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INTRODUCTION

complex and customized geometries compared to traditional processes. The

knowledge transfer from fields like powder metallurgy, welding, topography, or

prototyping has facilitated the spread of AM metals in the medical, aerospace,
energy, and automotive industries and into consumer goods [1], [2]. Nowadays, there is
a wide range of AM techniques available for the manufacturing of metal parts. Laser or
electron beam-based techniques such as Selective Laser Melting (SLM), Selective Laser
Sintering (SLS) or Electron Beam Melting (EBM) demand very high energies during
processing, leading to a complex thermal history in the part and therefore, to a very
heterogeneous and anisotropic microstructure. For that reason, these techniques usually
require post-processing or development of new alloys to reach improved final material
properties, i.e., more homogeneous, isotropic and dense parts [3]-[5].

ﬁ dditive manufacturing (AM) technologies stand out by their ability to produce

Binder jetting (BJ) raises as an alternative which allows the use of commercial
metal alloys such as stainless steel, copper or traditional aluminum alloys. BJ added value
in comparison to traditional Metal Injection Molding (MIM), is that it does not need
molds for production, which becomes expensive when several geometries must be
manufactured, and that it requires a significant less binder, which derives in minimum
debinding times [6], [7].

BJ was firstly developed by Massachusetts Institute of Technology (MIT)
researchers in the early 1990s [8]. Posteriorly, ExOne, Digital Metal, Desktop Metal and
HP found an opportunity in this AM process to lead the 4™ industrial revolution thanks to
its characteristic high productivity and part quality. Therefore, current BJ objective is to
disrupt the manufacturing [9]. This technique consists in successively jetting binder
droplets on previously spread layers of powder (metal or ceramic) to consolidate a part.
After printing, the binder is cured to strengthen the green parts, thus making possible to



Binder jetting: a microstructural perspective

handle them. Once cured, the printed parts are extracted from the loose powder, which
can be reused, and they are finally post-processed through a sintering step in which the
binder is burned out and the part is consolidated [6].

BJ challenges are related to a balance between the part quality and productivity
rates. Highest qualities use to imply larger manufacturing times, while medium qualities
would allow fastest rates. When in high-speed scenarios, medium parts density could give
rise to more limited mechanical and dimensional properties, which would require focused
investigation to enhance better balances. Sintered and green parts density are influenced
by powder properties, as powder chemical composition, particle size distribution, powder
morphology, powder internal porosity or powder flowability, among others. In addition,
printing parameters, as layer thickness, spreading speed, printing temperature or contone
level, together with depowdering, curing, debinding and sintering process steps impact
on final part quality and price

In September 2018, HP published a new BJ technology named Metal Jet [10]. The
mission was and is to disrupt the metal manufacturing to enable BJ production mass, by
an automatic and digital process, with higher print speeds and the ability to process
commercial metals. During the following 4 years, a beta program of prototype to product
development, in close collaboration with industrial partners as GKN, was developed to
finally, in September 2022, launch the HP BJ product: Metal Jet S100. This thesis has
been performed with the beta test printer in collaboration between HP Printing and
Computing Solutions SL. and IMDEA Materials Institute. The objective of the present
work is to analyze with advanced techniques the green parts microstructures and allow
sinter part properties prediction for stainless-steel parts with the HP Metal Jet printing
process. For that purpose, the comprehension of fundamental mechanisms behind BJ is
performed, together with the aim to develop more optimized print modes and adapted to
a wide range of application requirements. Within the industrial context of this work, the
request for automated, fast and reliable characterization methods has been the driver.



LITERATURE
REVIEW

now, after the expiration of its patent in 2018, that the interest on this technology

has begun to rise, directly impacting the knowledge on the topic. This chapter

comments on the current state of the technology, compares it to other additive
manufacturing techniques and discusses its current challenges by addressing all the
influential factors of BJ, including raw material, sub-processes and resulting properties
and microstructures. A section concerning the usage of X-Ray Computed Tomography
(XCT) on additive manufacturing (AM) is included given its importance in the frame of
this work.

B inder jetting has been available already for three decades, but it has not been until

2.1 Metal additive manufacturing

Additive manufacturing is defined as a process by which a part is built through the
deposition of material layer by layer. A computer aided design (CAD) of the part that will
be produced is required. The 3D design will be transformed into a triangle mesh, normally
a .stl file that can be processed by the printer or equipment. The range of available
technologies for metal AM has rapidly increased in the last decade. Among them, Laser-
Powder Bed Fusion (L-PBF), Directed Energy Deposition (DED), and Binder Jetting (BJ)
have received a significantly higher attention in the scientific community and currently
have a larger presence in a variety of industrial sectors. However, each of these techniques



Binder jetting: a microstructural perspective

is better suited for different applications. A diagram summarizing the three processes
mentioned above is shown in Figure 2.1.

L-PBF is an AM process by which a metal powder layer is spread using a recoating
system, generally consisting either on a blade or a roller. Next, a laser is employed to melt
and consolidate the particles together within each spread layer. Once solidification has
occurred, a new layer is built on top of the previous one. The repetition of this process
will form a whole part. The main disadvantage of this technology is the elevated thermal
gradient originated upon powder bed lasing. Such thermal gradient limits the printability
of high melting point materials. Furthermore, the resulting microstructure will likely
present a high degree of anisotropy and residual stresses, and thus, final parts employed
for demanding applications will generally require additional heat treatments and/or post-
processing to enhance their final properties [11]. The critical parameters in L-PBF include
the spreading process (layer thickness) and the energy deposition (hatch distance, laser
power, scanning speed). However, a focus on the scanning strategy has gained importance
over the past years thanks to its ability to tune the material microstructure [12].

A) Laser Powder Bed Fusion

'@ Printing G ) Printing Post-process

a) Spreading +R b) Melting +—,
Laser-system i) Heat treatments

% 2R, Z)

i e i e . . y

Heat treatment |

| N ‘:
: a) Heating b) Cooling ! : u ! D
: i :
e 2l & | =
1 ,' | :

Q9

’ ii) Surface finish

\

@ Printing — 7 Curing
a) Spreading ] b)Jetting  «—JJ e
.
]
Decaking )»Debind and sinter ) Post-process

- Sintsred
part
Loose powder

Figure 2.1: Process diagram for AM technologies: a) L-PBF: b) DED; c) BJ.

In DED technologies, the material is melted while it is being fed. The molten pool
is then cooled and solidified and thus, by repetition, a part is created. This process
generally involves an energy beam (laser, electron beam or electric arc) aligned with a
powder or wire feed. DED can reach a higher production rate than LPBF processes.
However, the achievable feature size, layer thickness and surface roughness are larger
[13], [14]. As-printed parts show a high level of anisotropy and low dimensional accuracy
related to high energy gradients, which is the reason why post-processing techniques like
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hot isostatic pressing (HIP), or surface finishing are usually required [15]. One of the
benefits of DED is its capability to print multi-material parts thanks to the availability of
multiple feeding systems. The main process parameters in DED processes are those
controlling the energy dosage (power, scan speed), the powder feeding (feed rate,
thickness), material and stage/part motion [15].

In BJ, the powder layer can be spread similarly to L-PBF, but the particles are,
instead, bonded through a binder jetted by a printhead. This gives the part enough strength
to be extracted from the powder bed. Then, additional curing, debinding and sintering
steps are usually performed in order to obtain a final part with a competitive density and
robust mechanical properties. A final increase of the sintered density can be achieved
through HIP. Another post-processing alternative is metal infiltration, where a low
melting point metal is employed to fill the pores present on the green part [16]. While BJ
allows a higher printing rate than the other technologies, the need for post-processing can
increase process time considerably [6]. Also, due to the low relative density achieved
during printing (50-60 %), the sintering process will produce a shrinkage on the final part
that needs to be considered in the design stage [17]. This is generally done by simulating
the expected shrinkage and developing print modes through reverse engineering. The
main parameters explored in BJ include the layer spreading process (roller/blade speed,
layer thickness, etc.) and the binder deposition (binder saturation, binder deposition
strategy, etc.). The powder bed target temperature employed during printing is also
studied since it may interfere on the infiltration kinetics of the binder [18]. Table 2.1
summarizes the main advantages and drawbacks of the discussed AM technologies.

Table 2.1: Advantages and disadvantages of AM technologies.

Technology Advantages Disadvantages

Complex geometries Alloy design expensive materials
L-PBF No support needed Post densification processes
Good surface finish Multi-material
Fully dense parts Low resolution
DED Control over microstructure Slow process
Multi-material Distortions and inhomogeneities
Fast print rate Need for post-processing
BJ Commercial alloys Dimensional control

Complex and small size parts Green part control

2.2 Binder jetting

BJ, originally referred to as 3DP, was invented in 1993 by Sachs and collaborators in the
Massachusetts Institute of Technology (MIT) [8]. It is defined within the ASTM F2792
standard as “an AM process in which a liquid bonding agent is selectively deposited to
join powder materials” [19]. In the first step of the process, a layer of powder is spread.
The powder can be supplied from a feeding platform or through a metering device
(hopper). A roller or a blade is generally employed to flatten the layer surface. The
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spreading process can be defined by the employed speed and the chosen layer thickness.
The balanced speed is limited by the ability to spread a homogeneous layer.

The binder is then supplied in the form of droplets by a printhead furnished with
several nozzles. There exist two mechanisms for the generation of droplets. In continuous
inkjet jetting (ClJ) a vibration is created through a piezoelectric material which breaks
the polymer solution into droplets. The control of the jet is done by selecting the jetted
droplets that will be deposited on the layer with an external deflection mechanism [20].
Alternatively, in the drop-on-demand (DOD) technology a pressure pulse is originated on
the printhead, causing a single droplet to be jetted. Hence, the control of deposition will
depend on the ability to generate fast and stable pulses. The issued pulse can be initiated
by a thermal signal or by an electric one, in the so-called thermal (T1J) and piezoelectric
printheads, respectively [21]. Piezoelectric printheads are considered more precise since
they allow the formation of drops as small as 1.5 picolitres. Also, the polymer systems
employed are not limited by the need of high temperatures, as in thermal printheads.
However, piezoelectric printheads are more expensive and larger than thermal printers.
In addition, T1J printheads are cheaper and more flexible to changes and replacements.
Figure 2.2 presents a schematic view of the two types of DOD printhead systems with an
example of their specifications.

Bubble No;zle

X Piezoelectric
' ceramic

Imaging signal

Binda

Heat source Imaging signal

(resistor) Hioaale
Specifications (example): Specifications (example):
Drop frequency: 5-8 kHz Drop frequency: 10-20 kHz
Drop volumen: approx. 23 pl Drop volumen: approx. 14 pl
Drop diameter: 35 um Drop diameter: 30 um

Figure 2.2: Schematic view of: a) Thermal printhead; b) Piezoelectric printhead [21].

