research is presented in Figure 2.1.
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Figure 2.1 Schematic of the structure of the research
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2.3 Dissertation format

This dissertation is prepared using a multiple-paper format. Three published papers, one
submitted paper and two papers in preparation for publication are employed to describe the
research results, discussions and conclusions based on the research goals and objectives mentioned
in the previous section.

Chapter 1 is a literature review on the current trends in defects mitigation strategies in
additive manufacturing, with an emphasis in selective laser melting and binder/solvent jetting
additive manufacturing techniques.

Chapter 2 details the overall research goals, objectives, and scope of the dissertation. The
major research tasks undertaken to achieve these research objectives are highlighted.

Chapter 3 presents research results on the optimization of the binder/solvent jetting additive
manufacturing technique for defects free manufacturing of stainless-steel parts. Parts of Chapter 3
have been published in the Rapid Prototyping Journal (I.D., Olumor, L. Geuntak, and E. Olevsky,
(2021), "Effect of process route on powder three-dimensional-printing of metal powders", Rapid
Prototyping Journal, Vol. 27 No. 2, pp. 399-406). The dissertation author is the primary
investigator and author of this paper.

Parts of Chapter 3 have also been published in the Powder Technology Journal (A.L.
Maximenko, I.D. Olumor, A.P. Maidaniuk, and E.A. Olevsky, (2021), “Modeling of effect of
powder spreading on green body dimensional accuracy in additive manufacturing by binder
jetting”, Powder Technology, Vol. 385, pp 60-68). The dissertation author is the primary
experimentalist and co-author of this paper. Other parts of Chapter 3 are being prepared for

publication (I.D. Olumor, E. Torresani, A.L. Maximenko, E.A. Olevsky, (2023) “Pressure assisted
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binder jetting”. Prepared for publication). The dissertation author is the primary investigator and
author of this paper.

Chapter 4 presents research results on the optimization of the selective laser melting
additive manufacturing technique for defects free manufacturing of stainless-steel and stainless-
steel-Tungsten carbide metal-matrix-ceramic components. Parts of Chapter 4 have been published
in the Journal of Materials Research and Technology, (I.D. Olumor, A.L. Maximenko, E.A.
Olevsky, (2018), “Effect of laser dwell time on pore elimination in powder bed fusion of metal
matrix composites: experimentally validated modeling”, Journal of Materials Research and
Technology, Vol 21, 2022, pp 4994-5003). The dissertation author is the primary investigator and
author of this paper.

Chapter 5 is a comparative study of the two additive manufacturing techniques
investigated. To add more context to the comparison study, a non-additive manufacturing
technique, the spark plasma sintering, is also considered in comparison to the other two additive
manufacturing techniques. Parts of Chapter 5 have been submitted for publication in the Journal
of Materials Science and Engineering: A (I.D. Olumor, M. Wisniewska, E. Torresani, and E.A.
Olevsky, (2023), “Additive manufacturing and spark plasma sintering as effective routes for
manufacturing of AISI 316L austenitic stainless steel -WC composites”. Journal of Materials
Science and Engineering: A, submitted for publication). The dissertation author is the primary
investigator and author of this paper. Parts of Chapter 5 are also being prepared for publication
(I.D. Olumor, E. Torresani, A.L. Maximenko and E.A. Olevsky, (2023), “Property anisotropy in
SLM and SJ processed SS316L”. Prepared for publication). The dissertation author was the
primary investigator and author of this paper.

Chapter 6 discusses major conclusions from this work and identifies future work.
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Chapter 3
Optimization of Low Energy Based AM for Defects Free Parts

In this chapter of the dissertation, we carry out optimization of the low energy AM process.
But first, experiments are conducted to determine the best choice of the processing route between
the SJ and the BJ. Once the right processing route is determined, the effects of materials properties
such as powder particle size/size distribution and morphology, followed by the effects of process
parameters such as layer heights, powder spreading speed etc. on the density and integrity of
processed parts are investigated.

3.1 Binder jetting vs solvent jetting: Determining the best processing route

As previously mentioned in chapter 2, there are several 3D printing techniques used in
fabricating parts, some of which include selective laser sintering (SLS), selective laser melting
(SLM), powder 3D printing (P-3DP), stereolithography, amongst others [73, 144-146]. Recently,
the P-3DP technique has attracted the interests of researchers due to the advantages it provides
over other methods. In particular, the P-3DP technique has the advantage of producing parts faster
and more cost-effectively. The downside with this technique, however, is the inability to produce
fully dense parts after sintering [147].

The P-3DP technique is categorized into two methods known as Binder jetting (BJ) and
solvent jetting (SJ) techniques [148]. The BJ and SJ techniques are two similar methods that
involve building parts layer by layer, and often the terms have been erroneously used
interchangeably. The difference between them, however, is in how the binder is applied to the
powder bed, with details already provided in section 1.2 of chapter 1. The SJ technique can further

be sub-divided into three approaches depending on the mode of powder-binder mixing. There is
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the Solvent Jetting on Dry (SJD) [149], Solvent Jetting on Granulated (SJG) [150], and Solvent
Jetting on Coated (SJC) feedstock powder[151].

The primary challenge faced with the BJ and SJ techniques is the inability to produce fully
dense, homogeneous parts without employing liquid phase sintering, infiltration, or other post
sintering operations. This has led current focus on achieving high green densities of printed parts
to be a priority for researchers, as printed green (pre-sintering) density has been shown to influence
the final density in conventional powder processing [152]. Attempts to influence the green density
of printed parts have been made by several authors [11, 70, 153-155]; to this end, the effect of
several printing parameters on the green density of printed alumina parts has been investigated.
The role of the initial green density of copper parts printed via BJ on the final density has been
investigated by Kumar et al., where they were able to achieve different initial green porosity by
utilizing powders with different sizes and size distribution. Further, they were able to obtain a final
density of 90.5% after sintering of a bimodal powder mixture, and a further 97.3% density was
achieved after hot isostatic pressing (HIP) [156]. Other methods have been employed to achieve
high final density including liquid phase sintering. For example, Mostafaei et al. investigated the
effect of powder size distribution on densification and microstructural evolution of binder-jet 3D-
printed Inconel 625 subjected to super-solidus liquid phase sintering [157]. Hence, the issue with
low final density is not peculiar to ceramics materials alone but seems to be observed for all
material systems subjected to P-3DP.

There have been several attempts to additively manufacture stainless steel parts. The major
challenge faced has been, however, the inability to achieve full density of final parts. Several
attempts have been made to enhance the final part density by other post sintering operations like

infiltration with copper and subjecting final parts to HIP [153, 156, 158].
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In this aspect of the dissertation, we investigate the influence of two process route for P-
3DP (i.e., binder jetting versus solvent jetting process routes) on the green density of two different
powder systems with different chemistry and particle morphology. AISI 316L austenitic stainless
steel (SS316L) powder, with irregular shape and approximate particle size of 22 um, and Nickel
(Ni) powder, with spherical shape and approximate particle size of 7 um were chosen for this
study. The choice of these powder systems with different chemical composition and particle
morphology was to show if results obtained can be generalized, irrespective of powder chemistry
and morphology. The influence of printing parameters such as layer height, shaker speed, and
nozzle temperature on the green density of printed parts for each process route was investigated in
an effort to better understand the process-property relationships in BJ and SJ of SS316L and Ni
components.

For the SJ technique in this work, we have employed the Solvent Jetting on Dry (SJD)
method which involves simply mixing a water-soluble polymeric binder and metal powder in a
dry condition. This mixture is then fed into the print bed, followed by jetting a liquid solvent to
activate the dry binder. P-3DP was carried out in a lab-assembled powder solvent jetting printer
which consisted of an Ultimaker 2+ extended printer (manufactured by Ultimaker, Geldermalsen,
Netherlands), reconfigured to work synergistically with an attached colorpod-run setup (designed

by Spitstec, Noordwijk, Netherlands) as shown in Figure 3.1.
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Figure 3.1 Printer set up for showing the attached colorpod run set up

The colorpod set-up is a do-it-yourself add-on that converts FDM 3D printers into powder
printers. The set-up is run by a software of the same name designed to process 3D models (both
STL and OBJ formats) into printable G-code. The G-code is then sent to both the Ultimaker 2+
extended printer and the colorpod set-up, thereby allowing the software to synergistically
synchronize both hardware.

Colorpod has the same work schematics like other conventional binder jetting printers with
slight variation in terms of how the powder is fed to the build plate. In the case of the colorpod set-
up, the powder is deposited on the build plate from the powder feeder (with the help of a shaker),
while at the same time, a rotating roller evens the deposited powder into a uniform layer. The
printing process uses liquid droplets, dispensed from an inkjet print head. This printhead includes
a powder dispensing mechanism and HP inkjet cartridges. For the purpose of this research, we
have used the colorpod as a means to dispense droplets of solvent (in the case of the SJ technique)

or liquid binder (in the case of the BJ technique) on a layer of metal powder. For the BJ technique
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however, the binder is jetted by the ink cartridge onto a layer of pure powder, just as done with
other conventional binder jetting printers.
3.1.1 Materials and experimental methods
3.1.1.1 Powder pre-processing for BJ/SJ

SS316L powders from OzoMetal LLC New Jersey, USA, were used for this study. The
average particle size of powder particles was approximately 22 um. The particle size distribution
and shape are generally inhomogeneous as can be seen in the micrograph presented in Figure
3.2(a). Nipowders used were commercially sourced from Cerac incorporated - Specialty Inorganic
Chemicals, Milwaukee, WI - USA, and had an average particle diameter of 7 um. The Ni powders
are more spherical and have a more homogeneous size and shape distribution when compared to
the SS316L powders Figure 3.2(b). The choice of these powders was such as to be able to carry
out our analysis on two different powder systems to see if a general trend can be observed

irrespective of powder chemistry and morphology.

Figure 3.2 SEM images of as received (a) SS316L powders and (b) Nickel powders.
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The binder used was a mixture of water-soluble maltodextrin and sugar in a 1:1 ratio, which
is activated in contact with a water-based solvent. The water-based solvent or binder activator was
composed of 8.3 vol% of Isopropyl alcohol (IPA), 8.3 vol% of diethylene-glycol and 83.4 vol%
of deionized (DI) water. For the case of BJ, 5g of sugar and 5g of maltodextrin where dissolved in
the water-based solvent and the mixture homogenized by an SH-3 magnetic stirrer (Fristaden Lab,
Chicago, USA) for 2hrs at 22 °C. The choice of this composition for the binder/solvent mixture
was to have a solution that will easily be jetted from the printhead nozzles and at the same time
yield a satisfactory bonding of powder particles during printing. For the case of SJ on the other
hand, 90%, 95% and 99% weight percent of powder samples were mixed with 10%, 5% and 1%
weight percent of binder respectively and subsequently fed into the print bed through the hopper,
after thorough mixing. Thereafter, the solvent was jetted from the printhead to activate the binder
during printing.
3.1.1.2 BJ and SJ 3D printing processes

3D printing was carried out in a lab-assembled solvent jetting printer which is made up of
an Ultimaker 2+ printer (manufactured by Ultimaker, Geldermalsen, Netherlands) reconfigured to
work synergistically with an attached colorpod-controlled setup. The colorpod-controlled setup
controls the amount of solvent by determining the nozzle temperature of a HP 45 ink cartridge.
Increased nozzle temperature leads to increased quantity of the solvent that is jetted onto the
powder bed during printing. The colorpod-controlled set up also controls the quantity of the
powder deposited on to the print bed from the hopper by determining the speed of the shaker. Once
the powders were deposited, the roller spread the powder to a height determined by the layer height
chosen, and the HP inkjet cartridge sprayed the water-based solvent on the areas corresponding to

the cross section of the part being printed, as determined by the STL file that has been imported
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into the colorpod software. The process was repeated layer by layer until the printed component
was completed.

Several printing parameters can be manipulated during printing, amongst which parameters
of importance include roller speed, shaker speed, layer height, and nozzle temperature. The roller
speed determines the speed of the rotor that controls the roller, which in turn determines the
uniformity of each layer. The roller speed and shaker speed are expressed as percentages in the
colorpod software and were set at 60 and 50, respectively. Layer height determines the thickness
of each layer and this was varied from 100 um to 250 um, while the nozzle temperature was varied
from 50 °C to 90 °C. The proper shaker and roller settings were determined first, followed by the
layer height and finally the adequate nozzle temperature. The effects of layer height and nozzle
temperature on the density of the printed sample are determined in this work for both the BJ and
SJ processing routes. Cube-shaped samples were printed with nominal dimensions of 10 mm x 10
mm x 10 mm using SS316L and Ni powders.

To demonstrate the ability to print complex shapes, gears and other complex shaped objects
were also printed from SS316L powders. After printing, printed samples were left in the powder
bed at room temperature for a minimum of 30 min before being transferred to an oven for curing.
The cured green parts were used for post printing analysis, debinding and sintering.
3.1.1.3 Post-BJ/SJ debinding and sintering

SS316L-based components were selected for further post printing operations which
included debinding and sintering; hence, the thermogravimetric analyses (TGA) of the SS316L
powder samples, binder and cured components were carried out using the SDT Q600 (TA
Instruments, USA), with heating up to 1400 °C at a heating rate of 5 °C/min, in order to ascertain

the cycle of debinding. The mass loss is shown as plotted in Figure 3.5. The debinding and sintering
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were achieved in two separate steps. The debinding was carried out in air using a conventional
muffle furnace (KSL-1200X-J-UL, MTI, Richmond, CA), while the sintering operation was
carried out in vacuum using the conventional tube furnace (GSL-1700X-KS-UL-60, MTI,
Richmond, CA). The specimens were held at the sintering temperatures for various holding times
(Shrs, 10hrs, and 24hrs), and the cooling rate to room temperature was 5 °C/min.
3.1.1.4 Characterization of BJ/SJ-ed sintered components

The particle size of the powder, the fractured green samples, etched and unetched surfaces
of sintered parts were analyzed using a scanning electron microscopy (SEM), (FEI Quanta 450,
USA). The green densities of the cube-shaped printed samples and the bulk densities of the sintered
samples were estimated using the Archimedes’ immersion method following ASTM standard
C373-18.
3.1.2 Results and Discussions
3.1.2.1 Powder characterization/ BJ/SJ printing

The as received SS316L powders have an average particle size of 22 um, while the average
particle size of the Nickel powders was approximately 7 um of spherical agglomerates, as can be
seen in the SEM images in Figures 3.2 (a) and (b), respectively. The SS316L powders have non-
uniform shape and size distribution, while the Ni powders have a more uniform shape of
approximately spherical agglomerates and a narrower size distribution.

Figure 3.3 shows various geometries that were successfully printed from SS316L and Ni
powders using both the BJ and SJ processing routes. The complex shapes (gear and “wristwatch
case”) were printed via the SJ processing route with a 10%wt binder and 90%wt SS316L powder.

It was observed that due to the thin sections of the wristwatch case, higher binder amount was
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necessary to achieve the final printed components that can be firmly handled without crushing

during post printing operations.

EI".E

Figure 3.3 Images of printed samples (a) binder jetted SS316L cube, (b) solvent jetted SS316L
cube, (c) solvent jetted Ni cubes, (d) solvent jetted SS316L gear and (e) solvent jetted SS316L
wristwatch case

3.1.2.2 Curing of BJ/SJ printed samples

One crucial step in P-3DP, particularly the SJ method, that has often been taken for granted,
is the curing of printed samples. With the right curing step, minimal binder can be used, resulting
in green parts with increased green density. For parts to be firm enough to withstand post printing
operations, there has to be enough binder to hold powder particles together, but too much binder
could leave behind a residual binder amount or excessive burn-out products like carbon, which
could alter the sintering behavior of components after debinding. Also, an excessive binder amount
could lead to swelling/distortion of green compacts during debinding.

With the right curing regime, however, the minimal amount of binder can be used. Figure

3.4 shows SEM micrographs of samples with varying amounts of the binder after curing. We were
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able to develop a curing regime that allowed the use of 99 %wt SS316L powders in our powder-

binder mixture during SJ.

Figure 3.4 SEM micrographs of solvent jetted SS316L samples after curing (a) 90%SS316L,
(b) 95% SS316L and (c) 99% SS316L

As can be seen from Figure 3.4(a), when using an excessive amount of binder, the binder,
indicated by the red arrows, dissolves to form a matrix around the powder particles. During
debinding, the binder decomposes, creating voids causing the powder particles to re-arrange and
this could lead to the distortion of printed parts. But with a minimal binder amount, as shown in
Figure 3.4(c), the binder decomposition will not create any appreciable additional voids, and
hence, there will be less distortion observed after debinding.
3.1.2.3 Debinding analysis of BJ/SJ printed samples

For a successful sintering procedure to be conducted on SS316L parts, a very robust
debinding regime has to be developed. This is to ensure the complete binder removal and also,
importantly, to carry out debinding without exposing samples to oxidation. To ascertain the right
debinding regime, the binder mixture (maltodextrin and sugar), the as received SS316L powder,
and the solvent jetted cubes of SS316L where subjected to thermo-gravimetric analysis (TGA).
Figure 3.5(a) shows the mass loss profile for the binder mixture. From the profile, it is evident that

at approximately 560 °C, we have the total binder decomposition. Figure 3.5(b) shows the mass
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profile for as received SS316L, from which we determine the onset of powder oxidation as
approximately 600 °C. With this information, we were able to develop a debinding time profile for
the complete binder removal without powder oxidation. Figure 3.5(c) shows a typical debinding

time profile used for a 90% SS316L and 10% binder mixture after SJ.
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Figure 3.5 Mass loss profile of (a) binder mixture, (b) SS316L powder and
(c) printed SS316L cube

It can be observed that after debinding there is a mass drop of approximately 10% which
corresponds to the mass percent of the binder, hence the total removal of the binder was achieved.

Figure 3.6 includes micrographs of SS316L samples before debinding optimization showing
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evidence of oxidation (Figure 3.6b), and after debinding optimization showing no signs of

oxidation (Figure 3.6c¢).

100pm

Figure 3.6 SEM micrographs of sintered SS316L showing evidence of oxidation before
debinding optimization.