During printing, several subsystems can be used to increase the process control
during printing. This will be discussed in more detail in the Section 2.2.2. However, a
commonly built-in system is the thermal delivery. Mostly, the deposited binder is in liquid
state to allow infiltration. Posteriorly, printing temperatures makes the binder more
viscose and less movable, distributing homogenously layer by layer. Binder partial
evaporation of solvents during printing is expected and strengthening happens during
curing. For this reason, most BJ solutions include a thermal system consisting on several
lamps and thermocouples positioned along the printing chamber. Curing can happen both
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in the printer or in a furnace. Finally, binder burn out and parts densification occurs
through debinding and sintering, respectively.

2.2.1 Materials

The feedstock of BJ consists of the atomized metal powder and the binder or polymer
solution. Due to the similar nature between this process and MIM, many of the materials
employed could be adopted from this technology.

BJ is widely employed for ceramic and metals, but printer solutions are often
directed to either one or the other material family. Metal BJ’s most common materials
include stainless steels 316L, 17-4PH and 420. These materials were initially prioritized
due to their market request and versatility. Later on, added value materials such as
Ti6Al4V were introduced to enlarge the scope of lightweight and biomedical
applications. More recently, precious metal like gold or silver have been also added,
including the jewelry and consumer goods market in the BJ portfolio. The following table
covers the main printer manufacturers and the materials certified for their printers (Table
2.2))[22].

Table 2.2: Supported metal powders for BJ 3D printing.

Company Metals

Digital Metal SS 316L, SS 17-4PH, Ti6Al4V, DM 625, DM 247, DM Cu

Desktop Metal SS 316L, SS 304L, SS 17-4PH, SS420, steels 4140, 4340,
(including former 440C, 4605, A2, D2 and H13 tool steel, Al 6061, bronze, cobalt

ExOne) chrome, copper, gold, silver, Inconel 625, Inconel 718, etc.
HP! SS 316L, SS 17-4PH

Sinterjet SS 316L. CoCrMo, CoNi
GE? SS 316L, SS 304L, SS 17-4PH, SS 441, copper C18000,

tungsten carbide

I'HP Printing and Computing Solutions S.L.
2 General Electric Additive, not commercially available yet.

The binder formulations have a large number of requisites to properly function in
BJ technology. First, binders” viscosity needs to be low to allow it to flow in small
quantities through the printhead nozzles. Additionally, it also has to be stable at operating
temperatures to avoid nozzle clogging issues. Finally, after printing, viscosity has to
evolve fast enough to avoid part distortion during printing, but slow enough to ensure that
a correct amount of infiltration occurs [23]. For this reason, the employed binder
formulations are generally very complex and need to be tailored to each technology.

The formulation constituents can be split into three classes, namely binder,
solvents and additives. The binder is commonly a polymer that crosslinks adhering metal
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particles together. Some examples of common binders are butyral resins, polyvinyls,
polysiloxanes, polyacrylic acids, starch, dextran, maltodexterins and latex [24]. The
solvents need to be low evaporation point liquids that can be easily removed during
printing and curing. A common solvent employed in many binder formulations is water.
The additives can be included to the formulation for many reasons. For instance, they can
be employed to improve the binders’ viscosity or to enhance diffusion during sintering,
as boron nitrides or boron carbides [25].

Currently, the addition of metal nanoparticles to the binder formulation has gained
a lot of interest as this solution has the potential to enhance diffusion processes during
sintering and to increase the final sintering density [26], [27].

2.2.2 Technologies and products

BJ was initially adopted in the industry by Extrude Hone Corporation owing to the
obtention of a license from the MIT, who patented the technology in 1993. Later on, in
2005, ExOne, a spinoff from Extrude Hone Corporation, was the only available printer
maker in the BJ market [27]. The patent did not expire until 2018, a time when several
companies developed their own solutions, expanding the market for this technology. The
Table 2.3 summarizes the current main BJ printer developer companies and their
solutions.

Table 2.3: BJ technology providers.

Company Solution Build volume (mm)  Resolution (dpi)
Digital Metal P2500 ' 250 x 217 x 70/186 725
DM/Pro Series 250x 217 x 70/186 725
X160Pro 800 x 500 x 400 1200
Desktop Metal 5, 490 x 380 x 260 1200
HP! Metal Jet S100 430 x 309 x 140 1200
Voxeljet VX1000 1000 x 600 x 500 600
VX200 300 x 200 x150 254
Sinterjet M60 160 x 60 x 60 1200

GE? BJ Line Series 3 500 x 500 x 500 600/900

XYZPrinting  PartPro 350 xBC 225 x 350 x 200 1600

' HP Printing and Computing Solutions S.L.
2 General Electric Additive, not commercially available yet.

Many subsystems that have been developed or modified to address some of the
biggest challenges of BJ. Concerning the spreading process, high-technology rollers and
blades have been developed to add vibrations and heat during the process. This allows for
a more uniform powder distribution across the layer and a higher compaction. As an
example, in 2021 Desktop Metal patented a method to employ the roller after spreading
to further compact the powder bed and to thus increase the resulting density of the green
parts [28].

Using the very same patent, Desktop Metal also introduced Single Pass Jetting
(SPJ). This technology consists of a combination of subsystems integrated on the printer
carriage that work simultaneously to deliver the powder, spread the layer and print within
a single carriage pass, thus reducing the layer formation time to just 3 s. However, it may
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limit the control over some relevant parameters. As an example, a common strategy when
jetting the binder is to increase the number of passes in order to reduce the distortion that
it may cause to the powder layer. By delivering all the binder in a single pass, the quantity
and the weight of the droplets may significantly alter the uniformity of the layer. In order
to reduce this effect, an additional subsystem was added [29]. The technology consists on
a delivery of a vapor phase, prior to printing, that prevents the spread particles from
moving during the binder deposition phase. It claims to reduce particle ejection and thus,
layered porosity and printhead clogging.

BJ printing accuracy and achievable resolution depends mainly on the ability to
deliver the binder with small and localized droplets. To this regard, HP provided their
well-known knowledge on T1J printheads architecture design, leveraged from years of
work in the 2D printing industry, to the current need in BJ.

Another common challenge of BJ printer manufacturers has been the shrinkage
produced during sintering. This limited the achievable dimensional accuracy of printed
parts and, thus, applications demanding high tolerances could not be covered or required
certain post-processing. To this regard, several manufacturers have developed their own
software solutions to predict the dimensions reduction that will take place during final
densification (GE Additive, Desktop Metal, HP, etc.). In general, the software would
compensate the original CAD design based on these predictions, increasing significantly
the resulting dimensional accuracy [30]-[32].

Recent advances in metal BJ technology are exemplified by the latest solution
from HP. This solution includes several modular stations that cover the entire green part
manufacturing process, from a powder management station to an automatic depowdering
module. By integrating the various stages of the manufacturing process, these systems
reduce the gap between AM and serial production, enabling the production of high-
quality metal parts at scale [33].

2.2.3 Applications

The ability of BJ to produce parts with a wide range of relative densities, its design
freedom, productivity and quality, makes it applicable to many industrial sectors. Its
customization capabilities have attracted significant interest in the medical field,
particularly for applications such as dental frameworks or implants (Figure 2.3a) [34].

BJ is capable of producing parts that meet the requirements of demanding
applications, such as tooling, which require a good balance between light weight and
robust mechanical properties (Figure 2.3b). However, the high specifications of this
sector can sometimes limit BJ applications to prototyping or necessitate further post-
processing to achieve the desired properties [35]. BJ finds additional use in a variety of
fields, including electronics (for producing capacitors, piezoelectric devices, etc.), mold
fabrication, and drug delivery [6].

A good example of the extent to which BJ allows for geometric freedom and
complexity is the recent application by Schneider Electric and HP Metal Jet S100 depicted
in Figure 2.3c¢ It consists of a circuit breaker with a complex molecular lattice structure
that provides the desired level of heat transfer. To conclude, the addition of new materials
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has also widened the applications of BJ, reaching amongst others the luxury goods sector.
Figure 2.3d illustrates a gold-plated stainless-steel jewel.

a) b)
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Figure 2.3: BJ printing applications: a) dental prothesis [36]; b) turbines [37]; ¢) circuit
breaker of 690 V [38]; d) jewelry [39].

2.3 Raw material

The raw material employed for BJ generally consists of the binder and the metal powder
with a wide range of particle sizes. For particle sizes smaller than 10 pm, and generally
for ceramics, the slurry-based deposition method is required to improve powder
flowability given the high cohesivity between particles. This procedure is common for
other AM processes as well, e.g., SLM [40].

Powder properties critically influence the printing and sintering processes, and
they will impact the quality of the produced part. In their work, Spiering et al. presented
an Ishikawa diagram that summarizes the powder characteristics that must be evaluated
for AM (Figure 2.4) [41].
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Figure 2.4: Ishikawa diagram with influencing parameters for metal powders. Adapted

from [33].

In addition, the outcome of BJ is directly dependent on the powder-binder system
employed. Currently, there are several studies focusing on the determination of the
occurring interactions and the mitigation of the defects provoked by these interactions. In
the following, the main powder properties will be discussed, and the literature on their
influence on binder jet process is reviewed.

2.3.1 Powder physical properties

Mean particle size and morphology

The powders (ceramic or metal) used in BJ have a particle size ranging from 0.2 pm to
200 um [35]. In particular, the mean particle size in stainless steel powders typically
ranges between 15 um and 150 um. Coarse particles have better flowability, but they also
present poor sintering behavior due to a smaller specific surface. Large particle sizes have
also a detrimental effect on surface roughness and on the minimal size of features that
can be built [42].

Miyanaji et al. studied three different stainless steel 316L powders with mean
particle sizes of 14, 31 and 78 um and reported the influence on material properties [43].
In their study they followed the evolution of density throughout the BJ printing process,
the results are shown in Figure 2.5. The packing and green densities increase with the
mean particle size while the sintering density decreases. This is due to an improved
spreadability which allows to form a denser powder bed during spreading. The powder
with the smallest mean particle size gives rise to the largest sintering density due to the
higher overall surface area, allowing improved diffusional densification during sintering,
even though the green and packing density values are smaller than in the powders with
higher mean particle sizes.

11
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Figure 2.5: SS 316L powder size effect on material density through BJ printing process.
Graph adapted from Miyanaji et al. [43].

Dimensional accuracy results manifested higher deviations in the Z axis for larger
particle sizes, but lower inaccuracies for the X and Y axis. This was reported to be due to
an excessive vertical penetration of the binder for a powder bed with larger particle sizes.
The opposite behavior was observed for smaller particles. Tuning of printing parameters
such as layer thickness or printing temperature would help reducing these deviations by
optimizing lateral and vertical spreading of the binder for a given particle size [43].
Finally, roughness increased as the mean particle size increased, which is consistent with
what is expected from larger particles forming a greater peak-to-valley range [44].

The powders employed in AM are in most cases fabricated via gas atomization
(GA). Contrary to water atomization (WA) this process produces highly spherical
particles while maintaining a relatively reasonable manufacturing cost compared to more
advanced production methods [45]. Having said that, water atomization remains to be the
cheapest option, which is why researchers are putting an effort on investigating the
possibility of using powders fabricated through this procedure. The irregular shape of
water atomized particles, contributing to a poor flowability, and their higher oxygen
content, are highly detrimental for BJ produced parts. Mostafaei et al. compared the
performance of both GA and WA powders with similar particle sizes [46]. Relative
densities achieved with WA powders were about a 10% smaller in green and sintered
state, leading to worse mechanical properties. Also, visualization of the micrographs of
WA produced parts manifested a larger presence of oxide and carbide precipitates. In
summary, even though WA irregular particles can be used for BJ, the derived part

properties restrain considerably the range of applications in which it might be used today
[47].