3.1.2.4 Effect of printing parameters and processing route on the green density of BJ/SJ

printed parts

In this work, the printing parameters investigated are layer height and nozzle temperature
for the BJ and SJ routes. For the printer used in this work, the roller and shaker speed are given as
a percentage of the power sent to the drive the roller, and not actual speed values. Thus, the roller
speed and shaker speed were set constant at 60% and 50%, respectively, which correspond to the
values that yielded the optimal spreading of powder layers. We noticed a general decrease in the
green printed density with increasing the layer height for both processing routes in both material
systems (Figure 3.7). However, we see a slightly higher green printed density for all material

systems and at all layer heights for solvent jetted samples as compared to binder jetted samples.
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Figure 3.7 Effect of printing parameters on green density of printed parts (a) Solvent jetted
SS316L, (b) Binder jetted SS316L, (c) Solvent jetted Ni and (d) Binder jetted Ni

The BJ route shows more contrast in the green printed density when the nozzle temperature
is changed from 50 °C to 70 °C for both material systems. This is to be expected since for the BJ
route, the print head deposits the actual binder, and with a higher nozzle temperature, more binder
is jetted onto the print bed, leading to better adhesion of powder particles and, hence, higher green
printed density. Whereas for the SJ route, the binder composition is constant, but the amount of
the solvent jetted to activate the binder varies with the nozzle temperature, hence a slight change

in the relative density of green compacts with change in nozzle temperature is observed.
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3.1.2.5 Relative density of BJ/SJ-ed sintered SS316L. components

The highest sintered relative density for SS316L was achieved at sintering temperature of
1220 °C in a vacuum atmosphere and holding time of 24hrs. For the solvent jetted samples
investigated for sintering behavior, we noticed that for samples with higher binder percentage i.e.
10% and 15% binder concentration, melting occurred before the sintering temperature of 1220 °C
was reached, Figure 3.8(b). This can be attributed to the presence of high concentration of residual

carbon after debinding because of the high concentration of the binder.

Figure 3.8 Sintered SS316L after SJ and debinding (a) 99% SS316L cube, (b) 90% SS316L cube
and (c) gear

The residual carbon is suspected to have been the cause of the reduced melting temperature
as dictated by the Fe-C phase diagram. For samples with 99% SS316L, 87.2% relative density was
achieved with the stated sintering conditions. To achieve this final sintered density, printing was
carried out at 100um layer height and 70% nozzle temperature, resulting in a relative green density
of 42.7%.

Table 3.1 presents results of the sintering of solvent jetted components with 99%wt
SS316L. We observe that increasing relative green density results in increasing sintered relative
density of SS316L parts. It therefore follows that to achieve very high final part densities, the

printing process should be optimized to yield the highest possible green density.

59



Table 3.1 Effect of relative green density on final relative density of sintered part

Layer height (um) | Nozzle temperature (°C) | Green density (%) | Sintered density (%)
250 50 37.47 83.76
200 90 39.64 86.62
100 70 42.72 87.21

3.2 Influence of powder morphology on BJ/SJ-ed green and BJ/SJ-ed sintered part

density

To investigate the influence of powder morphology on the density of green and sintered
parts, two different powder types were used, the water atomized SS316L powders used in the
previous set of experiments and the gas atomized SS316L powder from from Praixair S.T

technology, Inc., Indiana, USA. The morphology of the powders is presented in Figure 3.9. The

Table 3.2 presents the properties of both powder types.

Table 3.2 Properties of water and gas atomized powders.

Property

Powder type

Water atomized

Gas atomized

Chemical composition

Fe-16Cr-10Ni-2Mo

Fe-17Cr-12Ni-3Mo

shape irregular spherical
Apparent density 38% 50%
Tapped density 51% 60%

The printing machine used for this experiment was a lab-modified ZPrinter 350 printer (Z-
Corporation, USA), originally designed to print parts using gypsum powder but modified to allow
printing parts from metallic powders. In the solvent jetting technique employed, the procedure was
similar to the one described in section 3.1. However, the pure SS316L powders were premixed

with a 1% similar water-soluble granular binder mixture instead of 5%.
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Figure 3.9 SEM micrographs after spreading a single layer of the (a) water atomized powder (b)
gas atomized powder (c) magnified image of the water atomized powder within the spread layer
(d) magnified image of the gas atomized powder within the spread layer.

Red arrows indicate binder.

It is evident that the powder composition is quite similar. Both powders were used to print
simple cubes using the SJ technique. After printing, the densities of the parts were estimated.
Furthermore, samples were sintered at several temperatures and sintered densities were estimated
for all temperatures sintered.

From Figure 3.10 it is clear that the water atomized samples experience larger volume
shrinkage after sintering. This can be attributed to the lower density of the printed green part. It

therefore becomes evident that for volume shrinkage to be minimized after sintering, the starting

powder should be such that the printed density has a high enough density.
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Figure 3.10 Water and gas atomized samples after printing and sintering at 1350 °C

Table 3.3 Green and sintered relative density of processed samples.

Sintered relative densit
Green relative | CIPed relative fntered refative denstty
density density 1250 1300 1350 1380
°C) °C) °C) °C)
Water atomized 38.40% ] 88.73% | 89.97% | 90.15% | 90.48%
Watfg‘;zglzed 38.40% 48.93% 88.90% | 90.24% | 91.88% | 94.88%
Gas atomized 48.60% ; 70.24% | 70.96% | 85.56% | 96.25%

Parts processed with the irregularly shaped water atomized powders showed higher relative
densities when sintered at lower temperatures, but as the sintering temperature was increased to
1380 °C, which is the general temperature of sintering binder jetted SS316L parts, the gas atomized

powder exhibited higher densification. This trend is presented in Table 3.3.
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It is assumed that the irregular shape of the water atomized powder aided sintering at the
intermediate sintering stage because of the larger fraction of contacting area of the particles. But
as the sintering progresses to the final sintering stage, the pores in the water atomized powder
become closed and sintering becomes more difficult. For the parts processed by the spherical gas
atomized powder on the other hand, it is suggested that the initial low fraction of contacting area
wasn’t favorable for sintering in the intermediate sintering stage, but as the temperature reached
the final sintering stage, sintering progresses as the pores are still open at this stage, and as such

the pores could be easily eradicated. Figure 3.11 presents SEM micrographs of the sintered parts

Figure 3.11 SEM micrograph of etched (a) water atomized powder at 1250 °C (b) gas atomized
powder at 1250 °C (c) water atomized powder at 1380 °C (d) gas atomized powder at 1380 °C.
The red arrows indicate SiO> impurities and yellow arrows indicate pores.
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33 Optimizing powder bed spreading in BJ AM: Experimentally validated modeling
3.3.1 Selection of deposited powder layer thickness in binder jetting

From the BJ experiments and results from section 3.1, it is known that the thickness of all
the deposited layers should be sufficiently small. Several reasons for this thickness selection can
be found in literature. First, the application of thin powder layers provides means for the close
buildup of the desired shape of the green body, because the layer thickness constrains the possible
design feature size [159]. Another important reason is that BJ relies on the uniform binder
distribution in the deposited layer, and thin layers are better controlled and, as a result, they provide
a better integrity of green bodies [160].

Experimental observations show that when a green body is deposited by thin powder
layers, it has better strength and higher elastic moduli [127, 161]. The question then arises as to
what exactly the optimum value of the deposited layer thickness is. It is empirically established
that this thickness depends on the powder particle size. In our experiments on 3D printing of
stainless steel, nickel and even alumina, it was found that printing layers with a thickness greater
than 2.5 particle diameters does not provide the necessary dimensional accuracy after debinding
and sintering. The recently published data on binder jetting indicates that the optimum layer
thickness is about three particle diameters [162]. At the same time, it appears that the thinner
deposition layer assumes the higher impact of powder spreading on the distortion of previously
deposited layers.

3.3.2 Powder spreading during binder jetting

The behavior of granular materials under different types of loading has been actively

investigated during the last decade. During powder spreading in all powder-bed AM technologies,

a blade or a roller passage through the powder bed levels its surface. Considerable modeling and

64



experimental efforts have been devoted to the optimization of powder spreading approaches for
obtaining dense and uniform powder bed with smooth surface.

Discrete Element modeling (DEM) efforts have been aimed at the analysis of the particle
size and shape distribution influence on surface roughness and particle segregation in a powder
bed. Spreading of rod-shaped particles in realistic AM settings has been simulated by Haeri et al.,
who used DEM to investigate the effects of particle shape and operating conditions on the bed
quality [163]. They discovered that larger particle aspect ratios, or higher spreader translational
velocities resulted in a lower bed quality. They also compared the performance of a roller versus
a blade spreader and reported that a roller outperforms a blade spreader in terms of the quality of
the prepared bed under the same operating conditions. They further carried out the micro-structural
analysis of the powder bed and showed particle alignment in response to the induced flow.

Furthermore, Eric et al., [96] developed a numerical tool and used it to investigate the
characteristics of the powder layer deposited onto printed parts using a roller as the coating system.
Their simulations considered the complex geometric shapes of the powder particles. Their results
showed that increasing the coating speed led to an increase in the surface roughness of the powder
bed. They also reported that powders with broader size distributions led to larger values of surface
roughness as the smaller particles formed large agglomerates, resulting in increased porosity. They
attributed inhomogeneity of inter-particle forces in the granular packing to a non-uniform
load/stress distribution in the part during the coating process.

A body of works on DEM have also been aimed at the description of the powder bed
density evolution and pore formation for different recoating speeds. Quanquan et al., [164]
employed DEM to optimize powder layer thickness in laser-assisted additive manufacturing. Their

work was based on a theoretical model of the interactions between the particles, the coater blade,
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and the build plate during the powder deposition. Their focus was on a systematic theoretical and
experimental investigation of the effect of the powder layer thickness on various powder bed
characteristics during a single-layer and multi-layer powder deposition. Their theoretical model
predicted a uniform powder bed deposition when employing a 40um layer thickness value. Lower
and higher values of layer thickness resulted in large voids and short-feed defects, respectively.
Their theoretical results were tested and validated experimentally using Hastelloy X with an
average particle size of 34.4 um.

Discrete Element Method, using the soft sphere model, has been used to model particles
with mono-size, bimodal, and Gaussian size distributions, for different layer thicknesses and
applied compression. The results showed that the packing density and coordination number
increased with the layer thickness. Increasing the initial packing, and subsequently applying
compressive force on the powder bed effectively increase the density and coordination number of
a powder bed [165].

Previously, a number of authors have also focused on using DEM capabilities to study the
contribution of adhesion between particles in all these phenomena. One of such recent studies is
the work of Lee et al. [166]. In their study, they presented a multi-layer powder spreading DEM
simulation model and experimentally validated their results. They calibrated their model
experimentally using static angle of repose measurements. The model results showed that
interaction between particle and the powder spreading blade led to variation in packing density,
surface roughness, dynamic angle of repose, particle size distribution, and particle segregation.

Optimization of blade spreader shape for improvement of powder bed quality has been
modeled using DEM tools. In particular, a set of DEM simulations have been performed at device-

scale to optimize the geometry/profile of blade spreaders to yield the lowest powder bed porosity,
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with qualities comparable to a roller, using simple rod-shaped grains to control the computational
costs [95]. Furthermore, optimization of roller size and speed on bed quality has been modeled
using DEM tools [167].

The research direction in this aspect of the dissertation work is different and specific to BJ
technology in the sense that in our work, we have not only studied the influence of powder
spreading on the spread layer, but have moved a step further in studying the effect of the powder
spreading on distortion of the previously printed layer. Both modeling and experimental
observations confirm that powder spreading in BJ generates some displacements not only in the
upper spread layer of the powder but also in the bottom layer where particles have already been
glued during the previous step. This is why we concentrate not only on the analysis of the powder
bed preparation but on another type of problem: evaluation of the interaction between the powder
bed flow and green body produced by BJ.

As a rule, in BJ practice it was always implicitly assumed that powder flow due to
spreading was completely localized near the blade, and it could not distort previous deposited
layers. Indeed, the localized flow is a typical regime for granular materials behavior [168].
However, experimental observations show that the width of the localized flow cannot be less than
6-10 particle diameters.

In modeling analyses, as long as we move down this width, we move off the applicability
of granular mechanics concepts and, probably, even off the applicability of the continuum
mechanics postulates [169]. For example, experiments show that the flowability of thin powder
layers is significantly reduced due to the formation of the large amount of stress chains under
loading [170]. Therefore, the present investigation is dedicated to the analysis of powder spreading

during BJ via a Discrete Element Method (DEM) approach.
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3.3.3 Discrete element modeling of powder spreading in BJ

Bullet Physics SDK (Software Development Kit) is open-source collision detection, rigid
and soft body dynamics library written in portable C++. It provides a solver for rigid body
dynamics. For the case of the blade spreader particle simulation, the workflow Maxon Cinema 4D
package was used, while for the case of the roller spreader, the ALTAIR EDEM software package
was used for the simulation. In both cases, the modeling included such problems as filling a
container with layers of particles, the blade or roller movement over time, the simulation dynamics
of powder bed and green body distortion and rendering the modeling results. For the case of
simulation using the workflow Maxon Cinema 4D, C4D Python tags and Python plugins were
developed to implement some tasks that could not be resolved by conventional modeling
techniques.
3.3.3.1 Parameters of particle interaction in BJ

Our DEM analysis is based on the modeling of sphere-sphere (also known as particle-
particle) collision dynamics of identical particles taking into account energy dissipation through
the inelastic restitution, friction, and central forces between particles. In our modeling, the
restitution coefficient, which is the ratio of final to initial velocity between two colliding spheres,
was taken equal to 0.4. This value was chosen empirically to prevent excessive particle scattering
along the powder bed during spreading. Higher restitution coefficient led to unphysical particle
dispersion along a powder bed.

Another important parameter in the model is a friction coefficient between particles. It was
fitted to provide experimental repose angle of our powder. In our modeling results, the static repose
angle is clearly visible at the ends of the powder beds (Figure 3.12). Inter-particle forces are

different for different types of particles: green free particles and blue glued ones. Binding forces
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in the blue elements are defined as center-to-center forces. These forces in the Bullet Physics SDK
have to be defined as functions of a distance between particles. In our calculations we used force

inversely proportional to the second degree of the distance between particles.

F _A (3.1)

r2
where coefficient A was found from experimental assessments of the external energy supply

required to fully break a contact between particles:

f;;Z Fdx = V. Se; (3.2)
d3
Ve==— (3.3)
Where;

S is the strength of green bodies with maltodextrin equal to 1.5 MPa,

ef is the fracture strain equal to 0.0,

Ve is the volume per single contact between particles,

d is the particle diameter,

Z is the coordination number of a packing in the powder bed equal to 6.

This strength value of green body roughly corresponds to the tensile strength of
maltodextrin in a wide range of water content [171], and it is a typical strength of green bodies
with other binder formulations [127].

Lack of the reliable experimental information on the behavior of the composite powder bed
under loading limits us primarily to qualitative analysis of the interplay between different problem
parameters. We have assumed the presence of two vertical walls in our model. The optimum
distance between the walls was found by a trial-and-error approach through computing the
variances in the modeling results with distance change. Results for the distance of 15d were close

to the results for higher distances, and thus, 15d was used as the distance between the walls.
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3.3.3.2 Schematics of virtual experiments on BJ

The schematic of the virtual experiments is shown in Figure 3.12. In our investigation the
blade powder spreading of the upper deposited powder layer from the initial height H; to the final
height Hrwas modeled in order to estimate the concomitant distortion of the glued elements in the
previous layers of the powder bed. To create the DEM powder bed unit cell for the investigation,
28500, 31000 or 34000 spherical particles of the same size filled the space between two rigid walls
standing on a rigid base (Figure 3.13). The distance between the walls was taken equal to 15d

where d was the particle diameter.

-"’

Layer of fixed particles Glued element

Translational speed
-—

Roller

\J Rotational speed

Figure 3.12 Schematic of virtual experiment with powder spreading during binder jetting (a)
blade spreader (b) roller spreader.

The powder bed consisted of three layers (Figure 3.12a). The very bottom layer included a
fixed layer of particles at the base to provide a realistic value for the powder layers coefficient of
friction with the base. Above this fixed layer, the next group of particles formed the bottom layer

of the powder bed. It was assumed that some elements of this layer can be glued during the
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previous BJ steps. They are shown in blue color in Figure 3.13. If some particle volumes were
considered as glued, tensile strength was introduced in the model through the particle-to-particle

attraction force.

Blade

Glued element

Figure 3.13. Discrete Element model of powder bed and (a) blade (b) roller powder spreading
The height of Layer 1 was about 9.5d. Finally, the height H; of Layer 2 varied depending
on the pre-set thickness of this layer. The restitution coefficient for all free particles was taken
equal to 0.4, and the particle-to-particle friction coefficient during modeling was estimated from
the repose angle at Figure 2.12 as 0.15 - 0.2.
In the case of the blade spreader, two types of spreading blades were investigated: the narrow one
with the thickness 8d and the wide one with the thickness 40d. For the case of the roller, rotational

and translational speeds were varied from 250 to1000 rpm and 250 to 2000 mm/min respectively.

71



3.3.4 Density evolution during powder spreading in BJ

For the case of simulation using the workflow Maxon Cinema 4D, C4D, special plugin in
Python has been developed for density evaluation of a powder bed. For simulations with the EDEM
software package, density evaluation was done by implementing the voidage estimation capability
embedded in the software. For both cases, relative density in an element of the powder bed after
spreading was estimated as an average density in the box with dimensions [25d, 2.5d, 13.5d]
around this element.

Density variations of the upper part of the Layer 2 along powder bed after spreading with
narrow and wide blades for the different Hr values and fixed H; = 8.25d are shown in Figure 3.13.
for the case of the roller spreading the density variations of the upper part of layer 2 are shown in
Figure 3.14. It is clear from both figures that the final thickness of the deposited layer significantly
influences its dilation during spreading.

The density values in the conducted modeling also correspond to the range of values 0.54-
0.64 reported by previous authors [98]. Although these changes in density seem to be small, they
are important because they can contribute to considerable local changes in coordination numbers
during powder packing. Dilation can be estimated as a difference between density at the ends of a
powder bed and local powder bed density.

Our simulation results for the roller spreading shows that the dilation increases with
increasing roller rotational speed (Figure 3.15), while for the case of the blade spreading, the
dilation rapidly decreases with the increase of the layer thickness from 2.75d to 5.5d (Figure
13.14). This corresponds to the experimental and modeling results of other authors [97].