Particle size distribution

The particle size distribution (PSD) is an important property in any 3D printing process
as it affects powder flowability, packing density and densification of a printed part.
Mostafaei et al. divided a nitrogen gas-atomized Inconel 625 alloy powder sample of sizes
16-63 pum into three different samples, one containing the whole particle size range, a



Chapter 2: Literature review

second one with a range of 16-25 um, and the last one with a range of 53-63 um [48].
Fine particles with a small PSD range exhibited an enhanced sintering behavior at low
temperatures, but high linear shrinkage. The broader PSD powder achieved the highest
density for temperatures above 1255 °C. Therefore, wider PSD ranges are desired because
they provide higher green densities and consequently higher sintered density [49].
Nonetheless, wide PSD ranges are also more prone to powder segregation during
handling. Recent research has shown that as a powder batch is cycled through different
print jobs there is a coarsening of the PSD, reportedly due to the loss of fine particles,
which might make the process harder to control and cause significant variability between
the properties of parts belonging to different jobs [50].

PSD mixture strategies have proven useful in overcoming the disadvantages of
monomodal distributions in 3DP. Ye et al. developed a model to predict the packing
density of powder mixtures and showed that, for bimodal combinations, the ratio of the
powders in the mixture can be optimized to obtain a higher packing density [51]. Bai et
al. reported a 9.4 % increase in green density by using bimodal distributions of copper
powders, which also resulted in additional improvements in sintering shrinkage and
sintering conditions sensitivity, allowing a reduction of the energy required for part
consolidation. They also reported a 12.3 % increase in the sintered density in comparison
with monomodal powders[52]. Similar results were achieved by Do et al. with stainless
steel 316L, they also studied mixtures of three different powder sizes. Figure 2.6 shows
the achieved enhancement of green density, greater in the case of trimodal distributions
[25].
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Figure 2.6: Effect on packing density of powder mixtures of 2 (A1 to A7) and 3 (BI to
B7) different powder sizes (S, M, D and L account for 4, 14, 30 and 82 um mean particle
size respectively) [25].

Surface finish is also improved by bimodal powder distributions. According to
Lanzetta et al., there is a redistribution of finer particles towards the part surface when
printing powder mixtures, which allows a reduction of the surface roughness.
Nevertheless, these results were drawn only from printed lines and more complex
geometries should be investigated to understand this mechanism [53].
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Powder flowability

Powder flowability is directly linked with the formed layer density and is essential for
any 3D printing process. Many methods are available to characterize powder flowability
(shear cell test, Hall flowmeter, tapped density testing, avalanche test, etc.). The Metal
Powder Industries Federation (MPIF) recommends using the angle of repose and of Hall
flowmeter tests as it is already standardized for AM powder characterization [54]. The
agreement in the scientific community is that the method used has to be representative of
the stress state that the powder will suffer during the process. For 3D printing, this
corresponds to a dynamic state, for which the avalanche test would be more suitable [41],
[55]. However, better correlations between powder flowability and actual spreading
performance in the bed are still necessary [56]. The development of new techniques
directly measuring powder spreading would ease the powder validation for a specific
printing system. To this purpose, new systems are being built with promising results [57].

Powder flowability is a function of several traits of the particles. A high mean
particle size and a spherical morphology highly contribute to make powder more flowable
[35]. Butscher et al. evaluated seven different calcium phosphate powders with different
sizes and production methods and related them to BJ printability [58]. Their investigation
concluded that powders with a mean particle size of 24-32 pum allowed an optimal
spreading while maintaining a good packing density, as the high cohesivity between
particles below this threshold complicated powder flow due to Van der Waals forces
becoming predominant [59]. Powder processing methods such as plasma atomization
provided a smother particle surface finish which is translated in an improvement of the
flowability, which nevertheless proved insufficient for small particle sizes. Similar results
were reported by Miyanaji et al. who observed an increase of green density of SS 316L
powders as particle sizes increased from 18 to 80 um. This is directly linked to a better
spreading and distribution of the particles related to their good flow properties [43].
However, as previously discussed, a large PSD, containing also small particles, will also
be beneficial in terms of achievable packing density. Therefore, both powder properties
should always be considered.

Chemical composition

The powder chemical composition has a strong influence on the final sintering
step. The typical composition of SS 316L and the role of each of the alloying elements is
shown in the Table 2.4. Slight changes from this composition may result in a different
densification outcome, with the formation of unwanted precipitates like oxides or
carbides due to segregation of alloying elements and thus, an uncontrolled process [60].
Contrarily to what is seen in conventional SS 316L, AM SS 316L contains austenite and
ferrite, which provides the material higher yield and ultimate tensile strengths and
hardness but a lower ductility and corrosion resistance [61]. SS 316L contains a small
amount of molybdenum to increase crevice and pitting corrosion resistance. To counteract
the ferritizing effect of molybdenum a larger amount of nickel is employed [62].
Additionally, the higher content of nickel also benefits the powders” compressibility,
making it ideal for BJ applications.



Chapter 2: Literature review

Table 2.4: Stainless steel 316L composition [60].

Element Composition (wt. %) Function
Fe Balance Main component
Cr 16-18 Increase corrosion resistance
Ni 10-14 Stabilize the austemtg phase, increase
compressibility
Mn 2.0 0.12 Austenitize and enable machining at elevated
temperatures
Si 15 0.8 Deoxidizer, control viscosity of the melt during
> atomization
S 0.03%,0.01° Enable machining
C 0,032 Form austenite, L. grades have lower content to
’ minimize sensitization
P 0.04% 0.01° Control viscosity of the melt during atomization
Mo 2.0-3.0 Enhance crevice and pitting corrosion resistance
N 0.0-0.03 Improve strength gnd ductility, stabilize austenite
at high temperatures
a Maximum
b Typical

Tracking the amount of carbon and oxygen during the process is critical, as carbon
residues left from the binder during sintering may trigger the formation of chromium
carbides, depleting the Cr present at the grain boundary and hence making the steel more
susceptible to corrosion [63]. Oxygen content can also have a negative impact on part
density and mechanical properties of stainless steels [60]. A recent study on the
recyclability of metal powder during the BJ process mentioned an increase of the oxygen
quantity through powder cycling due to oxygen pickup from the atmosphere or water-
based binder [50]. Nevertheless, this increment was negligible when compared to oxygen
percentage of fresh powder and no effects were noted. In a study by Zissel et al. the
oxygen content and humidity of SS 17-4 PH powder was evaluated for several printing
cycles [64]. A 20 % of oxygen pickup was found after the fifth print cycle, this was linked
to the worsening of powder properties and thus, to a detrimental effect on the printed parts
dimensional accuracy. An inert atmosphere (Ar or nitrogen-hydrogen) during curing
significantly improved their results with a limited oxygen pickup.

Given the nature of this technique, the specific binder compositions, and the
possible reaction of binder residue with particle alloying elements, further research is
required to understand and improve the sintering behavior. E.g., Nandwana et al. analyzed
the effect of binder residue in different particle sizes of Inconel 718 and hypothesized that
finer powder particles contain more carbon per unit area per particle than larger ones
resulting in carbides after sintering, while a mix of carbides and Laves phase where
present in sintering of larger particle [65].
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2.3.2 Powder-binder interaction

The adequacy of a binder formulation is very dependent on how it interacts with a given
powder. Powder-binder interaction takes place during the nucleation process, which can
be divided in five steps: droplet formation, impact and breakage, droplet coalescence,
penetration, and dispersion [66].

Some studies have shown how the impact of the binder droplets on the powder
bed causes metal particles to be ejected, modifying the packing obtained during spreading
and creating a less dense layer below the bed surface. This phenomenon is known as
ballistic ejection. Two properties govern the particles” ejection: flowability, which makes
it easier to displace the particles after collision, and gravity, that makes larger particles
requiring a bigger momentum for ejection. Parab et al. used in-situ X-ray radiographic
imaging to show how the combination of both mechanisms contributed to eject particles
indistinctly of their sizes [67]. The number of ejected particles was analyzed for two SS
316L powders with particle sizes 9 um and 30 pm as well as for Si and Al>O3 powders.
The two former ones exhibited a larger number of ejected particles than Si and Al>O3, the
reason being the irregular shape of the particles of the last two getting interlocked and
hindering their movement (Figure 2.7). A wider variety of outcomes was observed in the
case of SS316L with 30 um particle size than in the case of the 9 um owing to a wider
PSD.

SS 316; 9 um Si; 9 pm

Figure 2.7: Snapshots of high-speed x-ray radiography videos from representative
experiments at t = 18,8 ms showing ejection behavior of different powders. Red arrows
indicate the depletion zone left in the powder bed [67].

An additional interaction feature to examine is the binder penetration into the
powder bed. Binder penetration is governed by two competing mechanisms, horizontal
spreading, and vertical imbibition [66], [68]. These mechanisms depend on viscosity,
surface tension, initial droplet diameter, impact velocity, powder bed density and
wettability. Some studies aimed at characterizing these mechanisms through examination
of a printed primitive (powder agglomerate formed with a single binder droplet) and
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printed lines [18], [69]. From these primitives the spreading and imbibition lengths for a
given powder-binder system are measured and can later be used to choose the adequate
printing parameters for an optimal interface. Lanzetta et al. printed lines to evaluate binder
penetration and the subsequent particle rearrangement [69], and Bai et al. could use their
goniometry analysis on printed primitives to assess the optimal binder saturation for
printing with a nanoparticles-based binder [18]. Even though these experiments are
valuable for understanding the fundamentals of the interaction process, ideally,
characterization should be performed in-situ to account for all the factors included on a
real print job.

Researchers have also attempted to make use of simulation models to quantify
binder spreading in a powder bed. For example, Tan et al. used such models to observe
the final shape of a primitive for different binder impact velocities. However, the required
complexity of the model is very high and assumptions for simplification were required,
thus making it unpractical for a real 3D printing case [70].

2.4 Sub-processes

As previously explained, to reach a final BJ part, there are several sub-processes to go
through. Each one has a strong impact on the resulting final properties and on the
microstructure of the part. In this section, the processes are described and the most
influential factors for the step optimization are discussed.

2.4.1 Powder transport and spreading

Control of powder transport to the printer and subsequent feeding is necessary for a robust
process. Although powder transportation subsystems differ for each technology, they are
usually pneumatic systems which minimize vibration to avoid powder segregation [71]—
[73]. Some practices also include a mixing step before spreading, that further
homogenizes the powder and which can also be used to recirculate the unused powder
from previous print jobs [74]. Variations of sizes between particles leading to different
flowing behaviors could potentially lead to segregation during spreading. Nonetheless,
several studies have proven this segregation to be negligible unless particle sizes differ a
lot like when using bimodal powder mixtures [74]—[76]. Other than powder segregation,
transportation might also modify powder surface properties through mechanical erosion
due to collision between particles or with the subsystems. There is little information
available on this issue and on how it modifies powder flowability. However, powder
cycling studies suggest that it might not be significant enough compared to other problems
related to powder cycling such as coarsening [50].

Powder spreading is typically carried out with a rotational roller or with a blade.
Vibration mechanisms are sometimes applied during spreading to decrease inter-particle
shear force and increase powder flowability [6], [77]. The spreading speed, which is
defined as the velocity at which the recoating system moves the powder forward, is very
influential on the quality of the spread layer. Small speeds are desired for a uniform layer
formation, still, this is detrimental in terms of printing time, thus, the aim is to maximize
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speed while maintaining a considerably uniform layer [78], [79]. One more parameter
related to the layer formation is the feed-to-powder ratio (thickness of feed layer/layer
thickness). This parameter was investigated by Shrestha et al. together with other printing
parameters using a Taguchi experimental design, with the goal of maximizing the
transverse rupture strength [78]. The feed-to-powder ratio was found to be a critical
parameter, increasing powder bed density as the parameter increased up to a ratio of 3.

Different strategies have been studied to increase the formed layer density, as the
one proposed by Cao et al. [75]. They used the Double Smoothing (DS) method,
introduced by Lee Sang-Joon in 1992, by which, firstly, a thick layer of powder is created
with the usual counter-clockwise rotating mode of a roller, followed by a second
smoothing step retiring part of the powder previously deposited on the layer [80]. This
mechanism allowed them to obtain green densities as high as 70%.

The usage of powder spreading simulation tools has given a lot of information on
the spreading process and is very valuable to explore different spreading setups effect on
layer quality, roughness and density while saving up time and costs related to
experimentation [81]-[83]. These simulations though, are not often complemented with
real tests. This last step should be carried out with each particular system to ensure that
simulation is as accurate as needed.

2.4.2 Printing

BJ’s main advantage with respect to other 3D printing techniques is that it does not require
heat during printing to melt the powder, avoiding the high temperature gradients on the
build which are detrimental for the material properties [5]. Most of the parameters
involved in the BJ process differ from those impacting in SLM or EBM AM technologies,
making it unique and not comparable [2], [84]. The use of a binder adds complexity to
the system and forces the redefinition of the principal variables. Because of the existing
large interactions between printing parameters, complete studies should make use of a
systematic approach, analyzing several combinations of these parameters to dig into all
possible outcomes. In this section, the controlling factors of the BJ method are discussed
and their effect on part quality and material properties is summarized.

Layer thickness

The layer thickness is a common parameter in most of the AM processes and it is
described as the distance by which the build plate is lowered after each printed layer. The
layer thickness determines the minimum printable feature size and it constitutes a trade-
off between material properties and building time. Thinner layers provide better
mechanical properties but significantly increase process time [24], [84].

Typical layer thickness values in BJ range between 50 and 150 um, in general,
layer thickness of 2 to 3 times the particle size or larger than the bigger particle will
maintain good flow and spreadability [35], [85]-[87]. Simulations of the spreading
process executed by Meier et al. further confirmed these values (Figure 2.8) [83]. Their
study was focused on a powder size of 17 um which have considerable cohesive forces.
Different surface energies of the bed were also analyzed, indicating that the powder layer
quality further decreases if the adhesion between powder and substrate is weakened.
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Figure 2.8: Side and top views of the resulting powder layers for different layer
thicknesses /A, and a specific surface energy yo [83]. Particles are colored according to
their size from smaller (gray) to bigger (red).

Most of the layer thickness studies are coupled with other important printing parameters.
This is expected since, as it was previously stated, parameter interactions in the process
are notable. Enneti and Prough reported that just by increasing the powder layer thickness
from 50 um to 70 pm, there was a reduction of the green strength of WC-12% Co samples
from 1.56 MPa to 1.32 MPa in the case of a binder saturation of 75 % and from 4.22 MPa
to 2.25 MPa for a 90 % binder saturation [88]. Other studies on SS420 also showed that
surface roughness also significantly improved upon lowering the layer thickness [54].
Sheydaeian et al. measured the porosity of printed Ti samples through p-XCT and the
Archimedes method [86]. Part density was linked to the chosen layer thickness, and it
revealed a higher porosity for thicker layers, which is in accordance to the observed
relation with mechanical properties. Interestingly, they leveraged this finding to print
parts with varying layer thickness which resulted in a tailored part density progression.

Printing temperature and drying time

Despite the fact that BJ does not require high amounts of heat during the printing process,
a certain temperature has to be applied to partially remove the solvents present in the
binder formulation. This leads to an increase of the binder viscosity which is in conflict
with obtaining an adequate binder infiltration. The drying time is highly linked to the
printing temperature since it will define how long is this temperature applied before
spreading the following layer. Generally, while the current layer is drying, the printhead
is moved towards a cloth where the nozzles are automatically cleaned, as this step helps
to minimize clogging and sets the minimum drying time of the printer [89].

The printing temperature plays an equivalent role to what is referred in the literature as
the heater power ratio (Rup), which is calculated with the equation (2.1), where Pc is the
current-heater-power, and Py is the maximum heater power [89].

Pc
Py

Results from Chen and Zhao indicate that an excessive amount of heat might not
only increase energy consumption but also resulted in part distortion and shrinkage,
whilst too low energy might be insufficient to dry the binder [89]. For all the found
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optimal combinations of parameters, they deduced that a heater power ratio of 70% could
maximize dimensional accuracy and surface quality.

The effect of the drying time or of the printing delay on the mechanical properties
of plaster powder was studied by Farzadi et al. with special attention on resistance under
compression [90]. Drying times of 50, 100, 300 and 500 ms were applied to print
scaffolds. Compression properties including Young modulus, strength and toughness
increased with increasing delay time until the 300 ms, and remained constant afterwards,
indicating the complete penetration of the binder at this point. Enneti and Prough’s
research clearly manifest how dependent on the binder-powder system this parameter is
[88]. In their case, the material used was WC-12%Co and drying times employed were 7
and 14 s. Regardless of the fact that delay times were an order of magnitude larger than
the ones of the previously mentioned study, green strength showed to still increase for
larger delay times, revealing that longer binder settling times were necessary in this case.
For this reason, each particular powder and binder combination should be optimized
according to their interactions.

Binder saturation

Binder saturation is defined as the percentage of the binder infiltrated in the volume not
occupied by powder particles, it is estimated with the following equation (2.2):

5= VBINDER _ VBINDER 2.2
Vair (1 —=PR) X VsoLip

where, Vemper is the volume occupied by the binder, PR is the packing ratio (%) and
VsoLip is the volume of the powder particles. Saturation values are typically between 50-
70 % [35]. Too low saturation will result in insufficient binder to join the powder layers,
while an excessive saturation will bind more powder than desired and cause bleeding,
decreasing dimensional accuracy and final surface quality (Figure 2.9) [89], [91].

Real Surface
(A) (Excessive Powder) (B) Desired
Desired Liquid . Surface
Surface Binder Powder

Real Surface
(Lose Powder)

Figure 2.9: Binder saturation effect on layer surface quality (A) The lower-level printing
saturation leads to lose powder (B) The higher-level printing saturation leads to excessive
powder bond [89].

Many studies reported that an increase of binder saturation highly improves
mechanical properties of the green part [85], [88], [91]. Vaezi analysis of green flexural
and tensile strength with ZP102 plaster powder manifested that these properties
practically doubled by increasing binder saturation from 90 to 125 % (saturations above
100 % indicate a larger volume of binder than the available space in the printable area is
jetted) [85]. Enhancing mechanical resistance of the printed parts is desired to facilitate
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further handling and avoid cracking. However, it may also affect the debinding step
complexity and the remaining porosity of the sintered sample. More studies should be
carried on this topic in order to fill the current knowledge gap.

An interesting approach for setting the best binder saturation level is the one
provided by Miyanaji et al. [92]. The researchers built a model based on capillarity effect
to determine the equilibrium saturation in a specific binder-powder system, i.e., the point
at which the binder stops migrating due to the balance of capillary pressure and surface
tension (Figure 2.10). Experimental analyses were also conducted to validate the model.
In particular, two different materials were tested, Ti-6Al-4V and SS 420. The model
successfully established the required binder saturation for equilibrium in the Ti-6Al-4V
sample. However, the binder saturation was overestimated in the case of SS 420. This
was attributed to internal microscopic surface areas being considered in the model which,
in reality, do not contribute to the wetting of the powder [93].

(binder droplet after reaching equilibrium state); a) assuming small pore size, b)
assuming large pore size [93].

Further improvements of this model were developed by Colton and Crane [94]. In
their model they included the effect of the printing parameters like droplet size, velocity,
and spacing on printed lines effective saturation. While smaller drop and powder size
provided less variation in saturation a large droplet spacing contributed to destabilize line
formation, i.e., blocking consecutive drops to bind together. Future work should focus on
extending this knowledge from lines to layers, and finally, to printed parts, going through
the control of the binder’s viscosity along the process.

Part orientation and location

Given the anisotropic nature of the process, where the powder is spread in a specific
direction whilst the binder is dropped vertically in the powder bed, it is convenient to
consider part orientation as an influential factor. In addition, the location of the heating
system and the extraction of the solvents may also interact differently with powder located
at different build positions. However, this is very specific of each 3D printing equipment
and thus, no public information has been found in this regard.

The impact of the X (printhead movement direction) and Y (spreading direction)
orientations on mechanical properties of printed SS 420 was analyzed by Oh et al. [95].
The bending strength dropped from 10 MPa to 4 MPa as the angle between the Y axis
and the main orientation of the part decreased. The given explanation was the
asymmetrical spreading and the penetration of the binder, due to the Y component of the
drop speed, as it is jetted from the moving printhead. This was further verified by
Miyanaji [96]. Doyle et al. demonstrated that infiltration can be used to overcome X and
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Y anisotropy. Their research on SS 420 bronze infiltrated parts revealed that mechanical
properties differences coming from part orientation were insignificant compared to the
effect of varying layer thickness [87].

As a consequence of green part anisotropy, linear shrinkage due to part sintering
differs from axis to axis. Wang and Zhao designed an experiment, following the Taguchi
methodology to minimize dimensional distortion due to shrinkage considering the three
axes in the build. The determined shrinkage rates in the X and Y axes for the studied
sintering parameters particularly diverged from the observed in the Z axis, which made
the optimal choice of sintering parameters sit in between both extremes [17]. The
shrinkage behavior in the print direction (Z) was assumed to be due to the formation of a
depletion layer as the binder collides with the powder bed [67].

2.4.3 Curing and depowdering

The curing step is crucial to ensure the binder cross-links and sticks to the metal powder
as this will give enough strength to the part to avoid cracking during depowdering and
allow further handling before sintering. There is little literature available on the curing
process, and practically no information on its effect on green part mechanical
performance and density.