The high strain rate in the thin layers during spreader passage has been suggested to be the main

reason for the high dilation of a thin powder layer. The dilation increases porosity in the powder
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bed, decreases the strength of the green body and worsens its dimensional accuracy due to the
possible non-uniform powder return to the initial more stable state.

For the case of the blade spreader, it follows from the modeling results that the narrow
blade produces less dilation than the wide one. It is a general trend for all modeling results: a wide
blade always produces much more disturbances (distortion and dilation, resulting from shear
strain) in the powder bed than a narrow blade. Thus, we may also conclude that a larger roller
diameter would produce larger dilation and distortion.

Overall, the use of a blade spreader appears to yield a better compacted powder layer when
compared to a roller. Density changes observed in Figure 3.14 and Figure 3.15 can be attributed
to the redistribution of particles in the powder bed, resulting from shear forces imposed by the
blade and roller motion respectively. This redistribution of particles is often manifested as dilation,

hence, the density changes observed are evidence of changes in dilation.
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Figure 3.14 Relative density distribution along powder bed in Layer 1 after spreading with
different Hr for the fixed Hi=8.25d: a) narrow 8d blade; b) wide 40d blade.
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Figure 3.15 Effect of roller speed on packing density across spread layer

Figure 3.14 shows that for the case of a blade spreader, the shear strains and dilation in the
powder bed depend on the thickness of a spreading layer. Additionally, Figure 3.15 shows that the
shear strains and dilations in the newly spread layer are affected by the rotational speed when a
roller is used instead of a blade. These results will also be confirmed in the next section. This
means that the spreading of a large amount of powder with large heap in front of the spreader
increases dilatancy and, therefore, deteriorates properties of the powder bed. This dilatancy and
deterioration of the powder bed is exacerbated when a roller is used at a high rotational speed.

It is clear from the conducted modeling that the uniformity of the powder bed can be

significantly improved if more advanced powder spreading methods like spray deposition or
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moving hopper deposition with controlled dispenser in combination with blade-spreading are used
[172].
3.3.5 Shape distortion during powder spreading with a blade

Because of the small thickness of the deposited layer, the blade moves just several particle
diameters apart of the glued elements of the previous layer, and it can provoke their distortion. In
the conducted modeling, this shape change becomes clearly visible if the thickness of the
manufactured components is small enough. The results of the blade passage during powder
spreading from H; = 8.25d to H; = 2.75d above the blue glued elements in the Layer 1 with the 10d
thickness are shown in Figure 3.16. For comparison, there are two red unglued volumes in this
picture to demonstrate the specific features of the free powder flow around the glued volume.

Figure 3.16b also shows angle ¢ used as the quantitative measure of the element distortion.

(a) (b)
Figure 3.16 Shape distortion of previously glued powder elements:(a) general view of powder
bed; (b) blue glued powder element and red free powder elements are shown.
It is clear from this picture, that the distortion angle was defined as the deviation from the
initial straight angles in the glued powder elements after the blade passage. Again, like in the case
involving dilatancy, the wide blade produces much more distortion than the narrow one (See

Figure 3.17).
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As it is shown in Figure 3.18, the distortion angle increases with the decrease of the
deposited layer thickness Hy, and it becomes the largest distortion angle for the smallest considered

layer thickness of 2.75d.

Figure 3.17 Distortion of bound powder elements after passage of wide blade

Layer thickness
| 4.125d 2.75d
Narrow
blade
Wide
blade
5° 8.5° 14°

Figure 3.18 Distortion of the glued 12d-wide element after blade passage.
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In order to elucidate and separate the contributions of the H; and Hrparameters into the
distortion, we also estimated the distortion of the same blue element for the fixed Hf and different
H;i values. Figure 3.19 shows the plots of the distortion angle variation with H; and Hr. Figure 3.19a
demonstrates the distortion angle as a function of H; for the fixed Hr= 2.75d, and Figure 3.19b
shows a similar plot for the fixed H; = 8.25d and different Hr.
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Figure 3.19 Distortion angle as a function of parameters of deposited layer: a) distortion angle as
a function of H; for the fixed Hr = 2.75d; b) distortion angle as a function of Hr
for the fixed H; = 8.25d.

The modeling results indicate that the distortion angle for the wide blade spreading and can

be approximated as:

@ = const (%) \/@ (3.4

The constant in Eq. (3.4), in turn, is a function of the blade width W, thickness of the glued volume
L, velocity of spreading, and other parameters. For example, approximation of our modeling

results gives

0 = (2.7 + 4.280) (Hif) \/@ (3.5)

where;

U= (3.6)

w
L
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3.3.6 Shape distortion during powder spreading with a roller

The results of the roller passage during powder spreading from H; = 8.25d to Hr=2.75d
above the glued elements in the Layer 1 with the 10d thickness are shown in Figure 3.20 for the
various rotational speeds at constant translational speed (dash-lines indicate line of distortion
measurement). Figure 3.21 shows the distortion angle as a function of roller rotation speed for the
fixed Hr=2.75d and translation speed = 250 mm/min. Also, Figure 3.21 shows results of the
distortion as a function of the roller translational speed for a fixed roller rotational speed = 250
rpm. It is evident that the distortion increases with increasing translational and rotational speed of

the roller, with the translational speed having a greater impact.

Before roller spreading roller speed = 250 rpm roller speed = 1000 rpm

Figure 3.20 Distortion of previously printed part resulting from various rotational speeds
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Figure 3.21 Effect of roller rotational and translation speeds on the distortion of the previously
printed layer for a fixed Hr=2.75d
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3.3.7 DEM simulation of bimodal powder packing for improved packing density in BJ
We set out to do this by using the EDEM software package. The same particle properties
used previously were maintained. However, we have assumed a spherical unimodal particle system
for simplicity. Particles sizes of coarse and fine particles were chosen in such a way that a size
ratio of coarse to fine of 5:1 was achieved. Particles were randomly populated inside a container
and allowed to settle. After settling, the porosity of the powder bed was estimated. The coarse to
fine particle weight ratio was varied and the effect on the final porosity after settling was estimated.
Figure 3.22 presents the results from the bimodal powder packing. In agreement with most
literature, our simulations show that at about 70% weight fraction of coarse particles, a powder

bed with a porosity decrease of about 12% was achieved.
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Figure 3.22 DEM modeling result of bimodal powder packing
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3.3.8 Experimental verification of DEM simulation of BJ

Due to the constraint imposed by our lab assembled printer, experimental validation of the
effects of the roller on the part distortion of previously printed layers is beyond the scope of the
current dissertation work, even though there is currently an ongoing effort for the experimental
validations. Experiments were however aimed at the analysis of basic features of the distortion of
glued elements under the influence of blade spreaders with different sizes.

Samples with geometry as shown in Figure 3.23 (a) were printed using a lab-assembled 3D
printer which was based on an Ultimaker 2+ (manufactured by Ultimaker, Geldermalsen,
Netherlands) reconfigured to work synergistically with an attached Colorpod-controlled setup

[23]. After printing, curing and depowdering, deformation angle is measured as shown in Figure

3.22 (b).

Blade direction

.
Blade

—

sample =

Figure 3.23 Schematics of experimental set up (a) designed shape for printing
(b) after printing, curing and depowdering.
The colorpod-controlled setup controls the amount of binder ejected onto the spread
powder bed by dictating the nozzle temperature of the printer cartridge. Increased nozzle
temperature leads to increased amount of binder that is jetted onto the powder bed during printing.

Once the powders were deposited, the blade spreads and levels the powder to a predetermined
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layer height, and the printer cartridge sprays the water-based binder on the areas corresponding to
the cross section of the part being printed, as determined by the STL file that has been imported
into the colorpod software.

Different U value configurations, i.e., blade-thickness/sample-thickness values, as shown
in Figure 3.24, were investigated in order to study the effects of the blade size viz-a-viz sample

thickness on the distortion of printed samples.
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Figure 3.24 Different configurations of blade/sample thickness.

SS316L powder of approximately 22 pm average particle size, with sieve analysis of 7.8%
and 92.2% retention and passing-through respectively on 45 pm (-325 mesh), was used for an
initial attempt to print at a final layer height of 100 pm and blade speed of 5000 mm/min. This
attempt was, however, unsuccessful as shown in Figure 3.25. The printed part experienced layer
shifting, which can be attributed to the poor adhesion of the printed layers to the base powder and
due to the excessive high speed of the blade. TNZT powders with composition Ti-35%Nb-7%Zr-
5%Ta, and average particle size of 278 um (mesh size -500+300) (TOSOH, USA), were therefore

used for the experimental part of this study.
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The printing method employed was the Binder Jetting technique. The binder was a solution
of 5g maltodextrin and 5g sugar in 4ml of solvent. The water-based solvent was composed of 8.3
vol% of Isopropyl alcohol (IPA), 8.3 vol% of diethylene-glycol, and 83.4 vol% of deionized (DI)
water. The attempts to print with higher concentrations of maltodextrin and sugar were not
successful due to the high viscosity of the solution resulting in inability of the binder to be jetted

from the printer cartridge nozzle.

Shifted printed layers

Figure 3.25 Distortion (Layer shifting) of printed base for SS316L.

The speed of the blade during printing was set at 2000 mm/min. The initial layer height
(which corresponds to Hj) was set at 1.24mm, while the final layer height (corresponding to Hy)
was varied between 450, 550, 650 and 750 pm.

After printing, the printed samples were left in the powder bed at room temperature for a
minimum of 30 minutes before being transferred to an oven (AccuTemp-09, Across International)
and cured for 30 mins at 120 °C. Thereafter, samples were depowdered using a jet of pressurized
air and pictures were taken. The pictures were subsequently imported into the image-j software

and the angle a was measured. The deformation angle ¢ was thereafter calculated.
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Using the TNZT powder, and the blade speed of 2000 mm/min, the successful printing was
achieved. The distortion angles were measured and plotted against the final layer thickness in
Figure 3.26. Figure 3.27 shows representative printed samples and lines drawn for angle

measurements for various printing parameters.
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Figure 3.26 Distortion angle vs final layer height for printed TNZT samples at different values
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Figure 3.27 Samples printed with; (a) U =5 at Hr= 750 um (b) U =15 at Hr=750 um, (c) U =1
at Hr= 750 um (d) U =3 at Hr= 750 um (e) U = 1 at Hr= 550 pm (f) U = 3 at H¢= 550 pum.
Both experiments and modeling confirm considerable distortion of the thin-wall
(approximately equal to 10d) green body elements under the influence of active powder spreading
along the surface of a powder bed. It was theoretically predicted and verified by the experiments
that the distortion angle of the glued elements is inversely proportional to the thickness of the
depositing layer and directly proportional to the square root of the thickness of the powder layer
removing during spreading. It was found that distortion increased with increase in spreader width.
Results show that distortion angle was a function of blade-thickness/sample-thickness ratio,
U=WV/L and it did not depend separately on the blade width W and the element width L.
Experimental data from Figure 3.26 are almost parallel lines with constant slope that can

be readily approximated analytically. The final approximation is

9= (5.15 + 0.33U)Hif /% (3.7)
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For the comparison, recall equation (3.5) obtained in our modeling. It is clear that our
modeling significantly overestimates the influence of the blade width. The experimental and
modeling results for L = 3mm are shown in Figure 3.28. At the same time, the uncertainty with
many constitutive parameters of the powder bed warrants mostly qualitative interpretation of the
modeling results. Several important parameters are still beyond the scope of the conducted
analysis, including the real strength of the glued green body, spreading velocity, friction
coefficients between blade and powder, non-uniform particle size/distribution in experimental

powder, and agglomeration of particles amongst others.
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Figure 3.28 Experimental and theoretical results for different U values for L =3 mm. Index e and
m indicates experimental and modeling values respectively.

Another important factor to note is the fact that in the simulation we assumed a fixed initial
powder layer as the substrate upon which a subsequent layer is glued to, but in the actual
experiment, the substrate was a loose powder layer. This, we believe, also contributed in the

disparity observed between the experimentally measured and simulated distortions. Nevertheless,
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for the fixed spreading velocity, empirical Eq. 3.4 in combination with several simple experiments
for detection of appropriate parameters, provides a useful tool for the estimation of the dimensional
accuracy of a BJ green body. According to the derivation of this equation, it is primarily applied
to powders with narrow particle size distributions.
34 Influence of powder size distribution on BJ/SJ-ed green and BJ/SJ-ed sintered

parts density

In order to achieve improved green and sintered density of solvent jetted water atomized
powder based on our results from sections 3.1, 3.2 and 3.3, we set out to reprocess the powder to
achieve bimodality. To do this, the original (as received) powder was sieved into several powder
size groups. Particle analysis of the various size groups was conducted. Based on literature and
our DEM simulation results in the previous sections, a coarse:fine particle size ratio of 3:1 to 5:1
with a corresponding weight ratio of 7:3 is ideal for improved bed packing, thus, various size
groups where combined with the aim of achieving the required size and weight ratios to yield
bimodality. Due to the limitation placed on the available particle size groups by the starting
powder, the highest particle size ratio achievable was 3.53 which corresponds to the mixture of
the 15 and 53 pum particle size groups (Figure 3.29).

From Figure 3.29, it is clear that, in agreement with our powder packing simulation results
and literature, bimodality was achieved with a particle size ratio of 3.53. Also, packing density
evaluation of the various powder mixtures shows an increase in the apparent and tapped relative

densities with the bimodal powders as against the original powder feed stock (Table 3.4)
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Figure 3.29 particle size distribution of (a) unprocessed powder, and processed powder for the
size ratios (b) 2.53 (c) 3.00 (d) 3.53

Table 3.4 Estimated relative densities for the processed and unprocessed powders.

Size group (um) Relative density (%)
Apparent | Tapped
As received 38.66 50.70
15 37.45 53.46
27 33.87 47.45
Unimodal distribution 31 34.71 47.22
38 37.72 49.66
45 39.43 51.56
53 38.85 48.68
15438 (70%) 42.14 54.15
Bimodal distribution 15+45 (70%) 46.42 55.02
15+53 (70%) 46.45 55.38

In fact, an increase in apparent density and tapped density of about 20% and 9%

respectively was achieved by the 15+53 um size group. The processed powders were used to print

simple cubes and relative density estimations of printed cubes showed an increased value when
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using the processed powders (Figure 3.30). It is estimated that an increase in density of about 22%
was observed with the 15+53 um size group after printing. Furthermore, density of the processed
samples after sintering was measured. Results also showed that the processed bimodal powders
sintered better at the sintering temperature of 1380 °C investigated, with an average increase of

about 7% for the 15+53 pm size group (Figure 3.30).
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Figure 3.30 Effect of powder processing on green and relative densities of processed samples
Microstructural analysis of the sintered samples processed by the original and bimodal
powders shows less porosity in the 15+53 um size group bimodal powders when compared with
the original unprocessed powder (Figure 3.31), in agreement with density measurements. EDS
analysis of the microstructure revealed the presence of SiO> impurities as indicated by the red

arrows in Figure 3.31.
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Figure 3.31 SEM micrograph of samples processed with (a) unprocessed water atomized powder
(b) processed with 15+53 um size group bimodal powder. Red arrows indicate SiO, impurities
and yellow arrows indicate pores.

3.5  Process optimization for the SJ process

Even though the SLM and the BJ are both powder-based AM techniques, the BJ is very
distinct in that it does not require the elaborate design for support structures [100]. Also, the BJ
AM technique does not involve the fusion of powder layers during the BJ process, rather, a
subsequent heat treatment step is required to fully consolidate the parts. Because the BJ does not
require particle fusion, the process can be done at ambient conditions allowing for reduced energy
consumption during the printing process [173]. To further improve on the final sintered density of
the gas atomized SS316L powder, an optimization was carried out.
3.5.1 SJ Materials and Method

For the SJ, the optimization was done using the Taguchi method. As with previous works
[25, 65, 67, 174], the granular binder is a 1:1 mixture of sugar and maltodextrin premixed with the
gas atomized SS316L powder prior to printing. A Taguchi orthogonal array design, comprising of

2 factors and 3 levels, was implemented in the Minitab 17 statistical software. The design factors
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and levels are presented in Table 3.5. The roller speed and binder saturation levels were kept
constant at 300 mm/min and 100 % respectively.

Table 3.5 Factors and levels implemented in Minitab 17 for the SJ optimization.

Factors Level 1 | Level 2 | Level 3

Layer thickness (um) | 100 125 150

Binder content (%) 1 2 3

The various weight ratios of the gas atomized SS316L powder and the binder mixture were
thoroughly mixed using a turbular mixer (WAB US Corp, New Jersey, USA) for 1 hour to ensure
a homogeneous mixture. The water-based solvent or binder activator was composed of 8.3 vol%
of Isopropyl alcohol (IPA), 8.3 vol% of diethylene-glycol and 83.4 vol% of deionized (DI) water.
After printing, the green specimens were cured, depowdered and the relative densities of printed
parts estimated using the Archimedes method.

In this study, the relative density of the SJ processed green part was the response criterion
and the goal is to obtain the highest relative density values, requiring that “higher is better”
characteristic-form is used during the statistical analysis. The analysis of the effects of the variable
process parameters on the relative density of printed green parts for the SJ process was conducted
using signal to noise (S/N) ratio and ANOVA analyses which are statistical procedures embedded
in Minitab 17. Subsequently, a simple linear regression was carried out and the result was used to
predict the optimal parameters to achieve high density for SJ processed green parts. With these
predicted parameters, SJ was conducted and printed part characterized to confirm the prediction.

Microstructural analysis was conducted on polished and etched samples by scanning

electron microscopy (SEM) (FEI Quanta 450, USA). The V2A solution with a composition of
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20%, 5% and 75% volume concentration of HCI, HNOs; and H>O respectively was the etching
solution. Etching time was approximately 60s. Final densities of SJ processed and Sintered parts
were measured using the Archimedes’ immersion method following ASTM standard C373-18 and
the PSA 1090 gas pycnometer (Anton Paar, Graz Australia), and the average relative densities
estimated by assuming a bulk density of 7.89 g/cm?.