Normally, curing is carried out in the same build box used for printing. The build
box is then introduced in a curing oven where temperature is applied for a certain amount
of time, depending on the binder used and on the size of the box [97]. Curing temperatures
typically range between 120-200 °C and time needed is in the order of 3-6 h [17], [98],
depending on the plot dimensions and part’s density within the powder bed. The curing
process is generally easy to optimize by leveraging the knowledge already available from
fields like conventional powder metallurgy or MIM. However, some binder formulations
make use of volatile solvents to transport the binder, which need to be removed through
a vacuum pump during curing. No public studies are available on the effectiveness of this
process even though it is critical to evaluate powder recyclability and carbon content.

Once the build box is cured, the parts need to be extracted from the powder bed.
In general, this is performed under air pressure and manually, using different brushes and
with extra care in order not to distort the printed parts, which seriously prevents
production technique’s automation. Technology providers are putting a lot of effort on
the development of affordable and efficient solutions to this problem in order to automate
the use of BJ in the industry [99].

2.4.4 Sintering and debinding

Debinding and sintering can be performed in the same furnace consecutively to minimize
production time. The process usually involves two isotherms, one for debinding and a
second one maintained for sintering [97]. During debinding, no residual carbon must be
left since it may alter the part properties and composition by production of carbides, also,
oxidation of the metal has to be avoided since it would impede further densification [47].
The impact of carbides has been widely studied for MIM parts [100], [101], as they can
cause porosity gradients along the piece, which are detrimental for mechanical properties.
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Still, the amounts of binder used in BJ are much smaller than in MIM, and thus translating
the conclusions of these studies might not be entirely possible. Moreover, there are many
binder-powder systems available using BJ technology, which may respond differently to
a specific heat treatment. A parameter optimization for each one of these systems is
required to ensure a maximum yield.

Sintering time and temperature are amongst the most studied variables of the
sintering process as they contribute a lot to the results of the final consolidation [47], [52],
[61], [102]. As a general rule, the sintering temperature has to be high enough to promote
neck formation, growth and subsequent diffusion but it must not exceed the melting point
to restrain shape distortion (liquid phase sintering). Verlee et al. studied how parts built
with different SS 316L powder sizes reacted to a wide range of sintering temperatures
and times [102]. Their results clearly manifest the direct relationship between the applied
temperature and the density, as well as the better performance of smaller particles due to
a higher specific area. The sintering time followed a linear trend with density for each
given temperature until reaching a 90 % of relative density. At this stage, porosity was
fully closed, and densification mechanisms changed, leading to a reduction of the effect
of time on consolidation.

The most common atmosphere used during debinding and sintering is Ar mixed
with hydrogen, and processing is also often carried out in vacuum. Do et al. showed that
sintering in vacuum helps to obtain up to 10 % higher final densities compared to argon
[103]. Similar results were shared by Juan [104]. The reason for this density enhancement
is that the vacuum maintains pores on the grain boundaries, where they can further shrink
and be eliminated through evaporation/condensation processes. Ar on the contrary, is
unable to remove gas pores entrapped within grains [35]. However, Ar is key to ensure
the elimination of oxygen during the process, which cannot be guaranteed by vacuum
sintering, leading to a worse surface condition [103].

A strategy worth mentioning for increased final part density is the so-called shell-
printing. It consists of jetting the binder only on the surface of the built part and leave the
core as a compact of loose and packed powder without binder [61]. This derives in a
fragile green part that requires a smaller amount of energy to be fully debound and
consequently exhibits a noticeable increase of density once sintered (Figure 2.11). More
efforts should be put on studying this sort of procedures to fully squeeze BJ's versatility.

.
.~ 100pm*

Figure 2.11: Porosity and microstructure of bulk after shell-printing and sintering (a)
shell; (b) core [61].
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One of the main challenges that BJ faces is the uncontrolled shrinkage produced
as a consequence of densification [47]. This has a negative impact on the dimensional
accuracy (Figure 2.12). The effect of sintering time, temperature and heating rate on the
dimensional accuracy was studied by Wang et al. Their conclusion led to different
temperatures being optimal for the different axis considered (X, Y and Z). The sintering
time and the heating rate proved less influential on shrinkage [17]. There exist many
models to predict sintering shrinkage and to consequently modify part design [105]-
[107]. Nonetheless, the geometries studied are either too simple or they are used in very
specific applications. Further improvement of these models for a wider range of
geometries and features would help to address this matter and to reach more demanding
tolerances. Finally, the shrinkage effect might also be mitigated by achieving a higher
green density during printing by using, for example, bimodal powder distributions [52].

(a) (b) (c) (d) ()

Figure 2.12: Dimensional shrinkage of iron due to sintering under 95% Ar — 5% H>.
Sample A in (a) green state, and sintered at (b) 1390 °C, 2 h, (c) 1390 °C, 6 h, (d) 1490
°C, 2 h and (e) 1490 °C, 6 h. [47].

Other attempts to increase sintered density of stainless-steel printed parts examine
the use of boron and SizN4 compounds as sintering additives. These additives promote
grain boundary diffusion upon densification, helping to attain almost full part density with
lower sintering times and temperatures needed. Nevertheless, elevated percentages of
additives (> 0.5 %) can drive to a high distortion of the original part geometry [11], [25].

2.4.5 Additional post-processing

The resulting porosity of a BJ printing sample is generally not negligible, and thus post-
processing is necessary for applications requiring net-shape and robust mechanical
properties. The most common post-treatment strategy in BJ is sintering, although there
are a wide variety of options that can be applied additionally or as an alternative to
sintering depending on the application of the printed components (e.g., infiltration, HIP,
surface or heat treatment) [6].

Compared to sintering, metal infiltration is highly beneficial to control
dimensional shrinkage, although it also changes the composition of the final parts. For
this reason, infiltrated parts are generally treated as composites [108]. Cordero at al.
applied simultaneously tin bronze infiltration and sintering on ferrous green parts
fabricated via BJ process and compared mechanical properties of the components after
both treatments. Infiltration specimens yielded a significantly lower porosity of 2 %
compared to the 33 % of the sintered, consequently, transverse rupture strength, increased
from the 130 MPa of the sintered sample to 570 MPa of the infiltrated one [16].
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Lu et al. combined both treatments on BJ printed stainless steel 420 by performing
a pre-sintering step between 1000 °C and 1400 °C followed by bronze infiltration [108].
The aim of pre-sintering was to induce neck formation between powder particles, thus, to
improve material strength, facilitate handling, increase mechanical properties after
infiltration and control the preform porosity. Their studies showed that infiltration was
non-uniform across the samples and three possibilities were given for this fact, firstly, the
presence of large voids impeding infiltration by capillarity, secondly, the acceleration of
the densification of the wells at the outer region due to the bronze melt during infiltration
and lastly the erosion of the wells by the melt changing in time its composition.
Nonetheless, pre-sintered temperatures of 1300 °C and 1350 °C remarkably improved
this behavior by reducing the channel size while maintaining open porosity, this resulted
in an enhancement of the tensile properties of the bronze infiltrated SS420 composite up
to a 60 % (UTS of 1053 MPa).

HIP is a common post-processing step in powder metallurgy, its aim is to reduce
remaining porosity after sintering, nonetheless, to have a significative impact it requires
closing spherical pores with a previous part relative density of 90-92 % at least [6], [61].

The analysis of BJ printed copper parts carried out by Zhu et al. provided more
insights into the extend of HIP impact on final densification [109]. They applied 1075 °C
under an argon pressure of 207 MPa for 2 h on a sintered sample. Archimedes
measurements of the sintered and HIPed samples gave an increase of relative density from
95.5 % to 99.2 %. Samples were also examined through XCT at the different stages of
the processing chain and porosity morphology was evaluated from the 3D scans. HIP
showed to decompose remaining reticulated porosity of the sintered sample, favoring the
creation of more isolated pores with isotropic shapes [109]. Kimes et al. studied the
impact of different HIP treatments on fatigue behavior. They applied different
temperatures (1130 °C, 1165 °C) during 75 minutes at a pressure of 150 MPa. According
to their results, HIP provided a more homogeneous porosity in the samples, thus, an
improved isotropy. Nonetheless, none of the HIP treatments had an impact on fatigue life
over as-sintered parts. They claim these results to be inexact due to the high surface
roughness and amount of defects present near the surface, which led to crack initiation
there. To further quantify the impact of HIP on fatigue strength, the contribution of the
internal structure should be separated from the effect of surface condition by previous
mechanical polishing [110].

Yegyan Kumar et al. further investigated the effects of HIP on mechanical and
physical properties of printed copper parts with varying powder sizes. HIP procedure was
followed with the same parameters used by Zhu et al. [109]. Bimodal distributions of
printed powders showed to benefit the density increase, achieving a 90.5 % for as-sintered
and a 97.3 % for HIPed samples. Sintered samples printed with a monomodal particle’s
distribution of 25 um and 17 pm average diameter powders did not reach the minimum
0t 90 % density, leading only to a 4 % increase of density after HIP. As expected, material
properties increased with density (Table 2.5), nonetheless, tensile strength for the highest
density HIPed part was about an 80 % of the strength of wrought copper, thermal
conductivity was also lower than the expected, and this was attributed to differences in
copper microstructure and grain sizes as well as to the presence of residual carbon [111].
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Table 2.5: Mechanical and physical properties of BJ copper parts [109], [110], [112].

Powder Processing Density (%) UTS (MPa) Thermal conductivity

size (um) (W/m-K)
Sintered 77.7+1.2 82.0+£5.3 245.7+4.7
2 HIPed 82.4+0.3 129.3+0.9 256.5+4.4
Sintered 83.6+0.4 115.8+£9.2 262.3+8.2
v HIPed 85.8+0.2 1353 +£13.7 266.3 +18.5
Sintered 90.5+0.3 144.9" 293.5+5.5
Bimodal
HIPed 97.3+0.1 176.4 + 6.5 3279+7.1
Wrought Wrought 100 414 385

" Only one sample measured.

Additional post-processing might include heat treatments or surface finishing.
Their use is very uncommon, and it is limited to applications where a high performance
is required, such as in the aerospace industry [113], [114].

2.5 X-ray Computed Tomography for AM

XCT has become increasingly interesting for manufacturing over the years due to the
three-dimensional information that it provides and its non-destructive testing nature
[115]-[117]. It stands out over 2D techniques such as scanning electron microscopy
(SEM) or optical microscopy (OM) when used to obtain more detailed and reliable data
about internal defects or about shape and porosity of powder feedstock. Also, it facilitates
the detection of heterogeneities within a sample, e.g., of specific zones of a volume which
present higher porosity, and which may go unnoticed by using 2D techniques.

Thompson et al. highlighted the significance and versatility of XCT in AM [117].
They underlined the relevance of this technique in reverse engineering, especially for
medical applications, and focused on the evolution of its application in pore
measurements and in dimensional metrology. As mentioned in the review, XCT is highly
practical for measuring porosity and pore morphology distribution and linking them with
mechanical performance. Du Plessis et al. successfully correlated pore sizes with strength
and ductility of materials produced through L-PBF, concluding that small pores up to 0.5
mm or an extend of porosity up to a 1 % do not significantly contribute to mechanical
properties. Additionally, they noted how irregular pores are more detrimental for
mechanical properties than other forms of porosity, creating a preferential site for crack
initiation [118].