Table 3.6 presents the S/N ratio and relative densities of green bodies obtained from our
Taguchi’s Lo Orthogonal Array which highlights the influence of the SJ parameters (layer
thickness and binder content) on the relative density values of the green samples processed at a
constant roller speed during SJ.

Table 3.6 S/N ratio and relative densities of green parts obtained from Taguchi’s Lo Orthogonal
Array for the SJ AM processing technique.

Layer( :E;c)kness Binder content (%) relativ(e%(;ensity SN
100 1 55 34.807
100 2 50 33.979
100 3 47 33.442
125 1 53 34.486
125 2 49 33.804
125 3 48 33.625
150 1 52 34.320
150 2 48 33.625
150 3 46 33.255

3.5.2 S/N analysis from Taguchi DOE for the SJ optimization
The influence of the various parameters on the relative density at all levels is shown in
Figure 3.32a. It is evident from the difference between the maximum and minimum values of the

mean of S/N ratios for the investigated SJ parameters, as can be deduced from Figure 3.32b, that
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for the SJ AM technique, the more crucial factor that influences the density of processed green

parts is the amount of the binder premixed with the metal powder.
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Figure 3.32 The main effects plots for the mean values of (a) relative density and (b) S/N ratio on
the parameters investigated.
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3.5.3 Regression analysis of SJ

A linear regression was also carried out using Minitab 17 statistical software package to
develop an equation which models the relationship between the layer thickness, binder content and
the relative density. The regression equation is as follows:

p=06091-0.0371-3.01c (3.8)
where;

p is relative density of the printed green part,

[ is layer thickness, and

c 1s binder content.

From the regression equation, optimized layer thickness, and binder content were estimated
as 100 um and 1%, respectively. Printing with these parameters yielded green parts with an average
relative density of 52.57% even though the predicted optimal value was 54.19%.

SEM microscopy results of optimized samples sintered at 1380 °C show a remarked
improvement in the microstructure of the samples as can be seen in Figure 3.33. Estimated relative
density was about 98.76%. A more detailed microstructural analysis of the fully sintered part from
the optimized SJ process will be discussed in chapter 5 along with a comparison with the

microstructure of the optimized SLM processed part.
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Figure 3.33 SEM micrograph of fully sintered part after optimization.

3.6  Pressure assisted solvent jetting

To further increase the density of the printed part, a novel means to apply pressure on the
powder bed was developed. Following the previous work conducted by Olevsky and coworkers
[143] on quasi-isostatic pressing (QIP), particularly the work on densification of porous bodies in
a granular pressure-transmitting medium, we developed a novel and unique way of applying a
quasi-isostatic pressure on the printed green sample by applying a uni-axial pressure onto the

powder bed. The schematics for this process is presented in Figure 3.34 following [143].
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Figure 3.34 Schematics of the QIP process following [143]

Because of the nature of the SJ and BJ techniques, the QIP seems to be a way to compact
the printed part by applying a pressure onto the powder layer that is spread over the printed layer.
The pressure can be applied to the powder bed either in-situ or ex-situ. The in-situ powder bed
pressing entails applying the pressure onto the powder bed during the printing process, either after
each layer is printed or at the end of the final print. Although considerable work has been done and
is still ongoing on this novel approach, it is outside the scope of this dissertation. In the ex-situ
pressure application on the other hand, the entire build platform is transferred to an hydraulic press
where the entire powder bed is compacted by a uni-axial load followed by curing and depowdering

(Figure 3.35).
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Figure 3.35 Steps involved in the ex-situ pressure assisted solvent jetting

During the powder compaction, the applied load is transferred from the surrounding
powder unto the printed part, compacting it in the process. As depicted in Figure 3.34, the applied

load is transmitted both axially (c,) and radially, (o) onto the printed part.
The expected shape change after pressing, given as the ratio between the resulting axial

and radial strains has been formulated and expressed as a function of the porosities of the part and

the surrounding porous media as follows [143];
(3.9)

Err

0-6y
£, 20p+(1-36,)0

Where;

&= radial strain rate

&,,— axial strain rate

8,= porosity of the transmitting medium and;
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0= porosity of the printed part.

From equation (3.9), it follows that when the density of the porous transmitting medium is
equal to the density of the printed part, the radial strain rate equals 0, resulting in no shape change
in the radial direction. Thus, to minimize shape change in the radial direction during powder
compaction, the density of the printed part should be as close as possible to the density of the
surrounding powder. This means that the properties of the printed part should be very similar to
those of the surrounding powder. One way to achieve this is to use a very minimal binder amount
in the printing process. To achieve this, instead of printing solid parts, attempts were made to print
only the outlines of the part.

Due to the limitation imposed by the binder available for our experiments, printing very
thin outlines of parts was not successful, thus, solid cylindrical parts were printed and thereafter
the powder bed was transferred to a press and compacted.

Results showed that the relative density of the printed and compacted part increased to
52.6% from an initial value of 31.98%, indicating an increase of 64.5%. This increase in relative
density was accompanied by an increase in the diameter of the cylindrical part of about 30%,
however, this change in shape was almost uniform across the length of the cylinder as can be

observed in Figure 3.36(c).
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Figure 3.36 Samples (a) before compaction (b) after compaction with a single layer of powder
above and below the sample during compaction (c) after compaction with several layer of
powder above and below the sample during compaction.

It is clear from Figure 3.36(b) that when compaction is done with a very fine layer of
powder above and below the printed part, barreling of the printed part occurs. This has been
attributed to the adhesion of the top and bottom parts of the printed part unto the punch surface.
This hinders the particles in the vicinity of the punches from moving with the rest of the part, thus
resulting in a barreled part. On the other hand, when there is sufficient powder layer surrounding
the entire printed part, barreling of the part does not occur (Figure 3.36(c)) as all the particles
within the printed part are allowed to freely move in line with the forces acting on them.

3.7 Chapter conclusions

This work has shown that during B/SJ AM, processing route has an impact on the green
density of printed metal powders irrespective of powder chemistry and morphology. For all
powder systems investigated, decreasing layer height results in increased relative density of printed
samples for both the BJ and SJ processing routes. More so, it has been shown that the binder
content has a more pronounced effect on the density of printed green parts during solvent jetting.

Even though experiments were conducted using unique lab assembled 3D printers, it is
safe to assume that results obtained are also obtainable with other 3D printing systems because the

printers have similar work schematics with other conventional printers. Pursuing this, however, is
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beyond the scope of the present study. Furthermore, it has also been shown that there is the need
for debinding optimization to ensure total binder removal during debinding and good oxidation
control during debinding and sintering.

Bullet Physics, Cinema 4D and EDEM packages have been used to model powder
spreading during BJ additive manufacturing. Dimensional accuracy in this type of additive
manufacturing necessitates the application of very thin powder layers at every additive step. The
modeling of spreading of these layers with the thickness 2-3 particle diameters is questionable
within continuous medium postulates. Discrete Element Modeling allows the prediction of the
density evolution of the powder layer during spreading and the influence of the narrow and wide
blade passage on the distortion of glued elements in the previously deposited layers. For the case
of the powder spreading using a blade, it has been shown that all these effects are directly
proportional to the square root of the difference between initial and final height of powder layers
during spreading and inversely proportional to the thickness of the deposited layer. Results of
powder spreading with a roller have additionally shown that the degree of part distortion increases
with the roller rotational speed.

Taking into account all the relevant processing parameters, optimization of the solvent
jetting process of the water atomized SS316L powder was successfully carried out with a net result
of samples processed with a relative density of about 98.76%.

Finally, pressure assisted ex-situ compaction of the powder bed after printing was carried
out with the aim of improving the relative density of the green part. Increase in the relative density
of the green body after compaction was achieved, but at the expense of a slight change in the

dimension of the printed part.
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Chapter 4
Optimization of High Energy Based AM for Defects Free Parts.

Just like all other conventional manufacturing techniques, AM techniques are associated
with manufacturing defects which can lead to potential part failure during service. To fully
understand and predict the behavior of parts during service, the part’s physical and mechanical
properties should be known and correlated to its microstructure. To this end, several research in
recent times have been dedicated to the study of the microstructural characterization of AM parts
and how the microstructure is influenced by the AM processing parameters. Also, optimization of
AM process parameters has been carried out with the aim of minimizing part defects for better part
performance in service [10]. Of the various forms of defects in AM processes, the ones that have
gained considerable interest among researchers include excessive porosity and dimensional
anomaly.

It should be mentioned that porosity in an AM part can sometimes be desirable if the
application warrants a porous structure as in the case of certain biomedical applications [67]. But
when it is not desirable, necessary steps should be taken during the AM process to reduce it to the
barest minimum. In both instances, the pores should be quantified or characterized in order to
properly predict the mechanical properties of the AM part. In this work, the pores are considered
as unwanted defects, and means to minimize them by optimizing the laser dwell time are explored.

During SLM process, several defects are encountered including excessive porosity, part
distortion, and residual stresses [[65, 83, 118, 175]. Of particular interest in the current work are
the defects associated with excessive porosity. A type of porosity known as lack of fusion porosity
have been shown to correlate with gaps in-between the melt tracks known as hatch spacing [76].

Hence, to mitigate these types of porosity, process parameters like hatch spacing, layer thickness,
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and scanning speed should be optimized. To this end, a thorough understanding of the process
parameters and how they influence the integrity of finished parts should be analyzed to ensure
defects free parts.

There are several types and origins of porosity in SLM processed parts and thus require
different strategies to be mitigated. Several works have been done to investigate pores resulting
from melting mode of the melt track. With the improper melting mode, phenomenon such as lack
of fusion, balling and keyhole formation may result in lack of fusion porosity, balling pores, and
keyhole pores respectively. The origin for the formation of these pores has been given as: (1) melt
instabilities due to hydrodynamic factors [74], (i1) insufficient dwell time allowing melt spreading
[75], and (iii) poor wettability resulting from oxidation [76]. In this work, we will focus on pores
resulting from insufficient pore filling time in dealing with AISI 316L austenitic stainless steel
(SS316L)-WC composite system.

To fully understand the various modes of defects formation in AM parts, several techniques
of monitoring and quantifying defects have been explored including in-situ and ex-situ techniques
[105, 176, 177]. Of particular interest are the in-situ defects monitoring and measuring techniques
as these allow for real time defects observation, measurements and possible mitigation steps as the
process is underway. Recent works have shown some success in the ability to monitor and quantify
defects in real time. For example, Jamison et al [176] have developed and demonstrated the
capabilities of an in-situ monitoring system using full-field infrared thermography to monitor
AISi110Mg specimens during SLM production. Their system was able to effectively detect lack of
fusion (LOF) defects with detection success improving as the defect size increases.

For the analysis of metal and alloy systems manufactured through the SLM process, Ferro

et al. [175] used a modified volumetric energy density (VED) that takes into account printing
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parameters such as hatch spacing, scan speed, laser size and laser power and materials properties
such as thermal diffusivity and absorptivity factors in assessing porosity during SLM.

In the quest to minimize part defects in powder bed AM, several works have been focused
on understanding the process-property relationships in AM parts with the aim of improving on the
predictability of the process. Jamison et al [178] reviewed existing relationships between material
properties and processing variables on residual stresses and observed that residual stresses are
more heavily dependent on process variables, with a slight linear dependence on materials
properties such as thermal diffusivity and conductivity.

In this chapter of the dissertation, results from optimization of the SLM for porosity defects
free parts are presented. First, single track experiments were conducted to get an insight to the
effects of the various processing parameters on the melting of the powder particles. Once the
single-track experiments were concluded, a full optimization of the SLM process part for pore free
3D part was conducted by printing multiple tracks and layers.

4.1 Qualitative examination of SLM printed SS316L single tracks.
4.1.1 Effects of SLM process parameters on printed SS316L single tracks.

This section deals with purely qualitative examination of printed single tracks. Here, single
tracks were printed using pure gas atomized SS316L as the powder feedstock. For a successful
print, the printed part should firmly adhere to the build plate, also referred to as the substrate in
order to ensure that the printed part does not move out of position and also to ensure adequate heat
transfer from the printed part unto the build plate. Therefore, in order to select the right substrate,
single tracks were printed on copper and steel substrates. A visual examination was conducted to
ascertain the best substrate that provides the optimum SS316L wettability. Secondly, once the right

substrate or build plate material is determined, single-track-multiple-layer experiments were
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conducted to investigate the influence of process parameters on the porosity of a thin layer of
printed SS316L.
4.1.2 SLM Materials and Methods

Single track experiments were conducted using the Xact Metal XM200C SLM printer
(Xact Metal, Inc. Pennsylvania, USA). Unimodal spherical gas atomized SS316L powders, with
average D10, D50 and D90 values of 15, 35, and 50 um respectively with a mean diameter of 38
um, from Praixair S.T technology, Inc., Indiana, USA was the powder of choice. The Anton Paar
PSA 1090 (Graz Australia) particle size analyzer was used for particle size analysis.

After printing, single-track samples were prepared for metallography, and thereafter the
scanning electron microscope (SEM), (FEI Quanta 450, USA) was used to examine the
microstructure of the printed samples. Printing parameters were chosen by trial-and-error method,
but with guidance from reported work in the literature. Laser power and diameter were kept
constant at 120 W and 100 um respectively, while the laser speed was varied between 200, 600
and 1000 mm/s. Figure 4.1 presents the schematic of the single track, highlighting the process
parameters, where d represents the laser diameter and v is the laser speed. The length L of all single

tracks was 10 mm.
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Substrate

Figure 4.1 Schematic of single-track printing process

4.1.3 Results and Discussion

SEM analysis of printed single-tracks (Figure 4.2) showed that as the scanning speed
increases, the printed tracks become more disjointed or discontinuous, a phenomenon known as
sputtering. Also, using a copper plate as the substrate exacerbated the sputtering phenomenon and
also showed poor attachment of the printed track onto the substrate when compared to using a steel
plate as the substrate. It is evident from Figure 4.2 that a quite uniform track was formed at a laser
speed of 200 mm/s when a steel substrate was used. The observed increased sputtering when using

a copper plate as the substrate can be attributed to the poor wettability of SS316L on copper.
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Figure 4.2 SEM images of Single-track specimens processed on a copper substrate at (a) 200
mm/s (b) 600 mm/s (c) 1000 mm/s; and processed on a steel plate at (d) 200 mm/s
(e) 600 mm/s (f) 1000 mm/s.

SEM results of polished and etched single-track samples processed on a steel substrate
showed that with increasing laser speed, the amount of partially or unmelted SS316L particles
within the melt pool increases as shown in Figure 4.3. It was observed that samples processed at
200 mm/s (Figure 4.3(a)) had very little to no unmelted particles within the melt track. It is believed
that due to the low speed, there is sufficient time for all particles to melt before the passage of the

laser beam.
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Figure 4.3 SEM micrographs of polished and etched single track specimens on a steel substrate
processed at (a) 200 mm/s (b) 600 mm/s (¢) 1000 mm/s. Red arrows indicating partially or
unmelted SS316 particles within the molten track.

For single-track-multi-layered samples, SEM images showed that as the laser speed
increases, the regions of unfused particles increase significantly (Figure 4.4). It is therefore quite
clear that printing parameters that produce sputtering during the printing of a single track are not

right for the printing of the bulk part as the defects in the tracks are carried on as the printing

progresses.
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Figure 4.4 Printed single track, single layer specimens printed at (a) 200 mm/s (b) 600 mm/s
(c) 1000 mm/s. Red arrows indicating areas with lack of fusion, and yellow arrow
indicationg the build direction.

4.2 Effect of laser dwell time on pore elimination in SLM of WC reinforced SS316L

matrix composite: Experimentally validated modeling
4.2.1 Background to the study

The rate of application of particle reinforced metal matrix composites (MMCs) in the
aerospace, automotive and defense industry has been on the rise in recent times. This can be
attributed to their excellent mechanical and thermal properties such as high strength, good thermal
stability, reasonable ductility, and their isotropy. A ready example of the application of MMC in
the automotive industry is in the manufacture of brake disks [179]. The complexity involved in
shaping MMCs by post-subtractive processes like machining has however stalled its wider
adaptation [180].

MMCs also provide a unique class of materials for use in biomedical and space
environments where extreme conditions dictate the use of materials with excellent
biocompatibility, high specific stiffness, high thermal conductivity, extremely low coefficient of

thermal expansion and superior thermal stability [181-183]. One such composite system for space
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application is the aluminum based Al6061 MMC with boron particle reinforcements which has
found use in certain parts of space shuttles [184].

The difficulty and prohibitive high cost of manufacturing MMCs have, however, hindered
their widespread use, despite their numerous advantages. One such manufacturing difficulty is
associated with the problem of non-uniform dispersion of reinforcing particles within the matrix,
resulting in microstructural inhomogeneity. Another challenge faced during processing of MMCs
is the poor wettability between the matrix and reinforcement particles. To mitigate the poor
wettability, attempts have been made by various researchers to either coat the reinforcing particles
with the metal or alloy system or to carryout heat treatment of the reinforcing particles prior to
dispersing in the melt [185-187].

Despite the excellent properties of MMCs when compared to conventional materials, the
complexity involved in shaping MMCs by post-subtractive processes like machining and
prohibitive high cost associated with their manufacturing have stalled its wide industrial
adaptation. This has led current research efforts towards focusing on alternative ways of
manufacturing MMCs, one of such being additive manufacturing (AM).

There is currently a wide range of AM process techniques that are being used to
manufacture parts made of polymers, metals, ceramics, and composites [14, 188-191]. These AM
process techniques differ from the other conventional processing techniques in that parts are
manufactured in a layer-by-layer fashion. One of such AM process techniques is the powder bed
fusion technique (PBF) which allows the production of very complex shapes directly from a
powder feed stock without the need for time consuming mold design or machining operations

[192].
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There are several forms of PBF, one of which being the selective laser melting (SLM). The
SLM process technique involves the deposition of a powder layer on a build platform or previously
processed layers, followed by selectively melting the deposited powder with a high energy laser
beam in accordance with a cross section that corresponds to an input computer-aided design (CAD)
file. Next, the build plate is lowered based on a predefined layer thickness, followed by spreading
of a fresh layer of powder bed. This new powder bed is then selectively melted again in accordance
with the next layer cross section as defined by the CAD file. The process is repeated until the
manufactured process is completed [67, 93, 193]. With the use of the SLM technique, near net
shape manufacturing is easily achieved, therefore post-subtractive operations are not required,
making it ideal for manufacturing MMCs.

Porosity defects in MMC made by the SLM process are not well studied. To minimize
porosity in MMCs during SLM, process parameters should be fine-tuned. Two of such parameters
are the energy density and the laser dwell time.

Maximenko and Olevsky [73] have proposed a condition for minimum dwell time in order
to achieve pore free composites. They analytically developed their criterion from the well-known

Reileigh-Plesset equation and arrived at the following expressions:

t, = —oke 4.1)

2
r(1-30)

ty < (4.2)
where tp is pore filling time (minimum time for melt to completely fill pores between ceramic
particles within a melt pool); L is size of melt pool; V is speed of laser; R, is initial pore size
between ceramic particles; Lo is viscosity of the liquid melt; v is surface energy of liquid melt; ¢
is volume fraction of ceramic particles; ¢c is maximum packing fraction of ceramic particles within

the melt pool.
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From this condition, the ratio of the laser diameter to the laser speed, which is essentially
the laser dwell time, should be greater than the pore filling time in order to print a pore free
composite part. Hence, once the materials properties of the starting powder in Equation (4.1) are
known, the printing parameters like laser diameter and speed in Equation (4.2) can be carefully
selected for a pore free composite system.

In recent times, research efforts have been geared towards understanding the behavior of
powder materials under different spreading modes during AM. The most common powder
spreading techniques employed in powder-bed AM technologies include the use of a blade or a
roller to level the powder bed surface [65]. This has necessitated the need to focus both
experimental and modeling efforts towards the optimization of powder spreading to obtain optimal
powder packing of the powder bed.

Zok et al. [194] used a statistical approach in their work on packing density of composite
powder mixture to develop a model of particle packing in binary composite systems. Their results
show that the effects of inclusions on the packing density suggests that the packing efficiency is
governed by the volume fraction of the inclusions and the size ratio of particles and inclusions.

DEM efforts have been employed in the analysis of particle size distribution and
morphology and how they affect particle packing in a powder bed. Haeri [95] used DEM to
investigate the effects of particle shape and operating conditions on the bed quality of a powder
bed and realized that larger particle aspect ratios, or higher spreader translational velocities
resulted in a lower bed quality. Experimental and numerical analysis of void structure in random
packed beds of spheres have shown the so-called wall-effect in powder packing. If particle sizes

are of the same order as a powder volume, powder packing density decreases due to rearrangement
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constraints of the particles. For example, maximum relative powder packing density @. evolves
from 0.3 to 0.6 depending on the volume-to-particle diameter ratio [195].

It is evident from Equation (4.1) that, for the pore filling time to be calculated, the
maximum ceramic particle packing within the powder bed prior to melting of the metallic/alloy
particles should be correctly estimated. Hence, DEM analysis of powder packing to estimate
maximum ceramic packing fraction within a melt pool is necessary.

The research direction of this work is therefore to experimentally determine the
relationship between porosity and SLM process parameters such as laser size and speed, and in
essence, the laser dwell time, in processing SS316L-WC MMC and compare our experimental
results with model prediction put forward by Maximenko and Olevsky [73] with special
consideration of inertia effects.

4.2.2 SLM Materials and Methods

Single experiments were conducted using the Xact Metal XM200C SLM printer (Xact
Metal, Inc. Pennsylvania, USA). Unimodal spherical gas-atomized SS316L powders, with average
D10, D50 and D90 values of 15, 35, and 50 pm respectively with a mean diameter of 38 um, from
Praixair S.T technology, Inc., Indiana,USA (Figure 4.5(a)), and unimodal irregular shaped WC
powders, with average D10, D50 and D90 values of 50, 95, and 140 um respectively with a mean
diameter of 105 um, from Atlantic Equipment Engineers Inc., New Jersey, USA (Figure 4.5(b)),
were used for this study. The Anton Paar PSA 1090 (Graz Australia) particle size analyzer was
used for particle size analysis. After printing, samples were prepared for metallography, and
thereafter the scanning electron microscope (SEM), (FEI Quanta 450, USA) was used to examine

the microstructure of the printed samples.
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SS316L and WC powders were mixed in varying volume fractions of WC ranging from
0.3, 0.35 and 0.4. By taking into account the bulk densities of WC and SS316L, appropriate mass
fractions were mixed to correspond to the desired volume fractions. Volume fractions have been
calculated by assuming that the SS316L particles have a bulk density of 7.98 g/cm3, and WC
particles have a bulk density of 15.63 g/cm3.

Samples were mixed thoroughly for 1 H to ensure homogeneous mixture using the Turbular
mixer (WAB US Corp, New Jersey, USA). For single-track, single-layer experiments of the
composite system, printing parameters were chosen such that the planar energy density for all
prints was kept constant, while varying the dwell time (Table 4.1). Due to the power limit of our
SLM printer, the maximum power output of 200W could not be exceeded for sample S7, hence
the planar energy density for these samples was slightly lower than for all other samples.

Table 4.1 Printing parameters for single track experiments of WC-SS316L MMC

sample | laser power | laser diameter laser speed | dwell time | planar energy density

ID (W) (um) (mm/s) (s) (J/mm?)

S1 30 50 10 5.0E-3 60

S2 60 50 20 2.5E-03 60

S3 90 50 30 1.65E-03 60

S4 120 50 40 1.25E-03 60

S5 150 50 50 1.0E-03 60

S6 180 50 60 8.5E-04 60

S7 200 50 70 7.0E-04 57.14

The planar energy density, Ep, was estimated as follows [4].

(4.3)
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While the dwell time, td, was estimated as;

L
tyg=—
d~y

(4.4)
where: P = laser power; V = laser speed; L = laser diameter.

During printing, a steady flow of ultra-high purity Argon gas (Airgas, California, USA)
was allowed to flow through the build chamber in order to maintain an oxygen level within the
build chamber that is below 0.3%. After printing single tracks on a single layer, samples were
prepared for metallographic examination across both vertical and horizontal cross sections of the
single tracks using the SEM. Pore sizes within the single tracks were estimated thereafter for all
dwell times and WC content with the image-j software. The laser beam diameter was estimated
taking into account size variation due to uncertainty that is normally associated with the laser beam
diameter. To this end, an effective beam size, in accordance with the printer manufacturers
recommendation was estimated as 50 pm and used in our analysis.

To estimate the dwell time, the laser speed and spot size as shown in the schematic in

Figure 4.1 in the preceding section 4.1 were considered. Figure 4.5(c) presents a representative

single track of the composite system after printing.
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Figure 4.5 SEM micrographs of (a) SS316L powder (b) WC powder and (c) photograph of
presentative composite single tracks after laser passage.

4.2.3 Setup of virtual experiment on SLM of WC reinforced SS316LL

Our DEM analysis is based on the modeling of particle-particle collision dynamics using
the EDEM simulation package (Altair Engineering, Michigan, USA). In order to simplify the
simulation of powder bed process, which involves solving highly complex problems involving
contact forces, there is the need for approximations. Thus, SS316L and WC were modeled as

single-spherical particles with fixed diameters equal to average particle sizes of actual powders
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used in the experiments. We assumed no adhesion between particles, hence the Hertz—Mindlin (no
slip) contact mechanics model was selected for the simulation process. Material property data were
obtained by referencing existing parameters and are presented in Table 4.2.

Table 4.2 Discrete element method parameters for the simulations

Property SS316L WwC

Poison’s ratio 0.26 0.2

Bulk density 7.89g/cm3 | 15.63g/cm3

Shear modulus 74GPa 274GPa

Particle diameter | 37.8um 105pum

For the simulations, calibration was done using a combination of both real and virtual
experiments in estimating the repose angle of the powders following [196-198]. Once calibration
was done, the property values presented in Table 4.2, are then used in the model implantation.
Based on our calibration, coefficient of restitution and static friction for all contacts were taken as
0.4 and 0.5 respectively, while coefficient of rolling friction was taken as 0.01 for all contacts. To
account for the wall effect, powder packing was done in a hollow cylinder, with one end closed.
The diameter and length of the cylinder was set equal the width and length of the single tracks so
as to mirror the experimentally observed melt pool geometry.

Particles were randomly generated automatically within the cylinder by a static factory and
allowed to settle under the influence of gravity with initial particle velocity set equal to zero. The

number of each particle type was determined from the particle volumes to accurately yield the
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volume fraction of each particle type. In our model implementation, the particle sizes were fixed
for each particle type for simplicity.
4.2.4 Results and Discussion

For pore size estimation during microstructural analysis, an initial average pore size in the
powder bed has been assumed equal to 150 um which is well within the range of observed pore
sizes between rigid inclusions in a metal matrix composite system with comparable particle size
of rigid inclusions [199]. When, during analysis of micrographs, pores that are interconnected are
encountered, we have assumed that these are a result of large pores with insufficient melt between
ceramic particles, and therefore during sample preparation for metallography, loosely held WC
particles fall out of position. This presents difficulty in estimating actual pore sizes for these single
tracks. Therefore, when such a case arises, we assigned the initial average pore size to these pores.

Analysis of micrographs obtained using the SEM shows that for samples with 0.3 volume
fraction WC particles, there are no observed pores when the samples were printed at dwell times
of 5, 2.5, 1.65 and 1.25 ms. However, at dwell times below 1.25 ms, pores begin to appear, and
increases in size as the dwell time is further decreased. Figure 4.6 shows representative SEM
micrographs of single-track samples showing the presence or lack of pores at various dwell times

for 0.3 volume fraction of WC.
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Figure 4.6 SEM micrographs of single-track samples printed with 0.3 volume fraction WC for
dwell times of (a) 2.5 ms (b) 1.65 ms (¢) 1.25 ms (d) 1 ms (e,f) 0.85 ms. Red arrows indicate
pores. The direction of the laser beam is into the plane.

Regarding the analysis of micrographs for samples with 0.35 volume fraction WC particles,
there are no observed pores when the samples were printed at dwell times of 5 and 2.5 ms.
However, at dwell times below 2.5 ms, pores begin to appear, and increase in size as the dwell
time is further decreased. Figure 4.7 shows representative SEM micrographs of single-track

samples showing the presence or lack of pores at various dwell times for 0.35 volume fraction of

WC.
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Figure 4.7 SEM micrographs of single-track samples printed with 0.35 volume fraction WC for
dwell times of (a) 2.5 ms, (b) 1.65 ms, (c) 1.25 ms (d) 0.85 ms. Red arrows indicate pores. The
direction of the laser beam is into the plane.

For 0.4 volume fraction WC particles, pores begin to appear quite early in the samples

printed at 2.5 ms. Figure 4.8 shows representative SEM micrographs of single-track samples

indicating the presence or lack of pores at various dwell times for 0.4 volume fraction of WC.
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Figure 4.8 SEM micrographs of single-track samples printed with 0.4 volume fraction WC for
dwell times of (a) 5 ms, (b) 2.5 ms, (c) 1.25 ms (d) 0.85 ms. Red arrows indicate pores.
The direction of the laser beam is into the plane for (a) and (b), and as indicated
by the white arrows in (c) and (d).

Results show that for all WC volume fractions, pore sizes increase with decreasing dwell
time, as shown in Figure 4.9. Results also show that for 0.3 volume fraction of WC, we notice the
absence of pores in the melt pool at dwell times greater than 1 ms. On the other hand, for 0.35 and
0.4 volume fractions WC, the time at which we begin to notice the absence of pores are
significantly higher at dwell times greater than 1.65 and 2.5 ms respectively as is shown in Figure

4.9. The observed increase in dwell times for complete pore filling with increasing volume fraction

of WC can be attributed to an increase in the effective viscosity of the melt pool as the fraction of
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rigid inclusions increases, necessitating a longer time requirement for the melt pool to completely

fill the voids between rigid inclusions in agreement with [200].

—=— 0.3 volume fraction WC
o 0.35 volume fraction WC
—a— 0.4 volume fraction WC

Pore size (10 m)

dwell time (103 s)

Figure 4.9 Effect of dwell time on pore sizes of single tracks with different vol fraction of WC
In order to compare our experimental results with the model criterion developed by
Maximenko and Olevsky [73], we had to consider inertia effects when using the expression in
Equation (4.1) to estimate the pore filling time, since for our case, the viscosity of the SS316L
melt pool is very low and the WC rigid inclusions are large. To this end, for the various volume
fractions of WC, we estimate the pore filling time, t,, and compare with the corresponding dwell

times, tq, from our experimental results.
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The surface energy and viscosity of SS316L were taken as 1.943 N/m and 6.45 mPa.s
respectively, while the mean WC particle diameter was estimated as 105 pm. Experimental results
(Figure 4.6-4.8) show the presence of the residual pores mainly between WC particles.

For composite powder packing with ceramic particle volume concentration more than 0.3,
there are always pores surrounded only by ceramic particles without any steel particles. According
to German [199], pore sizes in powder packing ranges from 0.225D for tetrahedral pores to 0.414D
for octahedral pores can be as large as 1.9D for random packing, where D is the particle diameter.

Our modeling of powder packing during spreading of composite powder shows that pores
between ceramic particles can be larger than 2D, particularly at regions close to the start of the
build plate and their size reduces as the spreading proceeds towards the end of the build plate. This
non-uniform spreading of the composite powder is due to the well-known phenomenon of particle-
size-difference induced segregation effect [199]. This poses a problem in correctly estimating the
actual initial pore sizes between WC particles and volume fraction of the WC particles within the
melt pool. Hence, in our analysis, we have estimated pore filing time with consideration of 2
special cases viz; a case with very large pores, with pore size assumed to be equal to 2D, and the
case for small pores with pore size assumed to be equal to D, where D is the WC particle diameter.
These pores in our case are the largest ones in the powder bed and most difficult to fill because
liquid metal should permeate between ceramic particles to get into the pore. We have also
estimated and used effective volume fraction of WC within the melt pool from micrograph analysis
of the melt pool for the various single tracks printed.

Evolution of the pore radius is described by the Rayleigh-Plesset equation given as:

p(ReE+i(E) ) =h—p T - 45(D) “5)
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But, unlike the case considered in [73], viscosity of the liquid metal is too small to dominate
the pore collapse. In the case of our experiments, pore filling time t, depends, mainly, on the
maximum pore size in the powder packing, which can be quite large if one considers particle
segregation effect during powder spreading due to the large difference between the WC and steel
particle sizes. The left-hand term of Equation (4.5) takes into account inertia effect. Calculations

of t, were based on the finite-difference approximation of the Rayleigh-Plesset equation:

1375R3,, + RZ1(=2R; + 0.25R;1) + Riy (0.375R? + 25 At) = 2L AtR,_y + 2L (A)? = 0 (4.6)
PRy PRy PRy

Here, R; is the value of the dimensionless pore radius R/R, at the moment i, R, is the initial pore

radius, and At is the time step, p is the liquid density, and v is its specific surface energy. Viscosity

of the liquid metal with ceramic particles was estimated as:

p=—* (4.7)

where L, is the viscosity of the liquid, ¢ is the volume concentration of ceramic particles, and ¢c
is the maximum volume concentration of spherical particles in the melt.

In the step-by-step procedure, the relative pore radius at the moment i+1 was found as a
solution of the cubic equation with coefficients depending on the radiuses from the previous
moments and physical parameters of the problem. Initial maximum pore size depends on the
homogeneity of a powder packing and in the bimodal packing it could reach values above two
diameters of larger particles [199]. Because of uncertainty with the maximum pore size, we
consider the interval of possible maximum pore sizes between 2D and D, where D is the diameter
of the larger ceramic particles in the bimodal steel-ceramic powder bed mixture. In our case,
ceramic WC particles had average diameter D equal to 105 pum. Kinetics of the pore collapse for

the Ro=D and R, = D/2 is shown in Figure 4.10.
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Figure 4.10 Kinetics of pore collapse for the various pore sizes considered.

To estimate the critical value ¢, DEM simulations were carried out to estimate maximum
packing fraction of WC. To determine maximum packing of WC particles, and to properly account
for the so-called wall-effect, particles of SS316L and WC were randomly generated automatically
within a cylinder by a static factory and allowed to settle under the influence of gravity. Thereafter,
the steel particles are removed, and the WC particles are allowed to freely settle. After complete
settling under gravity, WC packing is then estimated. Figure 4.11(a) shows packing of the
composite powder mixture after freely settling, where the magenta-colored spheres represent

SS316L alloy particles, and the green spheres represent WC particles. Figure 4.11(b), (¢) and (d)
presents the simulated packing for WC after the removal of the steel particles, the final state after

freely settling to maximum possible packing, and the packing evolution, respectively.
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Figure 4.11 DEM simulation of powder packing (a) Powder packing of small and large particles
(b) results with small particles removed (c) large particles allowed to settle freely (d) evolution
of WC packing fraction over time.

Our DEM results, in agreement with [195], showed that, for our case with melt-pool to
ceramic-particle size ratio being equal approximately to 5, critical concentration ¢. of ceramic
particles is equal to about 5.2. Viscosity of the liquid steel was taken equal to 6.45 mPa.s. Viscosity
increases with the increase of the ceramic particle volume concentration in agreement with [200].
Larger viscosity means lengthy pore collapse time. Estimation of the pore filling time t

considering the interval of the pore collapse times for different relative volume concentrations of

the ceramic particles is shown in Figure 4.12 for the different pore sizes considered.
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Figure 4.12 Effect of volume fraction of WC on critical time interval for pore-free laser
treatment for the various initial pore sizes considered in model estimate and
comparison with experimental observations.

The condition put forward in Equation (4.1), with the consideration of the effects of inertia,
predicts that for a pore free composite with 0.3, 0.35 and 0.4 volume fraction of WC particles, pore
filling time should be in the range of 0.89 to 3.11 ms for the initial pore sizes considered, otherwise,
there will be no sufficient time for pore filling. When compared to the experimentally observed
dwell times values of 1.0, 1.65 and 2.5 ms for 0.3, 0.35 and 0.4 volume fraction of WC

respectively, as shown in Figure 4.12, we note that the experimentally observed dwell times for

complete pore elimination falls within the model predicted values.
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4.3 Effect of volumetric energy density and laser dwell time on relative density of SLM
processed bulk SS316L parts
4.3.1 Background to the SLM of bulk SS316L study
In the processing of bulk components via SLM, we have to consider other parameters such
as layer thickness and hatch spacing which do not come into play when dealing with single-tracks
but are very important in the successful printing of bulk parts. To this end, it is usually not
sufficient to define the energy density in terms of the planar energy density of equation (4.3).