Information about the shape and orientation of pores is also very valuable for
predicting mechanical behavior. Zidlowski et al. produced three specimens by SLM with
different orientations with respect to the printing direction. Using XCT they were able to
build a 3D defect map of each sample according to their orientation (Figure 2.13). This
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information could be used to forecast crack initiation and propagation without the need
of mechanical testing [119].

Bulld direction

.Z.-ln;m
Figure 2.13: 3D visualization of specimens’ defects maps according to their orientation
in the SLM chamber [119].

Zhu et al. studied and developed a pipeline for quality control of BJ copper
samples by using XCT for characterization, machine learning algorithms to reduce
scanning time and principal component analysis (PCA) for a deeper study of porosity
evolution [109]. They characterized samples at three different stages of the BJ process
(green state, sintered state and after HIP), obtaining detailed information about pore size
(volume, volume ratio), shape (eccentricity, compactness, solidity) and orientation
(altitude angle) at each one. By applying PCA, they were able to condense all the
information in 4 different groups of pores (quasi-spherical pores, small-elongated pores,
large-elongated pores and reticulated defects). Following the population of the 4 groups
of pores at each step allowed them to comprehend the physical insights behind each
process stage (Figure 2.14).
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Figure 2.14: Porosity morphology evolution mechanisms throughout the BJ post-
processing of copper parts, blue, red, yellow and green colors represent the four pore
evolution patterns of 1) pore segmentation due to densification of loose particles, 2)
decomposition of interconnected pore due to necking, 3) pore shrinkage and 4) pore
smoothing [109].
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A recent study by Sperling at al. shared in the WorldPM2022 conference
employed an XCT-based method to compare several print jobs and their resulting porosity
distribution [120]. In their approach, a directional analysis of the scanned volumes was
conducted and compared to other samples. This allowed for a deeper characterization of
the porosity and the layering pattern, usual in BJ technologies.

One more benefit of XCT in 3D printing is that it can provide accurate
dimensional metrology data of complex shapes with inner structures and multi-material
parts that can’t be examined through conventional methods [86]. However, because of
the material attenuation coefficient, there is a limit on the part dimensions that can be
scanned, this is generally not a problem in AM, where we are dealing with pieces of
several centimeters [117].

X-ray Computed Tomography can also be used to obtain surface topography
measurements. Thompson et al. investigated the influence of the measurement setup
parameters over accuracy by comparing with coherence scanning interferometry (CSI)
results and deduced that geometric magnification had a bigger impact in the quality of the
topographic reconstruction than sampling resolution, establishing a magnification 20x as
the optimal [121]. Zanini et al. emphasized the potential of the technique to acquire
information about re-entrant features, and to obtain deviations lower than a 10% when
compared to the actual surface morphology for most of the surface texture parameters
[122], this makes X-ray Computed Tomography a very capable technique for surface
measurements although the use of additional analysis such as CSI is recommended.

Another field for which XCT can be valuable within AM is in the characterization
of metallic powders. Chen characterized Ti-6Al-4V powders through SEM and
synchrotron XCT, leveraging the advantages of both techniques [123]. While SEM gives
more insights about powder surface morphology thanks to its high resolution and
magnification, XCT can better define internal defects like porosity and particle shape
through 3D geometrical features (sphericity, eccentricity, etc.). Thiede et al. also took
advantage of synchrotron XCT to analyze particle size and shape, employing this
information as an input in powder bed simulations for setting the appropriate layer
thickness of the LPBF process. Their results demonstrated the role of small particles on
compensating for defects of the powder bed and that the layer thickness should be smaller
than the D90 value to obtain an acceptable packing density [124].

Finally, in-situ XCT can be further applied on the dynamic characterization of AM
materials, e.g., to investigate printing and sintering mechanisms in thermal treatments or
crack nucleation and growth during mechanical testing [125], [126]. Lame et al. studied
the densification mechanisms of copper and steel compact powders and their work
yielded new insights on the origin of the anisotropic shrinkage observed during sintering
of powder compacts. According to them, neck formation facilitates small displacements
and rotations of particles leading to local rearrangements for which some pores in a
preferential orientation decrease in size while others increase (Figure 2.15) [127].
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w ®) © ®)
Figure 2.15: 2D reconstruction of Cu powder during densification. (4) Initial stage, (B)
After achieving sintering temperature of 1050 °C, (C) Half of the total sintering time, (D)
After cooling down [127].
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MOTIVATION
AND OBJECTIVES

to increase the available knowledge on the topic. Most of the investigations focus

on the study of the printing process parameters and the relation of these parameters

to the sintered part properties as well as to process input (powder properties). A
gap has been noticed regarding the characterization of green parts microstructure, a
crucial step in the process that has a lot of potential to further understand the mechanics
of the printing process. Such characterization should include all the phases present in a
green part, 1.e., porosity, particles, and binder. In addition, as it is desired that BJ advances
towards industrialization, the automation and ease of use, as well as standardization, of
such a complex characterization would be necessary. This, would in turn, lead to a more
sustainable process by an early identification of defects and consequent rejection of the
parts before sintering.

g I Yhe commented literature on BJ 3D printing shows that a big effort has been made

Also, there is a lack of literature available considering the impact of part size and
geometry on the printing outcome. The geometry of a part and its features has a significant
impact on the local properties of the part due to binder infiltration differences. This is of
critical importance regarding the near net shape AM technology definition and in front of
the controversy regarding testing final geometry parts against ingots. Investigations
addressing this matter study primitives (a single droplet interacting with powder) and line
formation [69], [128]. To date, these differences have been tackled through the distinction
of shell and core materials during printing, which is insufficient to overcome the
complexity of the relationship [61]. Furthermore, most of the presented studies employ
relatively simple shapes, generally chosen to perform standard mechanical testing.
Nevertheless, one of the commonly shared advantages of AM is the possibility to print
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complex geometries. This being considered, print modes should be dynamic and evolve
according to the local geometry or position of the sample being printed for geometries for
which the printing conditions impact part quality.

Finally, surface defects and roughness are key properties of the final part. These
properties define the accessibility to additional post-treatment technologies (e.g., milling,
machining, HIP, etc.) and thus, influence the range of applications available for the
printed parts. BJ directional nature frequently leads to gradients along the part, thus,
significant differences in terms of surface quality and defects appear as we get closer to
the surface edge and between each part border. In the literature, it is common to see
porosity gradients within a part border, yet little investigations consider the impact of
these gradients [120], [129].

Based on these findings, the objectives of this thesis are defined as follows:

Objective 1: Develop automated characterization methods that enable the
subtraction and comparison of novel metrics between BJ green part.

Objective 2: Contribute to the existing knowledge of BJ printing process
providing a comprehensive characterization of green parts and their resulting
sintered parts.

Objective 3: Investigate the impact of part geometry, size, and features on the
resulting microstructure with control from their macrostructural properties.

Objective 4: Advance the understanding of the relationship between surface
defects, printing recipe, and machinability.
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MATERIALS
AND METHODS

exploration of the utilized BJ system is shared. A detailed description of the employed

printing parameters and builds for each experiment are exposed in their respective

chapters. The sintering process for densification is also reported. In addition, the
analytical tests for powder, green and sintered part characterization are described.
Finally, novel methodologies developed in this research work with the aim to quantify
the microstructural data are explained.

In this chapter, the materials employed for the investigation are described. Next, an

4.1 Materials

Given the length of the investigation and its scope, multiple stainless steel (SS) powders
were employed. In this section, the details of their respective compositions and properties
are discussed together with the used binder.

4.1.1 Stainless steel powders

The presented investigation was mainly focused on stainless-steel 316L powder.
However, some experiments were conducted with SS 17-4PH aimed for a wider variety
of applications.
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The chemical composition of the three powders included in the investigation are
shared in Table 4.1. A certain amount of oxygen is commonly present in gas atomized
powders [45]. However, a limited quantity of oxygen can contribute to get rid of the
carbon content during debinding.

Table 4.1: Elemental composition of SS powders.

Elements SS 316L (wt. %) SS 17-4 PH (wt. %)
Iron Balance Balance
Chromium 17 16.7
Nickel 10.75 4.34
Carbon 0.012 0.02
Molybdenum 2.24 0.16
Nitrogen 0.081 0.1
Sulfur 0.004 0.01
Oxygen 0.07 0.17
Silicon 0.72 1
Manganese 1.02 0.69
Phosphorus 0.015 0.02
Copper - 4.06
Cobalt - -
Niobium - 0.2

The morphology of the selected powders is shared in Figure 4.1. The typical
nearly spherical shape from gas atomized powders can be observed. Some particle
satellites are present, and a very limited amount of surface defects can be detected for SS
316 L powder. On the contrary, the SS 17-4 PH powder shows rougher particle surfaces
that can have a significant impact on the powder flowability and spreadability.

2.9 i

L: (b) SS 17-4 PH.

3

Figure 4.1: SS powdes morphlogy. (a) S 316

The particle size distribution provided by the vendor of the powders is compared
in the Table 4.2 with the D10, D50 and D90 values corresponding respectively to the 10,
50 and 90 percentiles of the particle’s diameters. The selected particle size range was
chosen to attain a high packing density and enhanced sintering behavior due to a high
surface area. A wider PSD range is noticed for SS 17-4 PH powder.
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Table 4.2: Particle size distribution of SS powders.
Powder SS316L (um) SS 17-4 PH (um)

D10 53 4.6
D50 12.8 14.2
D90 24.8 31.4

4.1.2 Binder

The binder employed in this investigation was formulated by HP Printing and Computing
Solutions SL.

4.2 Printing process

An HP 3D MetalJet S100 machine prototype was employed to print all the samples from
this research. MetalJet was firstly introduced in 2018. It was originally built by leveraging
the acquired knowledge in the company with the 3D polymers printer (MultiJet Fusion),
and the widely known expertise on printhead production for 2D printing, printhead and
inks development. MetalJet S100 was finally launched on the market on September 2022,
including a full solution for the printing and processing of BJ green parts (Figure 4.2).

™

Figure 4.2: MetalJet S100 BJ solution. (a) Powder management station, (b) Printer; (c)
Curing station, (d) Automatic decake module (provided by HP Printing and Computing
Solutions S.L.).

4.2.1 Powder management

A usual step followed by HP Inc. once the powder is received is to precondition it for
stability. This process consists in a heat treatment in air. Then, it is placed in the feeding
plat- form where it will be dragged by the recoating system in the course of printing to
form the layers. Afterwards, the remaining powders from the feeding platform and the
overflow are saved for future jobs. The powder separated from the printed parts during
decaking is sieved to reject agglomerates and stored.
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During the print cycle, three different powder samples of 50 g were collected with
a spatula to track the evolution of its physical properties throughout the process. First, a
sample is taken from the remaining powder of the feeding platform after printing. A
second specimen is grabbed from the unused powder present in the center of the build
bed exposed to the printing test and finally a sample is collected after the cycled unused
powder is sieved. This gathered samples are respectively referred to as Load, Unpacked
and Sieved. With the purpose of analyzing the general effect of powder cycling on its
properties, the results shared in the mentioned section include powder collected in parallel
investigations that also used this powder batch.