Usually, the energy density is defined as a volumetric term expressed in either two forms viz;

P

Eyy = o (4.7)
P

EVL = m (48)

where Evy and Evp are the volumetric energy density defined by considering the hatch spacing
and laser diameter respectively with units of J/mm?. Here,

P = Laser power

V = laser speed

H = hatch spacing

L = Laser diameter

t = layer thickness.

Most research, when considering the effect of the volumetric energy density of the SLM
process on the density of processed parts have always taken into account only one of Equations
(4.7) and (4.8). Results from these studies have always shown inconsistencies in the relationships
between the energy density and the observed relative densities of processed parts, and as such the
energy density has been said to be an unreliable metrics in predicting the outcome of the SLM

process. In our work, we have sort to study the influence of the different energy densities defined
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above and the laser dwell time defined by equation (4.7) on the relative density of SLM process
parts.
4.3.2 SLM of bulk SS316L experimental procedure

Bulk processing of simple cubes with dimensions 10 mm x 10mm x 10 mm were carried
out using the Xact Metal XM200C SLM printer (Xact Metal, Inc. Pennsylvania, USA). Unimodal
spherical gas-atomized SS316L powders, with average D10, D50 and D90 values of 15, 35, and
50 um respectively with a mean diameter of 31 pm, from Praixair S.T technology, Inc., Indiana,
USA. After printing, the relative densities of processed samples were estimated by the Archimedes
method. Samples were also prepared for metallography, and thereafter the scanning electron
microscope (SEM), (FEI Quanta 450, USA) was used to examine the microstructure of the printed
samples.

In order to study the effect of the various SLM processing parameters on the density of
bulk SS316L, we set up a series of experiments with varying printing parameters as given in Table
4.3 with the aim of printing at different conditions of energy densities and laser dwell times. For
example, we wanted to see the relationship between the relative density of processed parts and the
laser dwell time when both Evu and Evi. were kept constant, but not equal to each other, and when

it is kept constant but equal to each other, etc.
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Table 4.3 SLM parameters for processing bulk SS316L

Sample Laser Hatf:h Scan SPOt Layer Dwell vy Byt

D Power | spacing Speed Size | thickness Time T | Jmm?
(W) (mm) (mm/s) | (mm) (mm) (10E-4s)

Al 120 0.08 200 0.05 0.05 2.50 150 240
A2 120 0.08 400 0.075 0.05 1.88 75 80
A3 120 0.08 600 0.1 0.05 1.67 50 40
A4 120 0.08 800 0.125 0.05 1.56 37.5 24
AS 120 0.08 1000 0.15 0.05 1.50 30 16
F1 120 0.08 200 0.05 0.05 2.50 150 240
F2 120 0.08 200 0.075 0.05 3.75 150 160
F3 120 0.08 200 0.1 0.05 5.00 150 120
F4 120 0.08 200 0.125 0.05 6.25 150 96
F5 120 0.08 200 0.15 0.05 7.50 150 80
Gl 120 0.08 200 0.05 0.05 2.50 150 240
G2 150 0.096 250 0.05 0.05 2.00 125 240
G3 180 0.12 300 0.05 0.05 1.67 100 240
G4 210 0.16 350 0.05 0.05 1.43 75 240
H1 120 0.08 200 0.05 0.05 2.50 150 240
H2 100 0.08 200 0.05 0.05 2.50 125 200
H3 80 0.08 200 0.05 0.05 2.50 100 160
H4 60 0.08 200 0.05 0.05 2.50 75 120
H5 40 0.08 200 0.05 0.05 2.50 50 80
Bl 120 0.08 200 0.05 0.05 2.50 150 240
12 150 0.08 250 0.05 0.05 2.00 150 240
I3 180 0.08 300 0.05 0.05 1.67 150 240
J4 210 0.08 350 0.05 0.05 1.43 150 240
J5 200 0.08 400 0.05 0.05 1.25 125 200
K1 90 0.08 150 0.08 0.05 533 150 150
K2 120 0.08 200 0.08 0.05 4.00 150 150
K3 150 0.08 250 0.08 0.05 3.20 150 150
K4 180 0.08 300 0.08 0.05 2.67 150 150
K5 200 0.08 333.29 0.08 0.05 2.40 150 150
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4.3.3 Results and Discussion

Results show that the laser energies and dwell time all have an effect on the relative density
of the processed SLM parts, thus should be taken into consideration collectively, and not be dealt
with in isolation from one another. For specimens processed at varying Evu, Eve and dwell times
(sample A1 to AS), the relative density is seen to increase with increasing Evy, Evi and dwell time

(Figure 4.13).
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Figure 4.13 Effect of simultaneously varying Evu, EvL and dwell time on relative density of
processed parts.

When one processes parts with a constant Evy, resulting from constant laser speed, hatch
spacing and power, one expects that there should be no change in the relative density. Our results

have shown this to not be the case when the EvL is changing due to changing laser diameter. For
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example, Figure 4.14 shows results of samples (samples F1 to F5) processed at a constant Evy of
150 J/mm?® and constant laser scan speed and power of 200 mm/s and 120 W respectively but
increasing laser diameter resulting in increasing Evi and decreasing dwell time. It can be seen that
the relative densities of processed parts increased with increasing Evi and decreasing dwell time.

Here, the Evi. had a more impact on the relative density than the dwell time.
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Figure 4.14 Effect of varying Evi. at a constant Evy, on relative density of processed parts
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When on the other hand Evy is kept constant, but varying Evy and dwell time (samples G1
to G4), we observed an increase in the relative density of processed parts with increasing Evy and
dwell time (Figure 4.15).
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Figure 4.15 Effect of varying Evn at a constant Eyr, on relative density of processed parts.
When the processing parameters were such that the dwell time was constant but increasing
Evn and Evr as with samples H1 to HS5, we observe an increase in relative density (Figure 4.16)
with increasing energy densities. For samples (samples J1 to J5) processed at a constant Evy and
Evi, but in which Evy is not equal to Evr due to differences between the hatch spacing and laser
diameter, we observe an increasing relative density with increasing dwell time (Figure 4.17). When
however, the constant Evy and Evi are made equal, as with the case of samples K1 to K5, we do

not see any significant change in the relative density with change in the dwell time (Figure 4.18).
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Figure 4.16 Effect of varying Evi and Evn, at a constant dwell time on relative density of
processed parts.
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Figure 4.17 Effect of a constant Evi, and Evn, and varying dwell time on relative density of
processed parts when hatch spacing is not set equal to the laser diameter.
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Figure 4.18 Effect of a constant Evi, and Evn, and varying dwell time on relative density of
processed parts when hatch spacing is set equal to the laser diameter.

From the foregoing, it follows that the SLM process involves very complex physics that
cannot be adequately described by estimation of energy densities alone. However, our results have
shown that varying process parameters such as laser power, speed, diameter, hatch spacing, and
layer thickness affect the final density of the SLM processed part. To obtain fully dense parts
therefore, these process parameters should be optimized.

4.4 Process optimization for the SLM processing of pure SS316L parts

Based on the results from the previous section, we were able to understand the critical roles

of the various SLM parameters such as laser power, diameter, hatch spacing, speed and layer

thickness. Next, we set out to fully optimize the printing process for pore free additive
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manufacturing of SS316L parts. To this end, printing parameters were optimized by carefully
selecting the various print parameters ranging from laser power, layer thickness, laser speed, laser
diameter and hatch spacing. Optimization of the SLM process was conducted by employing the
Taguchi Design of Experiment (DOE).
4.4.1 SLM Materials and Methods

During SLM processing, a bulb-shaped piece of silicon spreads the powder from the feed
platform onto the build platform. Thereafter, a 200 W Ytterbium fiber laser, with a wavelength of
1070 nm, was used to selectively melt the powder bed in accordance with the cross-section area
of the part to be printed as defined by the sliced 3D model of the part created using the magics
software. After the passage of the laser beam, the build platform is lowered to a predefined height
corresponding to the set layer thickness, while the feed platform is raised accordingly, and the
spreader then spreads a fresh powder layer over the printed layer. The process repeats itself until
the entire part is produced. Both the build plate and the feed platform move linearly in opposite
directions and in accordance with the set layer thickness of the part to be printed.

A Taguchi orthogonal array design, comprising of 3 factors and 5 levels, was implemented
in the Minitab 17 statistical software. The design factors and levels are presented in Table 4.4. The
result of the Taguchi DOE is presented in Table 4.5

Table 4.4 Factors and levels implemented in Minitab 17 for the SLM optimization.

Factors Level 1 | Level 2 | Level 3 | Level 4 | Level 5

Scan speed (mm/s) 200 400 600 800 1000

Layer thickness (um) 50 75 100 125 150

Laser diameter (um) 50 75 100 125 150
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Table 4.5 Result of the Taguchi DOE

Group ID | Sample ID | Layer thickness (pum) S"(*El“nsll/’:)ed Sp(itnii)ze
Al 50 200 50
A2 50 400 75
Group A A3 50 600 100
Ad 50 800 125
AS 50 1000 150
Bl 75 200 75
B2 75 400 100
Group B B3 75 600 125
B4 75 800 150
B> 75 1000 50
Cl 100 200 100
- 100 400 125
Group C C3 100 600 150
C4 100 800 50
G5 100 1000 75
DI 125 200 125
b2 125 400 150
Group D D3 125 600 50
D4 125 800 75
D5 125 1000 100
El 150 200 150
E2 150 400 50
Group E E3 150 600 75
E4 150 800 100
ES 150 1000 125
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To simplify our experimental runs, the laser power and hatch spacing were kept constant
at 120 W and 50 pum respectively. Equipment, powder feedstock and processed cube dimensions
were consistent with the previous section. Samples were printed in groups based on their layer
thickness. As such, all samples with same layer thickness were printed in a single batch. In all, 5
groups were printed ranging from group A, B, C, D, and E corresponding to layer thicknesses of
50, 75, 100, 125 and 150 pm respectively (Table 4.5).

In this study, the relative density of the final processed SLM part was the response criterion
and the goal is to obtain the highest relative density values, requiring that “higher is better”
characteristic-form is used during the statistical analysis. The analysis of the effects of the variable
process parameters, on the relative density of printed parts for the SLM process was conducted
using signal to noise (S/N) ratio and ANOVA analyses which are statistical procedures embedded
in Minitab 17. Subsequently, a multiple regression was carried out and the result was used to
predict the optimal parameters to achieve full density for SLM processed parts. With these
predicted parameters, SLM was conducted, and printed part characterized to confirm the
prediction.

Microstructural analysis was conducted on polished and etched samples by scanning
electron microscopy (SEM) (FEI Quanta 450, USA). The V2A solution with a composition of
20%, 5% and 75% volume concentration of HCI, HNO3; and H>O respectively was the etching
solution. The Etching time was approximately 60s. Final densities of SLM processed parts were
measured using the Archimedes’ immersion method following ASTM standard C373-18 and the
PSA 1090 gas pycnometer (Anton Paar, Graz Australia), the average of these values was used in
estimating the relative densities of the processed parts by assuming a bulk density of 7.89 g/cm3

for SS316L.
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4.4.2 Results and Discussion

Photographs (Figure 4.19) of the final printed layer of the printed samples showed
remarkable difference from one sample to the other, showing the influence of the varying process
parameters on the melting and solidification of the powder particles. Visual examination of
samples shows evidence of excessive energy input on some samples like E1, D1, C1 to name just
a few. On the other hand, it is also evident that some samples were printed with insufficient energy,
leading to insufficient melting of the powder particles resulting in layer detachment as is evident

on examination of sample B5.

Figure 4.19 Printed samples (a) Group A after depowdering
(b) Groups B, C, D and E before depowdering
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4.4.2.1 Relative density variation and S/N analysis from Taguchi DOE

Relative density estimation for the processed parts showed significant variation with the
various processing parameters investigated. In order to estimate the influence of the various factors
on the relative density of processed SLM parts, the means and signal-to-noise ratios (S/N) were
estimated for each process factor. The signals are an indication of the effects of the various factors
on the density output, while the noise is a measure of the deviations from the average density
output, accounting for the sensitivity of the experiment output to the noise factors. To correctly
estimate the S/N ratio, one should choose either of three categories of the quality characteristics in
the analysis of the S/N ratio which includes 1) smaller-is-better 2) larger-is-better and 3) nominal-
is-better. In our study, we have chosen larger-is-better as the criterion for our analysis of the S/N
ratio since the higher the density output of our SLM process, the better the process is considered.

Table 4.6 presents the S/N ratio and relative densities obtained from our Taguchi’s Lys
Orthogonal Array which highlights the influence of the SLM parameters (scan speed, layer
thickness and spot size) on the relative density values of the processed samples processed at a
constant laser power and hatch spacing.

Table 4.6 S/N ratio and relative densities obtained from Taguchi’s Los Orthogonal Array

Sample | Layer thickness| Scan speed |Spot size |[Relative density SN
ID (um) (mm/s) (um) (o)
Al 50 200 50 96.72 39.710
A2 50 400 75 92.55 39.323
A3 50 600 100 94.31 39.491
A4 50 800 125 73.71 37.351
AS 50 1000 150 70.36 36.939
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Table 4.6 S/N ratio and relative densities obtained from Taguchi’s Los Orthogonal Array

(Cont’d)
Sample |Layer thickness| Scan speed | Spot size |Relative density SN

1D (pm) (mm/s) (nm) (%)

B1 75 200 75 90.74 39.156
B2 75 400 100 89.10 38.998
B3 75 600 125 75.57 37.567
B4 75 800 150 72.34 37.188
BS5 75 1000 50 60.15 35.563
C1 100 200 100 85.68 38.658
C2 100 400 125 81.81 38.256
C3 100 600 150 72.98 37.264
C4 100 800 50 75.54 37.564
C5 100 1000 75 71.68 37.108
D) 125 200 125 81.79 38.254
D2 125 400 150 71.59 37.097
D3 125 600 50 76.54 37.678
D4 125 800 75 70.17 36.923
D5 125 1000 100 66.39 36.442
El 150 200 150 85.46 38.629
E2 150 400 50 67.82 36.627
E3 150 600 75 65.04 36.264
E4 150 800 100 62.59 35.930
ES 150 1000 125 58.45 35.269

The influence of the various parameters on the relative density at all levels is shown in
Figure 4.20 (a). It is evident from Figure 4.20 (a) and (b) that the first level for layer thickness (50
um) and scan speed (200 mm/s) provided the highest relative densities and S/N ratios, while the

third level for laser spot size (100 pm) provided the highest relative density values and S/N ratios.
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Figure 4.20 The main effects plots for the mean values of (a) relative density and
(b) S/N ratio on the Parameters investigated.
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The difference between the maximum and minimum values of the mean of S/N ratios for
the investigated parameters was estimated and used to determine the parameter with the strongest
influence following [201, 202]. The larger the difference between the minimum and maximum of
the S/N ratio indicates the parameter with the most influence on the relative density of processed
parts. From our analysis, it is evidence from Table 4.6 and Figure 4.20 that the scan speed and the
laser spot size have the highest and least influence on the relative density respectively.
4.4.2.2 Microstructural analysis of SLM processed parts

Results of the microstructural analysis from the SEM micrographs of processed parts show
agreement with the measured relative densities. It is evident from observing the micrographs
presented in Figure 4.21 to Figure 4.25 that the presence of pores increases with increasing layer

thickness and increasing scan speed.

Figure 4.21 Select SEM micrographs of samples processed at 50 um layer thickness.
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Figure 4.23 Select SEM micrographs of samples processed at 100 um layer thickness.
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Figure 4.25 Select SEM micrographs of samples processed at 150 um layer thickness.
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4.4.2.3 Regression analysis of SLM processing

A multiple regression was carried out using Minitab 17 statistical software package to
develop an equation which models the relationship between the laser speed, spot size, layer
thickness and the relative density. The target goal was a relative density of 100 %. The regression
equation is as follows:

p=125.81-318.7]-0.023s - 189d + 15441d (4.9)
Where p is relative density, / is layer thickness in um, s is laser scan speed in mm/s and d is laser
diameter in um. From the regression equation, optimized scan speed, laser diameter and layer
thickness were estimated and the final SLM parameters presented in Table 4.7 was used to produce
parts with >99% relative density.

Table 4.7 Optimized SLM process parameters at a constant laser power and hatch spacing

Laser Power | Hatch Spacing | Laser Speed | Laser Diameter | Layer Thickness

W) (nm) (mm/s) (pm) (pm)
120 50 200 50 50

Figure 4.26 is an SEM micrograph of parts processed with the optimized processing
parameters obtained from Equation (4.9) and given in Table 4.7. A more detailed microstructural
analysis of the optimized SLM processed part will be discussed in chapter 5 along with a
comparison with the microstructure of the fully sintered part processed from the optimized SJ
process and the spark plasma sintering (SPS), a non-additive manufacturing process that is also of

interest to many researchers.
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Figure 4.26 SEM micrograph of sample processed using the optimized processing Parameters.
Analysis of our results so far shows that one major factor to consider during SLM
processing is to ensure that the laser diameter and hatch spacing are set equal to each other. With
this, a uniform energy density across the entire build area is ensured.
4.5 SLM processing of WC-SS316L. composite and functionally graded WC-SS316L
system
Just as with the processing of pure SS316L by SLM, the processing of MMCs also faces
the need to fully optimize the process for pore free parts. Because of the limitless possibilities of
parts composition in MMC, resulting from the various volume composition of the reinforcing
particles possible, optimization becomes only possible within a defined MMC composition. Our
approach in processing MMC is to employ the already optimized parameters for processing the
pure alloy and determine how much rigid inclusions can be added to the matrix without any
significant pore formation. Furthermore, an attempt to additively manufacture a functionally

graded material (FGM) consisting of SS316L with gradually varying WC content was carried out.
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4.5.1 SLM Materials and Methods

MMC consisting of SS316L and WC with varying WC volume composition ranging from
5, 10 and 15% were printed using the optimized set of parameters to ascertain if or not the
optimized parameters for the alloy system was sufficient to successfully print a composite system.
The WC powder used in this case was a finer powder with an average particle size less than 10
microns (Figure 4.27(b)), while the SS316L powder was consistent with the previous section
(Figure 4.27(a)). Powder samples consisting of the appropriate fractions of SS316L and WC were

thoroughly mixed to ensure a homogeneous powder feed stock.