4.2.2 Recoating

The spreading system is formed by a recoater that moves in the Y direction, allowing a
highly controlled spreading process.

Furthermore, two powder feeding platforms are located at each side of the Y axis,
enabling bidirectional recoating. This significantly enhances productivity.

4.2.3 Printing

Metallet printer beta prototype has a build bed of 430 x 309 x 140 mm. The equipment
operates with three HP thermal inkjet printheads to deliver the binder. This drop-on-
demand printheads work through thermal pulses that allow for a good control of the jetted
droplets and are capable to print with a 1200 x 1200 dpi resolution. Details of the
printhead structure showing the print bars and the nozzles in each of them are visualized
in Figure 4.3.
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Figure 4.3: HP Thermal Inkjet Printhead. (a) Printhead; (b) Print bars disposition, (c)
Nozzles disposition and spacing (provided by HP Printing and Computing Solutions S.L.).
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During printing, a set of heating top lamps uniformly heat the powder bed to
remove the binder vehicles, through an extraction system.

In this research, the contone level will be discussed. Contone, or continuous tone,
is a term employed in the printing industry and it refers to the ink (in the current case,
binder) quantity employed in each printing position within a continuous range, typically
from 0 to 256. The positions at which binder is jetted are determined by the contone
matrix. This matrix translates the part information from the CAD or STL file to an image
formed by ordered dots with variable sizes (or contone levels). Contrarily to the
commonly used binder saturation, the contone level is a direct measurement of the binder
jetted onto the powder bed. The advantage of using this parameter is that it does not
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depend on the printing process (packing rate, powder bed perturbation, particle
agglomeration or infiltration mechanisms), which makes it a better candidate for different
materials or systems comparisons. Overall, the contone level is measured as the
percentage of the created contone matrix covered by the binder. Assuming a packing rate
of 40 % and a static powder bed, a 100 % contone level would translate to a 66 % binder
saturation.

4.2.4 Curing and decaking

The curing takes place after the green parts have been produced. It consists on a thermal
process that confers an additional strength to the parts. After curing, the parts are
separated from the powder bed during the decaking step.

4.3 Sintering

All green parts in this work were fully densified in a furnace (MIM3045, Elnik Systems)
under H> atmosphere. The sintering profile included a previous step of debinding to
eliminate the binder present in the samples. The profile was chosen based on HP
recommendations.

4.4 Characterization

In this section, the characterization techniques employed are discussed. The section is
subdivided into the analysis of the powder properties, the green and sintered parts macro-
properties and finally, their microstructure.

4.4.1 Powder properties

Each investigation included an initial analysis of the powder properties. First,
morphology was characterized by SEM (JSM-IT100, Jeol). The powders” skeletal density
was measured with a pycnometer (AccyPyc II, Micrometrics Instruments Corporation)
and compared to the theoretical density calculated from its composition. Also, in the
larger investigations including several print jobs, the powder properties were tracked
along the powder management cycle. Measurements of the particle size distribution along
the process were carried out using a laser diffractometer (LA-960, Horiba), aiming to
detect any possible shift.

The appropriate technique to characterize flowability should provoke the same
stress state as the one under which the powder will be processed. For 3D printing, this is
a dynamic state [55]. For this reason, the avalanche test (Granudrum, Granutools) was
applied for flow behavior characterization. The results were also combined with tapped

37



38

Binder jetting: a microstructural perspective

density test (GranuPack, Granutools), as well as with shear cell tests (Powder Flow
Tester, Brookfield) to be able to compare with the current available literature.

The powder cleanliness was evaluated by surface tension tests (Force Tensiometer
K100, Kriiss) and hydrophobicity tests.

4.4.2 Macroscopic properties

After printing, each part was inspected visually. Any external defect was noted and
compared to a previously existing library of common HP MetalJet printing visual defects.

Dimensional accuracy was determined from transverse rupture strength (TRS)
geometries with the help of a 3D scan robot (GOM ScanCobot, GOM) which makes use
of an ATOS Q sensor to produce 3D files of the analyzed geometry. The measurements
of interest are those corresponding to the X, Y and Z build directions. The obtained values
for these dimensions were then subtracted to the nominal, set in the original CAD file, to
obtain the dimensional deviation. To further reduce variability from different nominal
lengths and parts orientation, only the largest length was considered for the analysis and
only TRS bars with same main orientation were compared between them.

The green flexural strength of TRS bars printed in the build direction (Z direction)
was characterized following the ASTM B312-14 standard with a Universal Testing
Machine (Zwick AllAround Z050, ZwickRoell) [130].

To conclude, density measurements of green parts were performed by combining
the 3D scan data with the weight of the samples (Mettler Toledo Scale Density). For more
complex parts like the cylinders, the 3D scan data was combined with caliper
measurements. However, the results will focus on the TRS bars density to avoid unwanted
differences coming from varying shape factors. The Archimedes method was employed
following the ASTM B962-13 standard for the measurements of sintered density (Mettler
Toledo Scale Density) [131].

4.4.3 Microstructure

Microstructural characterization was performed using a set of complementary techniques,
which are described in detail below.

Optical Microscopy (OM)

OM is a common and fast visualization technique. In metallurgy, it is used to examine
features like porosity, grain size or, by combining with etching, phase analysis. OMs work
by emitting light onto a specimen, and then capturing the reflected or transmitted light to
create a sample image [132]. Several objective or ocular lenses are used to magnify the
object, reaching a resolution in the micrometer range. In this work, an MM-400 OM
(Nikon) microscope was employed to characterize the porosity of sintered samples
(Figure 4.4).
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Figure 4.4: OM apparatus used in the present work (MM-400, Nikon).

Imaging was performed on cross sections of the manufactured parts that were
prepared by diamond wire cutting followed by grinding and polishing with an automatic
polisher (Tegramin-25, Struers). The Table 4.3 summarizes the sample preparation steps.

Table 4.3: Sintered sample preparation steps for OM visualization.

Step 1 2 3 4
Description Grinding Polishing Polishing Polishing
Surface SiC paper MD-Largo MD-Dac MD-Chem
Abrasive #220 Diamond, 9 pm Diamond, 3 um  Silica, 0.04 pm
Suspension Pure water DiaPro Largo DiaPro Dac OPS non-dry
Speed (rpm) 300 150 150 150
Force (N) 40 30 30 15

Time (min) 3.5 5 4 8

Scanning Electron Microscopy (SEM)

SEM is an advanced microstructural characterization technique that allows to achieve a
resolution up to the nanometer scale, permitting a more detailed description of the
microstructures under investigation than OM.

The SEM working principle is based in the interaction between electrons and the
sample. To begin, an electron beam needs to be formed. To this purpose, SEMs can
employ two different sources. The first, thermionic sources, are based on the application
of heat to release electrons from a material. This is the case of the commonly employed
tungsten filaments. The second, field emission sources, also known as field emission gun
(FEG) use an electrostatic field to produce the electrons. The electrostatic field is applied
to a tungsten tip or wire, which, consequently, releases high-energy electrons. The
electron emission areas of thermionic sources are in the order of the micrometer scale
while for the field emission sources, they can reach the nanometers. This translates into a
significant enhancement of the achievable image resolution in FEG-SEMs [133].

Once the electron beam is generated, a magnetic system is utilized to direct the
beam towards the sample. As a result, several interactions take place between the
generated beam of electrons and the electrons present in the sample. As a result of these
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interactions, electrons with different energies and X-rays are emitted. These emissions
are, in turn, collected by different detectors, which provide images with contrast related
to surface relief, atomic number, composition, etc. The Figure 4.5 summarizes the
different signals emitted by the sample following the electron beam impact.

=— Electron range R

Figure 4.5: Principal electron (PE) interaction with matter taking place in an SEM.
Secondary electron (SE), backscattered electron (BSE), Auger electron (AE) and X-rays
(X) interaction depths [133].

The current work focused on the information provided by SE and BSE electrons.
SE are produced by inelastic interactions. Such interactions happen when an electron of
the incident beam excites an electron in the atoms of the sample, and as a result, the
electrons lose energy.

BSE are formed by the elastic interaction of the incident electrons with the atoms
present in the sample. Such interaction depends significantly on the atomic number of the
element interacting. Heavier atoms contain a stronger positively charged nucleus, thus,
there is a higher probability of electron backscattering. This is translated to the obtention
of phase-contrast micrographs in multi-material samples with a significant difference
between the atomic numbers of the existing elements. This feature had a major impact in
the present work, allowing the detection and quantification of the binder in green samples.

Three different SEM microscopes were employed in this work. The imaging
parameters used to obtain good contrast between particles and binder were adjusted to the
achievable image resolution in each one of them. Table 4.4 lists the SEMs models as well
as the corresponding imaging parameters.

Table 4.4: SEMs used in this work, their respective emission source, and the imaging
parameters for the binder characterization.

Equipment Emission source Imaging parameters

IT 100, Jeol Thermionic 5kV, 0.60 nA, 100 x

Helios NanoLab 6001, FEI FEG 5kV, 0.69 nA, 150 x
Apreo 2S, Thermofisher FEG 2kV,0.10nA, 150 x

In the current work, SEM was mainly utilized for the characterization of green
parts. The specimen’s cross sections were prepared by cutting with a diamond wire saw
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followed by grinding with P500 abrasive paper during 5 s. The Figure 4.6 illustrates the
three SEMs employed in the course of this work.

Figure 4.6: SEM equipment employed in the current work; a) IT-100, Jeol; b) Helios
Nanolab 600i, FEI; c) Apreo S2, Thermofisher.

X-ray Computed Tomography (XCT)

XCT is an advanced characterization technique that is used to characterize internal
defects, like porosity, and complex part’s dimensions.

XCT technology is built on the interactions occurring between an X-ray beam and
the sample under investigation. The X-ray beam is generated by focusing an electron
beam on a target, generally made of tungsten or molybdenum and it is later redirected
towards the specimen. The energy of the X-rays going through the sample will be reduced
based on the specific material attenuation coefficient. The transmitted X-rays are captured
by a flat panel detector which generates a grayscale image [134]. The resulting intensity
after the interaction between the X-rays and the sample (I) can be calculated following
the Beer-Lambert law (4.1).

[ = lje H* .1)

Where Iy is the initial intensity of the photons, p is the attenuation coefficient of
the material and x, the distance travelled by the beam in the sample or depth of the
material. One of the reasons for the high complexity of XCT technique is the large amount
of variability sources within this formula. Amongst others, the initial X-ray beam
intensity depends on several parameters such as the filament and target material
conditions. Also, complex geometries with varying thicknesses will result in larger
number of photons going through thinner regions. For this reason, a cylindrical geometry
is generally preferred [135].

In radiology, only a single projection is required. On the contrary, XCT employs
multiple projections from different material angles that can later be reconstructed into a
3D volume of the scanned specimen. To this end, tomographs have a rotating platform
between the beam source and the detector, where the sample is positioned.

Volume reconstruction algorithms use the 2D information obtained in the
projections from the attenuated X-rays to calculate the 3D position of each pixel of the
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sample by back-projecting and integrating the Beer-Lambert equation. There exist several
algorithms to perform XCT reconstruction, however, filtered back projection continues
to be the most commonly used [134].