Figure 4.27 SEM micrographs of the (a) SS316L powder (b) WC powder.

For the processing of the FGM, mixtures of SS316L with varying WC concentration,
ranging from 5, 10, 15 and 40% were fed into the powder feed chamber in stacking consecutive
layers as depicted in Figure 4.27. During printing, these powders are spread unto the build bed and

selectively melted.
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Figure 4.28 Schematic describing the SLM setup for the processing of functionally
graded SS316L-WC (a) at start of printing (b) at the end of printing
(c) actual powder bed in the build platform after sample removal
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4.5.2 Results and Discussions

SEM analysis (Figure 4.29 (a)) and density measurements of the various SS316L-WC
composites processed confirmed that for the samples processed with the optimized processing
parameters, relative densities >99% were attained. Samples processed with WC content up to 15%
showed no signs of cracking. For samples with WC content greater than 15% however, we noticed
cracks within the microstructure which increases with increasing WC content. It appears that the
cracks result from the thermal stresses imposed by the presence of the rigid WC inclusions within
the SS316L matrix.

For the functionally grade SS316L-WC system, examination of the spreading of the
powder from the feed platform to the build platform after the print process showed that the powder
layers with the different WC compositions were properly and evenly distributed over each other
as can be seen in Figure 4.29(a). Samples processed using the unoptimized processing parameters
produced highly porous structures, unlike those processed with the optimized parameters (Figure
4.29 (b) and (c)). Just as in the case of the composite system, the FGM samples show evidence of

cracks at WC concentration greater than 15%.
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Figure 4.29 SEM micrographs of the processed (a) composites and functionally graded SS316L-
WC (b) with un-optimized parameters (c) with optimized parameters
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4.6 Chapter conclusions

Our single-track experiments of pure SS316L show that for a successful SLM printing, the
substrate or build plate should be considered to ensure that there is adequate attachment between
the substrate and the printed part. With the appropriate selection of the substrate, a continuous and
uniform melt pool is ensured, mitigating the formation of sputtering defects.

Also, our single-track experimental results on selective laser melting of WC reinforced
SS316L, with the help of DEM results, show that the filling of the pores between WC ceramic
particles by the molten SS316L is dependent on the laser dwell time. Both experiment and finite
difference modeling of pore filling, with the help of DEM results, confirm that higher volume
fraction of WC particles in the melt pool needs longer laser dwell time for the composite
densification for the given laser planar energy density investigated. The values of the minimum
dwell times necessary for complete pore elimination for the various volume fractions of WC are
within the range of the minimum pore filling times found from the solutions of the Rayleigh-
Plesset equation. However, analysis of the quantitative modeling results underscores the
importance of correctly estimating initial pore size range in the powder bed.

In general, our experiments show that with the knowledge of the materials properties of
the metal phase such as viscosity, surface energy and particle fraction of the ceramic inclusions in
a composite system, the printing parameters during SLM can be predicted from the modeling
results to yield pore free composites.

Furthermore, our results on full part processing of SLM parts show the need to adequately
account for the different energy density estimation to ensure proper predictability of the SLM

process. Our results also show the need to ensure that the laser diameter and hatch spacing be kept
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approximately equal to each other to ensure a uniform energy density across the build bed, thereby
mitigating lack of fusion porosity.

Full optimization of the SLM process has yielded SLM processed SS316L parts with
greater than 99% relative density. With the optimized parameters, we have been able to process
defects free SS316L-WC composites and functionally graded materials with WC composition up
to 20%.

Parts of Chapter 4 have been published in the Journal of Materials Research and
Technology, (I.D. Olumor, A.L. Maximenko, E.A. Olevsky, (2018), “Effect of laser dwell time on
pore elimination in powder bed fusion of metal matrix composites: experimentally validated
modeling”, Journal of Materials Research and Technology, Vol 21, 2022, pp 4994-5003). The

dissertation author is the primary investigator and author of this paper.

153



Chapter 5
Additive Manufacturing and Spark Plasma Sintering as Effective
Routes for Manufacturing of SS316L and SS316L-WC Composites: A Comparative Study
5.1 Introduction to comparative study

The idea of making engineering components with highly complex shapes has preoccupied
the minds of many researchers. This idea is however being realized, thanks to the advent of additive
manufacturing. As a result, a lot of excitement has been generated in the area of Metal Matrix
Composites (MMCs) manufacturing, as this has been seen as a sign to successfully manufacture
highly complex-shaped parts made of MMCs, which hitherto has been very challenging using the
more conventional manufacturing processes like machining.

Selective Laser Melting (SLM), Spark Plasma Sintering (SPS) and Solvent Jetting (SJ) are
three powder-based manufacturing techniques that show great potential in the manufacture of
complex shaped MMCs [1, 203, 204]. The SLM and the SJ techniques are two additive
manufacturing techniques that use a powder-bed based technique in building parts layer by layer,
whereas the SPS is usually not considered an additive manufacturing process because parts are not
manufactured in a layer-wise manner.

The SLM process uses a laser source to selectively melt the powder bed in accordance with
a 3D file sliced into layers by a computer program [205-208]. On the other hand, the SJ technique
jets a solvent unto the powder bed which selectively binds the powder bed in accordance with a
3D file sliced into layers by a computer program [93]. The solvent is usually a water-based solution
that activates a granular polymeric binder that is premixed with the powder material that is to be
manufactured [67, 93]. The part produced by this technique is usually fragile and possesses high

porosity, necessitating the need for sintering for final part consolidation. The spark plasma
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sintering (SPS) technique on the other hand is a powder-based manufacturing technique that,
although, not considered an AM technique, has been used to manufacture complex shapes without
the need of post operations such as machining. For example, Torresani et at., [25] and Charles et
al., [204] have used the SPS technique in producing complex shapes.

When dealing with complex-shaped MMC components with particulate reinforcements,
the powder-based additive manufacturing techniques have shown great promise [205]. All powder-
based manufacturing processes, be it additive or not, are faced with peculiar issues and challenges
during the fabrication of Metal Matrix Composites (MMCs) reinforced by ceramic particles. In the
case of the Selective Laser Melting (SLM) process, these challenges are related to interactions
between the laser beam and reinforcing ceramic particles on the one hand, and the interaction
between the ceramic reinforcing particles and the metal matrix melt pool on the other hand [209].
For example, melting, evaporation or decomposition of the ceramic inclusion may result from the
laser beam interacting with the reinforcing ceramic particles [210, 211]. Also, previous works have
shown that ceramic inclusions tend to be dissolved in the molten metal matrix during the
processing of MMCs via selective laser melting due to the interaction between the molten matrix
and the ceramic inclusions [205, 212-214]. For example, Lo et al., have shown the dissolution of
WC in the molten SS316L matrix during SLM resulting in the formation and precipitation of new
phases [215]. Results have also shown that due to the very fast thermal cycles involved in the SLM
process, these new phases generally exhibit ultra-fine structures often resulting in improved
hardness and wear properties [213, 215, 216].

When considering the processing of MMCs processed via SJ, the crucial step is the

sintering of the green solvent-jetted components. Depending on the sintering temperature of
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MMCs, several carbides are precipitated, some of which impart undesirable properties to the MMC
system [217].

Tungsten carbides (WC) have been widely used as reinforcement in steels. They however
tend to dissolve in the ferrous matrix [218, 219], resulting in formation of finely dispersed
secondary precipitates of mixed carbide phases such as, MsC, M23Cs or M7C3 where M could be
Fe, W or Cr depending on the kinetics and chemistry at play [209]. This secondary phase formation
and solid solution strengthening of W dissolved in the steel matrix have been attributed to the
increase in the hardness and wear resistance of steel matrix composites manufactured by SLM
[220, 221]. Despite these increases in hardness and wear properties of steel-WC MMC:s, attention
should be given to the precipitation of chromium at the grain boundaries, as if not arrested, leads
to the depleting of essential chromium in the matrix resulting in reduced corrosion resistance of
the MMC system [221].

This current work therefore aims to investigate the influence of three different
manufacturing routes, the SJ, SPS and SLM, on the microstructure and hardness property of
processed AISI 316L austenitic stainless steel - Tungsten Carbide (SS316L-WC) MMC.

5.2 Materials and Methodology utilized in comparative study
5.2.1 Powders and powder preparation

Spherical gas-atomized AISI 316L austenitic stainless steel (SS316L) powders (Figure 5.1
a) with a mean diameter of 38 pum (Praixair S.T technology, Inc., Indiana,USA), and irregular
shaped Tungsten Carbide (WC) powders (Figure 5.1 b) with a mean diameter of 32 um (Atlantic
Equipment Engineers Inc., New Jersey, USA), were employed for this study. The Anton Paar PSA

1090 (Graz Australia) particle size analyzer was used for particle size analysis.
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Figure 5.1 SEM micrographs of powders (a) SS316L (b) WC.

For the case of the composite systems, SS316L. and WC powders were mixed in varying
volume percent of WC ranging from 5%, 10% and 15%. By taking into account the bulk densities
of WC and SS316L, appropriate mass fractions were mixed to correspond to the desired volume
fractions. Volume fractions have been estimated by assuming that the SS316L particles have a
theoretical density of 7.98 g/cm?, and WC particles have a theoretical density of 15.63 g/cm’.
Samples were mixed thoroughly for 1hr to ensure homogeneous mixture using the Turbula® mixer
(WAB US Corp, New Jersey, USA) and some samples were subsequently milled using the
Pulverisette 6 planetary mono mill milling machine (Fritsch, Germany) for times ranging from 1,
2, 3 and 4 Hs with rotational speed of 500 rpm. After milling, powder samples for selective laser
melting and solvent jetting were tested for flowability by estimating the angle of repose and
spreadability by visually inspecting a finely spread layer for spreading defects and non uniformity.
5.2.2 Selective laser melting

Laser powder bed fusion experiments were conducted using the Xact Metal XM200C
printer (Xact Metal, Inc. Pennsylvania, USA), a laboratory-scale selective laser melting machine

at the San Diego State University Powder Technology Laboratory, USA. A 200 W Ytterbium fiber
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laser, with a wavelength of 1070 nm, is used as the beam source. A steady flow of Argon gas is
used as inert gas to purge the build chamber and maintain an oxygen level below 0.3% during
printing. A bulb shaped piece of silicon rubber serves as a recoater and spreads the powder from
the feed platform onto the build platform. Both the build plate and the feed platform move linearly
in opposite directions and in accordance with the set layer thickness of the part to be printed.
Printing parameters optimized in the previous study and presented in chapter 4 were used for
processing 10mm x 10mm x 10mm cubes of pure SS316L and SS316L-WC composite parts. By
setting the hatch spacing equal to the laser diameter and employing the right energy density, we
ensured that the formation of lack of fusion porosity (LOF) is mitigated, resulting in parts with
greater than 99% relative densities.
5.2.3 Solvent jetting

3D printing was carried out in a lab-modified ZPrinter 350 printer (Z-Corporation, USA),
originally designed to print parts using gypsum powder but modified to allow printing parts from
metallic powders. In the solvent jetting technique employed, the pure SS316L and SS316L-WC
powders were premixed with a 1% water-soluble granular binder mixture. The granular binder
mixture comprises of maltodextrin and sugar in a 1:1 weight percent ratio. Upon powder spreading,
an inkjet cartridge deposits a water-based solvent or binder activator over the spread powder layer
in accordance with a 3D cad model corresponding to the cross section of the part to be printed.

The water-based solvent or binder activator was composed of 8.3 vol% of Isopropyl
alcohol (IPA), 8.3 vol% of diethylene-glycol and 83.4 vol% of deionized (DI) water. Upon
deposition, the deposited solvent binder activator then activates the granular binder within the
powder bed, thereby gluing the powder particles together. The build bed is lowered in accordance

with the predefined layer thickness, a fresh powder layer is spread over this printed layer and the
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process repeats itself layer by layer until the entire part is printed. The layer height was set at 88
pm and the binder saturation level was set at 100%. Cube-shaped samples were printed with
nominal dimensions of 10mm x 10mm x 10mm using pure SS316L and SS316L-WC powders.

After printing, printed samples were left in the powder bed at room temperature for a
minimum of 60 min before being transferred to an oven (AccuTemp-09, Across International) for
curing at 120 °C, thereafter, cured samples were subjected to thermogravimetric analyses (TGA)
using the SDT Q600 (TA Instruments, USA), with heating up to 1400 °C at a heating rate of 5
°C/min, in order to ascertain the melting temperature of the pure SS316L samples and the various
WC vol % composite systems. With the information from the TGA results, samples were debinded
and sintered in a single step using the conventional horizontal tube furnace (GSL-1700X-KS-UL-
60, MTI, Richmond, CA) in a slightly reducing atmosphere consisting of 5% H> and 95% Ar. The
specimens were held at sintering temperatures for Shrs, and the cooling rate to room temperature
was 5 °C/min.
5.2.4 Spark plasma sintering

Spark plasma sintering process was conducted using a SPS furnace from DR. SINTER
LAB Series (Fuji Electronic Industrial Co, Japan). The pure SS316L and SS316L-WC powders
were placed into a graphite mold with an internal diameter of 15 mm and were closed from both
sides with two symmetrical graphite punches. Mold’s wall was surrounded with graphite felt to
limit heat loss. All samples were at the beginning uniaxially compressed with a pressure of 50
MPa, then were heated with a heating rate of 100 °C/min. In order to optimize the sintering
temperature and dwell time, tests were performed for 1000, 1050, 1100 °C, and 5 and 10 minutes,

respectively.
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Analysis of the sintering curves (temperature and punch displacement in time) and
densification behavior allows deciding the sintering temperature of 1100 °C and dwelling time of
5 min as the most optimized parameters (Figure 5.2). The sintering process was conducted in a
low vacuum, the temperature was controlled by an external thermometer, which measured the
temperature on the half height of the mold’s wall. After sintering, the mold and punches were
disassembled with a hydraulic press, and then graphite foil from the specimen’s surface was

removed with sandpaper (grade 80).
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Figure 5.2 Optimized parameters of the spark plasma sintering process.
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5.2.5 Characterization

At the end of solvent jetting processes, the green body densities of samples were estimated
using the Archimedes’ immersion method following ASTM standard C373-18. Final densities for
sintered solvent jetted parts and parts manufactured by selective laser melting and spark plasma
sintering were estimated using the Anton Paar PSA 1090 (Graz Australia) gas pycnometer and
Archimedes method and average values noted.

Samples processed by the SLM process were further subjected to recrystallization
annealing by heating to a temperature of 1100 °C, at a heating rate of 5 °C/min and held for 1 H.
Subsequently, all samples were prepared for metallography, and etched samples along cross-
sections parallel and perpendicular to the build direction were subjected to scanning electron
microscopy (SEM) and energy dispersive spectroscopy (EDS) analysis using the scanning electron
microscope (FEI Quanta 450, USA) to examine the microstructure of the manufactured samples.

The Image-J software was used to estimate the average grain sizes of samples from SEM
micrographs. The etching solution was the V2A solution with a composition of 20%, 5% and 75%
volume concentration of HCI, HNO3 and H>O respectively. The Etching time was approximately
60s. Polished samples were also subjected to x-ray diffraction analysis, micro indentation and
tensile tests.

XRD analyses were performed on a Phillips X’Pert Pro X-ray diffractometer (PANalytical-
Philips, Slovak Republic) with a Ka wavelength of 1.54060 A. Samples were analyzed across a
range of 30.02°-59.98° 20 with a step width of 0.04°, and the X'pert Highscore software was used
for peak identification.

Micro hardness was conducted on polished samples. The Vickers micro hardness method

was employed for the micro hardness measurement using the Vickers hardness tester of the
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Armstrong Pedestal type (Vickers-Armstrongs Ltd, UK) with a load of 10 kg, and a dwell time of
15 s. Indentation dimensions were measured and expression 1 below was used to estimate the
Vickers hardness values.

HV=0.1891F/d2 [N/mm?] (5.1

Where F is the load, and d is the average length of the indentation diagonal.

Tensile tests were conducted on samples with the tensile pull parallel and perpendicular to
the build direction.
5.3 Results and Discussions
5.3.1 Powder milling and flowability test

Figure 5.3(a) shows the micrograph after mixing the SS316L-WC composite system.
Results of powder samples milled for 4 h show a very robust blend of the SS316L and WC
powders, with the WC particles completely embedded within the matrix powders (Figure 5.3(b)).
Measured values of the repose angle before and after milling are respectively 29.8° and 33.59°,
indicating that the milled powder samples exhibited good flowability. However, spreadability was
hampered due to the presence of very large, agglomerated particles resulting from the milling
operation as can be seen by the visible streaks on the powder bed during spreading a fine layer
over the build platform during SLM and SJ (Figure 5.3(c)). As a result of the spreading defect
observed, the milled powders were unsuitable to be processed by both SLM and SJ. However, the
milled powders were still able to be processed by spark plasma sintering as this process does not

require powder spreading.
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Figure 5.3 Composite powder mixture (a) before milling (b) after milling (c) during SLM
powder spreading. Green and red arrows indicate SS316L and WC particles respectively.
5.3.2 Sintering of solvent jetted samples
Sintering at the conventional sintering temperature of 1380 °C for solvent jetted SS316L
was not successful for the composite systems as all samples experienced melting (Figure 5.4(a)).
Sintering at a lower temperature of 1300 °C yielded melting for the 10% and 15% volume
concentration of WC additions, but highly porous specimen for the 5% volume concentration of
WC addition (Figure 5.4(b)). Hence TGA analysis was carried out to provide an insight to the
appropriate sintering temperatures for the various WC volume fraction additions by ascertaining

the melting points.
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Figure 5.4 Sintered composite samples (a) sintering at 1380 °C for 4 H
(b) sintering at 1300 °C for 4 H.

TGA results (Figure 5.5) show that as the WC content increases for the composite systems,
the temperature at which melting occurs is significantly reduced. This can be attributed to the
diffusion of carbon atoms from the WC into the SS316L matrix, thereby increasing the carbon
contents in localized areas, resulting in localized melting. With the information from the TGA
analysis (Figure 5.5), we were able to determine the appropriate sintering temperatures for the
various WC volume concentrations of the composite system as 1320, 1260 and 1220 °C for 5, 10
and 15 %vol concentration of WC respectively. Pure SS316L was sintered at 1380 °C. Sintering

at these temperatures yielded composite systems with high density without melting.
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Figure 5.5 Representative TGA data for pure SS316L and samples
with various WC volume fraction additions.

5.3.3 Relative density of SJ, SLM and SPS processed samples

The relative density of the green solvent jetted SS316L was estimated to be about 52.8%
while that of the green binder jetted composite systems were 53.8%, 53.5% and 53.3% for the 5,
10 and 15 vol% WC composites respectively. Relative densities of the sintered solvent jetted parts
and the SLM and SPS processed samples produced with pure SS316L powder and for the various
WC additions are presented in Figure 5.6. Generally speaking, as the amount of WC addition
increases, the relative density of all processed samples gradually decreases irrespective of the
processing technique. It is however evident that higher relative densities were achieved for samples

processed by SPS and SLM compared to samples processed by solvent jetting.
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Figure 5.6 Final relative densities of processed samples.
5.3.4 Microstructure of samples
The etched microstructure of pure SS316L samples, from cross section parallel to the build
direction for SLM and SJ, and parallel to the load direction for SPS are shown in Figure 5.7. Figure
5.7 (a) presents the microstructure of the pure SS316L processed via the solvent jetting technique
sintered at 1380 °C for 5 H to a relative density of 97.3%, while Figure 5.7 (b) and (c) show SEM

micrographs of pure SS316L processed by SLM and SPS respectively.
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50 uym

Figure 5.7 Micrographs of etched pure SS316L samples processed by (a) solvent jetting (b)
selective laser melting (c) spark plasma sintering (d) spark plasma sintering for regions close to
the graphite tooling.

Both SLM and SPS processed samples have densities greater than 99% and about 98%
respectively as can be inferred from the micrographs and confirmed by both Archimedes and
pycnometer density measurements. The microstructure of the solvent jetted SS316L samples
exhibit large equiaxed grains, while the microstructure of the SPS samples show finer equiaxed

grains. On the other hand, the microstructure of the SLM samples show fine columnar grains

elongated in the direction of the build. In the case of the SLM processed microstructure, the melt
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pool boundary is clearly visible in the micrograph. For the SPS processed sample, the micrograph
of processed samples in the region of the graphite tooling shows a network of a precipitated phase
along the grain boundaries. EDS analysis shows the precipitated phase to be very likely a
chromium carbide phase. It is assumed that the reason for this is the diffusion of the carbon atoms
from the graphite tooling into the SS316L, causing the precipitation of the chromium carbide.

5%WC

10%WC

3

SJ

300 pm

SLM

400 pm e | : 500 pm

SPS

500 pm

Figure 5.8 Micrographs of the various composite samples processed.
For the processed composite systems, Figure 5.8 presents the SEM micrographs for the
various volume percent WC additions for all processing techniques investigated. From the
micrographs, it is evident that a more homogeneous distribution of the WC reinforcing particles is

achieved for the SLM and SPS techniques compared to the SJ technique. It is also evident that for
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the SJ processed samples, the WC particles tend to cluster around the grain boundaries, particularly
within the triple junctions.

EDS analysis shows that for samples processed by all three techniques, to some extent,
there is diffusion of the SS316L into the WC and likewise the diffusion of WC particles into the
SS316L matrix. The extent of these diffusions is dependent on the kinetics of the process. As can
be observed from the data from the EDS mapping of samples processed by SJ (Figure 5.9), it is

evident that there is the precipitation of a chromium carbide phase.

Chromium Kal Tungsten Lal

100 pm

Iron Kol Nickel Kal

Carbon Kal

— 10pm T i0opm 100 pm
Figure 5.9 SEM micrographs of 15%WC composite composition processed by SJ and
corresponding EDS mapping data
This phase seems to precipitate along grain boundaries and between the matrix-inclusion
interface. Because of the abundant time involved in the SJ process, there is enough time for the
carbide phase to grow, thereby depleting the matrix phase of chromium as is evident from the EDS

maps. This precipitate tends to grow with increasing WC content. EDS quantitative analysis
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suggests that this chromium phase is likely Cr23Cs. The presence of this phase in the SJ processed
composites was further confirmed by XRD analysis (Figure 5.11).

On the other hand, for pure SS316L samples processed via SPS, EDS analysis confirms
that chromium carbide (Cr23Cs) precipitates along grain boundaries in regions close to the graphite
tooling (Figure 5.10 (a)), but this is not the case at regions away from the graphite tooling. In the
case of the composite systems processed by SPS, there is a formation of a Fe-Cr-W rich layer at
the matrix-inclusion interface, which can be seen as the dark grey region in the micrograph and
confirmed by EDS line scan (Figure 5.10 (b)). The abundance of Cr in the Fe-Cr-W rich phase
results in the stabilization of the ferrite phase, as Cr is known to be a ferrite stabilizer [222]. Hence,
as more Fe-Cr-W rich phase is formed at the matrix-inclusion interface, ferrite phase grows at the
expense of the austenitic phase as can be inferred from the XRD data in Figure 5.11. One possible
phase present in this matrix-inclusion interface is W>C as confirmed by the XRD analysis. It is
believed that dissociated C atoms react with diffusing Cr atoms, yielding Chromium carbide
(Cr23Ce), while the regions depleted of carbon transforms to W->C.

The EDS line scan data of the MMC processed via SLM is shown in Figure 5.10 (¢). It is
evident from the microstructure that partially dissolved WC particles are finely distributed within
the austenitic matrix. Analysis also shows that a network of reaction carbides is also well
distributed within the austenite matrix. It’s been reported by several authors [206, 216, 223, 224]
that the formation of carbides results from partial or total dissolution of the original WC particles
within the metal matrix. Dash and Nayak have suggested that this dissociation reaction likely
occurs at 1250-1300 °C [225]. Anne and Jacqueline [209] have suggested that the partially
dissolved WC in the molten SS316L matrix forms dendritic structures which include lamellar

mixtures resulting from eutectic reactions during solidification of the melt pool.
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Figure 5.10 SEM micrographs with the yellow lines representing lines across which EDS line
scans were conducted for (a) the edge of the SPS processed pure SS316Lsamples (b) the center
of the SPS processed samples with 15%WC composition (¢) SLM with 15%WC composition.
5.3.5 XRD analysis
Results from XRD shows that for SLM processed samples, the BCC phase becomes more
stabilized with increasing WC volume concentration. However, even with the maximum volume
concentration of WC addition investigated, there is still the presence of the FCC (y-Fe) phase. It
is also clear from XRD data of samples processed by SLM that the peak of the austenitic phase
broadens and shifts towards lower angles with increasing WC addition, indicating that the
austenitic lattices are deformed (expanded) and strained, resulting from increasing atomic
diffusion with increasing WC addition. Also, for the SLM processed samples, XRD data shows
the absence of the we observe the presence of the W2C phase. It is suggested that due to the
transcient nature of the SLM process, the kinetics of the process does not favor the formation of

the W>C phase.
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On the other hand, in the case of the samples processed via SPS, we observe that with
increasing WC addition, the more stable phase of the matrix is the BCC (a-Fe) phase. At the
maximum WC addition investigated, there is almost a complete replacement of the FCC by the
BCC phase. Also, we notice that with the SPS processed samples, there is the formation of the
W>C phase with increasing intensity as the WC volume concentration increases as is evident from
the XRD peaks in Figure 5.11. Both XRD data and EDS analysis confirm the kinetics involved in
the SPS process favor the precipitation of the Cr23Ce carbide. Finally, XRD analysis of samples

processed by the SJ method shows the presence of FesW3C in addition to Cr23Cs carbide (Figure
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Figure 5.11 Selected XRD patterns of processed samples showing formation and growth of new
phases for the different processing techniques.
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5.3.6 Micro hardness of processed composite samples

The comparison of the micro hardness properties for all processed samples is presented in
Figure 5.12. It can be observed that generally, for all techniques investigated, the Vickers hardness
values increases with increasing WC volume addition. It can however be seen that the SLM
processed samples showed overall higher Vickers hardness values than those processed by solvent
jetting and SPS for all WC volume addition. Of the various chromium carbide encountered in this

work, the Cr23Cs has been reported to exhibit the least hardness [226].
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Figure 5.12 Effect of WC content on the micro hardness values of the processed samples for all
manufacturing techniques investigated.
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According to recent results by Ayorinde et al., [227], the BCC a-Fe phase is softer than the
FCC vy-Fe phase. Also, Fernando et al [228] have suggested that the Vicker’s hardness of W2C
phase is slightly inferior to that of WC phase. Considering the above, we can safely assume that
the samples processed by the SJ and the SPS techniques, have shown lower Vickers hardness when
compared to the samples processed by SLM due to the formation of the more inferior Cr23C¢, BCC
a-Fe and W»>C phases by samples processed by these techniques.
5.3.7 Property anisotropy in the SLM and SJ processed samples.
5.3.7.1 Microstructural anisotropy

Microstructural analysis of the SJ processed samples show that the grains are randomly
oriented. Grain size analysis of samples shows the presence of coarse grains with an average

diameter of 50 um irrespective of cross section relative to the build direction (Figure 5.13).

Figure 5.13 SEM micrograph of SJ processed SS316L sample along cross-sections (a) parallel
(b) perpendicular to the build direction of. Red arrow and dot indicate the build direction.
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The microstructure of the SLM processed SS316L without any subsequent heat treatment
on the other hand shows the presence of overlapping melt pool tracks boundaries. Within the melt
pool boundaries, there is the presence of columnar grains which sometimes extend across the melt
pool boundaries. This behavior has been attributed to epitaxial growth of the grains [229, 230].
The grains are oriented in the direction of build. The reason for this has been suggested to be
resulting from the orientation of the surface of the previously processed layer, which is the

energetically favored surface for crystallization [231].

Equiaxed
Sub-microstructure

Columnar
Sub-microstructure

Figure 5.14 Microstructural details of the SLM processed SS316L (a) parallel to build direction.
The yellow arrow indicates the build direction and black arrow indicates the melt pool boundary.
(b) perpendicular to build direction. The yellow dot indicates the build direction and black arrow
indicates the melt pool boundary (c) high magnification image from (a). The yellow arrow
indicates the melt pool boundary.
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Apart from the presence of these columnar grains, there is also the presence of equiaxed
cellular grains as is evident from Figure 5.14(c). These cellular grains are perpendicular to the
columnar grains. Thus, the microstructure of the unannealed, SLM processed samples exhibit a
cellular-columnar microstructure which is typical for stainless steels that undergo very rapid

solidification under fast cooling rates.

Figure 5.15 Microstructure of the annealed SLM processed SS316L.
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Recrystallization annealing at 1100 °C for 1 H of the SLM processed SS316L samples
resulted in a remarkedly different microstructure from the unannealed SLM processed samples as
is evident from the micrograph in Figure 5.15. It is clear that the annealing operation resulted in
the removal of the melt pool boundaries and the coarsening of the grains. After annealing, the
cellular substructure produced by the SLM process was no longer present in the microstructure.
Also, after annealing, microhardness value dropped to about 15143 HV from a value of 185+4 HV
observed in the SLM processed SS316L.
5.3.7.2 Tensile strength anisotropy

For SLM processed SS316L samples with tensile strength perpendicular and parallel to the
build direction, average tensile test at failure was estimated as approximately 720 MPa and 526
MPa respectively, resulting in about 27 % variation in the observed tensile strength. On the other
hand, samples processed via SJ showed an approximate variation of only 1%, corresponding to
tensile strength perpendicular and parallel to the build direction of approximately 630 MPa and

622 MPa respectively.
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Figure 5.16 Load vs extension curves for SLM processed samples with (a) tensile strength
perpendicular to the build direction (b) tensile strength parallel to the build direction; SJ
processed samples with (c) tensile strength perpendicular to the build direction (d) tensile
strength parallel to the build direction.

5.4 Chapter Conclusions

Our results have shown that it is possible to manufacture SS316L-WC composite parts via
solvent jetting, selective laser melting and spark plasma sintering techniques. Results, however,
show a significant difference in the microstructure of the parts produced by these different
manufacturing techniques. These differences in microstructure have resulted in differences in the
mechanical properties of the parts as seen by the values of the micro hardness measurements.

It appears from the analysis of the micrographs and the XRD patterns obtained for all

processing routes that for the SS316L-WC MMC, there was some level of WC dissolution
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followed by inter atomic diffusing occurring between the WC inclusions and the SS316L matrix,
involving dissolved W and C atoms from the inclusions and Cr and Fe atoms from the steel matrix.
The final structure of the composite system depends on the kinetics of the manufacturing process,
with the SPS process favoring the precipitation of W>C and Cr23Ce, while the kinetics of the SJ
processes favors the precipitation of FesW3C and the Cr23Ce carbides. The kinetics of the SLM
process on the other hand favors the precipitation of CrC.

It is assumed that the formation of the CrC instead of the FesW3C or Cr23Cs and retention
of the WC instead of the formation of W>C in the SLM processed samples is responsible for the
higher micro hardness observed for the samples.

Overall, our results on the comparison of SLM and SJ processed SS316L show that the
SLM processed parts exhibit higher mechanical properties, however, results on anisotropy
investigation have shown that samples processed via the SLM route exhibit higher property
anisotropy as compared to samples processed via the SJ processing route.

It is also clear that the annealing operation conducted on the SLM processed SS316L
samples resulted in the removal of the melt pool boundaries and the coarsening of the grains,
however with a decrease in the mechanical properties. After annealing, the cellular substructure
produced by the SLM process was no longer present in the microstructure.

Parts of Chapter 5 have been submitted for publication in the Journal of Materials Science
and Engineering: A (I.D. Olumor, Maria, E. Torresani, A.L. Maximenko and E.A. Olevsky,
(2023), “Additive manufacturing and spark plasma sintering as effective routes for manufacturing
of AISI 316L Austenitic Stainless Steel-WC composites”. Journal of Materials Science and
Engineering: A, submitted for publication). The dissertation author is the primary investigator and

author of this paper.
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Parts of Chapter 5 are also being prepared for publication (I.D. Olumor, E. Torresani, A.L.
Maximenko and E.A. Olevsky, (2023), “Property anisotropy in SLM and SJ processed SS316L".

Prepared for publication). The dissertation author was the primary investigator and author of this

paper.
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Chapter 6
General conclusions
6.1 Summary of goals reached.

A comparative study of additive manufacturing under high and low energy processing
conditions has been conducted. Case studies for the high and low energy AM processes have been
the selective laser melting and the binder/solvent jetting techniques respectively. The effects of the
various processing parameters of these techniques on the outcome of the process parts have been
investigated.

Our results for the binder/solvent jetting AM technique have shown that the binder content
and layer thickness play important roles in the integrity of the processed green part. Our results
have shown that the layer thickness and the mechanism of powder spreading affects the distortion
of the previously printed layers. Importantly also, our results have shown that the powder
characteristics such as morphology, size and size distribution influence the relative density of the
processed green parts and further influences the sinterability.

Our experiments on pressure assisted 3D printing have shown the potential of significantly
increasing the packing of the printed green samples for improved sinterability. It is strongly
believed that once the pressure application can be successfully done in-situ during the printing
process, the observed change in part dimensions will be mitigated. This will hope will be a focus
of future research endeavors.

Experiments involving SLM single tracks, processed with varying printing parameters,
have been conducted. Discrete element modeling has been employed for simulating powder-bed
packing for composite systems during the SLM processing of composites. Results show that the

filling of the pores between ceramic particles by the molten SS316L is dependent on the laser
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dwell time, which in turn, depends on the volume fraction of ceramic reinforcement and initial
pore sizes between inclusions. Our experiments, in agreement with model analysis, show that with
the information of the materials property of the metal phase in a composite system such as
viscosity, surface energy and initial pore sizes between ceramic inclusions, the printing parameters
can be chosen to yield the appropriate dwell time for pore free composites.

Furthermore, Experiments on SLM processing of bulk components showed the need to
fully account for the laser diameter and hatch spacing when estimating the energy density of the
printing process, and not deal with them in isolation.

Optimization of the SLM process yielded parts with full density for both the pure stainless-
steel alloy and the composite and functionally graded materials investigated.

Comparison of the SLM, SJ and SPS processed samples showed remarkable differences in
their microstructures and mechanical properties. The reason for these differences has been
attributed to the differences in the process kinetics. We have suggested that the various processing
kinetics involved in each process investigated has resulted in the formation of unique phases,

thereby imparting different mechanical properties to the processed parts.
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6.2 Scientific and engineering novelty of the conducted work

As AM technologies begin to find more industrial applications, it becomes imperative for
comparative studies to be conducted in order to help industrial experts correctly make right choices
on the proper AM techniques to employ for certain desired goals like specific microstructure and
mechanical properties to be achieved. To the best of the knowledge of the authors, no such work
on the direct comparison of the SLM and B/SJ AM technique has been conducted. Also, it is very
important that roadmaps to optimize AM processes be explored and established. There is never
enough of these fundamental optimization endeavors until the technologies are fully matured. To
this end, the current work, having explored both optimization of the SLM and the B/SJ] AM
techniques and compared the microstructures and the mechanical properties of parts processed
after optimization of these processes, is a novel endeavor.

The exploration of powder compaction to improve on the green density of BJ processed
samples is also a unique and novel study. If fully exploited, this technology can be utilized in
improving on the green density of binder jetting processed parts, particularly parts including
ceramic powder particles which hitherto have been very difficult to produce with high enough
green density. Furthermore, the utilization of DEM software for the simulation of powder packing
during binder jetting with a special consideration of previously glued layers is indeed novel.

In our study on the effect of laser dwell time on pore filling in metal-matrix-composites,
we have shown that, for single tracks, the appropriate laser dwell time can be established for a
composite system by simply utilizing the known materials properties of the matrix phase and
considering the initial pores between the ceramic inclusions. It is hoped that our condition for pore
filling time is further developed to account for SLM processing of bulk composites involving the

processing of multiple tracks and layers.
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