In this work, two different XCT systems were used. The corresponding imaging
and reconstruction parameters ; were adapted to optimize the resulting grayscale image
of each equipment and resolution (Table 4.5). A 0.2 mm thick Cu filter was used in all
cases to remove low energy X-rays.

Table 4.5: XCT equipment used in this work, resolution and imaging and reconstruction
parameters.

. Resolution Imaging Reconstruction
Equipment .
(nm/pixel) parameters parameters
130 kV, 60 pA, 8.5 BH" correction
1.63 : :

Phoenix Nanotom S. GE 500 ms Inline median filter
’ 4_5 130 kV, 60 pA, 8.5 BH" correction
500 ms Inline median filter

1.70 130 kV, 50 pA, 3 BH" correction
. ’ 0.707 Hz Inline median filter

XTH 225, Nikon 550 130 kV, 23 pA, 3 BH" correction
' 0.707 Hz Inline median filter

“Beam hardening

In the present work focused XCT was utilized to characterize the porosity of green
samples. Initially, 4 different resolutions were employed in 4 different sample sizes to
determine the optimum resolution and size for different purposes (Section 4.5.1). The
sample’s size had to match the required resolution; thus, bigger samples were prepared
by choosing a representative volume and cutting it with a diamond wire saw. Figure 4.7
shows the two tomographs employed.

a) i b)
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Figure 4.7: Tomographs utilized; a) XTH 225, Nikon, b) Phoenix Nanotom S, GE.
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4.5 Quantitative microstructural methods

Binder jetting microstructural characterization supporting serial parts production requires
a quantitative and robust methodology, which is currently underdeveloped. Nevertheless,
as the binder jetting industry grows, the need of scalable and automated methodologies
becomes more evident. In this work, three novel methodologies have been developed to
enable the quantitative characterization of an elevated number of samples. These
approaches headed to agile methods to draw significant conclusions in this research,
impacting the print mode development. Next, each one of the advanced procedures is
explained in detail.

4.5.1 Porosity metrics development from XCT volumes

XCT-sampled volumes contain relevant information of the sample’s porosity. However,
extracting this information is very complex due to the involvement of advanced image
treatment algorithms and to the gray-scale variability of the original slices [134].
Consequently, a generalized and automated method facilitating the obtention of porosity
data is preferred. In this section, an image treatment methodology is suggested to address
this matter. The proposed method is subdivided in three parts: choice of resolution to scan
a given volume, volume preparation procedure, and porosity analysis.

Size and resolution trade-off

Several cylinders with varying diameters were scanned in order to clarify how the
extracted volume information depends on the utilized geometry and hence, on the
achieved resolution.

Figure 4.8 shows four scanned and aligned volumes of green parts, pending to be
further densified through sintering, printed with the same printing parameters. Resolution
of the volumes increases from left to right with the decrease of the analyzed parts
diameter. As it can be stated, the usage of high resolutions in XCT is valuable not only to
obtain more precise global porosity information, but also to collect data about the particle
distribution across the specimen.

Resolution: 5 um/pixel Resolution: 3 um/pixel Resolution: 1,625 um/pixel Resolution: 0,875 um/pixel
Diameter: 1 cm Diameter: 6 mm Diameter: 3 mm Diameter: 1 mm

Figure 4.8: Size and resolution trade-off in XCT scanned BJ green parts. XY planes.

There are drawbacks when using such a high resolution. First, the required amount
of scan time practically doubles, this would suppose an inconvenient when this analysis
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is coupled with production and there is a necessity to obtain results in a quick manner.
Secondly, the analyzed volume is restricted to a very small size which might not be
representative of more commonly printed parts or of a whole volume in a case where the
sample was cut. For this reason, cylinders with a diameter of 3 mm and an achievable
resolution of 1.63 um were preferred to carry out deeper characterization through XCT.
However, lower resolutions of 5.5 um/pixel were also employed for faster investigations
linked to industrial parts production.

Volume preparation

After scanning and reconstructing the volumes, the gray level histogram is homogenized
by applying a brightness and contrast conditioning, followed by a volume alignment. The
brightness and contrast homogenization serves to overcome the gray-scale differences
generated by the X-ray intensity variation between measurements. The employed
homogenization algorithm (developed at IMDEA Materials) relocates the initial 16-bit
range of gray values to a new 8-bit range based on user input. To determine the input, an
initially acquired volume is turned from 16-bit to 8-bit. The 8-bit volume is used to
resolve the peaks corresponding to material and void and the deviation of each peak. A
region of interest (ROI) is created for each component to apply the selected
homogenization values.

The volume alignment is a useful step in binder jet XCT volumes for correctly
identifying the XY, XZ and YZ build planes, in which most of the process related features
can be detected. This procedure can be performed through visualization of the volume
and manual orientation. However, an automation of the alignment is desired to minimize
operator time and reduce the user- dependency of the procedure. To this end, the Fast
Fourier Transform (FFT) is employed to detect a 2D repeated defect, e.g., layering, which
existence is a requirement for running an automated alignment. The steps followed for
the procedure are visualized in the Figure 4.9 and are the following:

Figure 4.9: Volume alignment methodology in a not yet densified green part (1) XZ slice
of the volume; (2) Cropped slice without background; (3) Segmented slice through
Sauvola filtering, (4) FFT processed image with 4(i) detail of the peaks in the center, (35)
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FFT processed and scaled image with 5(i) detail of the peaks in the center; (6a)
Segmented image through percentile thresholding (6b) Detail of the center of the
segmented image showing the peaks.

1.

Slices of the planes showing the 2D pattern are obtained from the volume at
different heights to account for variability along the part. In the case of interest,
these are the XZ and YZ planes.

The obtained images are cropped to remove background that could affect the
subsequent segmentation and FFT processing.

. The cropped image is converted to 8 bit and a local thresholding segmentation of

the images is performed. The Sauvola filter is applied with radius 50 and
parameters 1 and 2, 0.7 and 128 respectively. This segmentation contributes to
limit the results from the FFT to pore and material patterns.

The FFT is applied. The resulting image is a grey scale figure in the Fourier
domain with peaks corresponding to the angles and frequencies of the layering.

Next, the FFT is scaled from 2048 x 2048 to 8192 x 8192 to increase the
achievable resolution of the angle formed between the peaks. This requires a
bicubic interpolation to calculate the values of the added pixels.

A percentile thresholding is applied to detect the maximum values of the grey
image. The analysis of the remaining points leads to the extraction of the angle of
rotation necessary to align the volume.

The acquired angle is employed to rotate the original image in the perpendicular
direction (Y) to the observed plane (XZ plane). To align the sample a second direction
independent from the first one was rotated following the previous procedure. In this case,
the second plane employed to extract the angle was the YZ plane, where layering was
also noticeable, thus, its corresponding rotation direction was X.

The Figure 4.10 exhibits the three planes of an analyzed volume before and after
automatic alignment.
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(a) (b)

308

Figure 4.0: XCT olume with 2D pattern automatic alignment (A) Volume without
alignment; (B) Volume after alignment.

After the volume pre-treatment, a local thresholding Sauvola algorithm
implemented in Fiji was employed to segment the material and porosity [136]. The
Sauvola algorithm employs the equation (4.2):

standard deviation
r—1

pixel = pixel > mean X [1 + k X ( )] 4.2)

Where pixel is the original gray-scale pixel value, mean and standard deviation
are the statistical measurements of the surrounding pixels within a selected local radius,
k is the parameter 1 and r the parameter 2. A radius of 30 pixels was defined, and a k and
r values of 0.7 and 128 respectively, based on the existing features sizes.

Porosity analysis

After segmentation, porosity can be visualized and analyzed. Two types of analysis are
suggested, a Z-directional analysis and a pore channel size distribution analysis. The Z-
directional analysis has the objective to quantify the impact of the layering defect on the
sample. The porosity percentage is evaluated in the printing direction, taking advantage
of the previously aligned volume and the layering pattern observed. An example of this
analysis is shown in the Figure 4.11.
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Figure 4.11: XCT volume directional analysis.

The analysis of the observed oscillating pattern of porosity can provide
quantitative metrics that can further be compared to other volumes. These metrics can
easily be extracted with a Fourier analysis of the resulting porosity pattern along the Z-
axis. The Table 4.6 describes the obtained metrics in more detail.

Table 4.6: Porosity distribution metrics.
Metric Definition

Amplitude of the sinusoidal pattern of porosity. Quantifies
the severity of the layering defect.

Period of the sinusoidal pattern of porosity. Relates to the
layer thickness and to the porosity formation origin.

Porosity amplitude
Porosity period
Interconnectivity (%)  Fraction of the total porosity occupied by the biggest pore.

Porosity (%) Global porosity percentage of the segmented volume.

A common examination performed on XCT porosity data is the pore size
distribution analysis [109], [129]. Such analysis brings information on the distribution of
pores sizes in the volume and their individual morphologies. A strategy to acquired
similar information is the utilization of wall-thickness analysis over the pore’s channels
of the volume. The wall-thickness analysis is generally employed for the dimensional
characterization of complex parts [137], [138]. VGStudio software from VolumeGraphics
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was used to run this evaluation [139]. For the analysis, each individual pore is considered
as an entity, thus, a distribution of the pores channels sizes is obtained [140]. The wall-
thickness analysis method fits many maximum circumscribed spheres inside and along
the pore walls and returns the porosity volume colored according to the spheres” diameters
fitting the channel (Figure 4.12). Additionally, a data file containing a histogram of the

sphere’s diameter is provided.
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Figure 4.12: Porosity wall-thickness analysis of an XCT segmented volume.

4.5.2 Binder characterization through machine
learning classification

Binder is responsible for the BJ green part properties since it confers strength to the parts.
Its distribution on the part will define the resulting quality and can define the printing
process outcome. In this section, a method for quantifying and evaluating the binder
distribution in green parts is explained in depth.

The initial step is the acquisition of SEM micrographs with the BSE detector as
described in Section 4.4.3. Figure 4.13 shows an example of the resulting image,
containing information about the three phases present in the green part, binder, metal

particles and porosity.
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Figure 4.13: SEM micrograph taken with a BSE detector skowing the three phases
distribution in a green part.

The attained contrast between the phases in the micrographs opens the window
for further analysis methods, including the automatization of the binder distribution
characterization. The followed strategy for this purpose consisted of the utilization of a
pixelwise classification algorithm. Pixelwise classification is a type of machine learning
algorithm consisting of the detection of image features through the information of the
pixels and their surroundings, included in the analysis through several image filters [141].
First, two images containing the ground truth were manually classified to train and
validate the model.

Next, the strategy to build an image classification and treatment was conducted.
Initially, an image pre-treatment consisting of contrast and brightness normalization was
considered. Image normalization involves rescaling the existing gray scale values of an
image to the whole available range. To do so, a reassignment of each pixel gray level
value is ran based on the surrounding pixels information and the selected process inputs
[142]. In this specific case, a local contrast normalization was employed with a box size
of 30 x 30 pixels and a 2.5 standard deviation. As it can be observed, the existing
differences between the non-treated images contrast and brightness are considerably
higher. Therefore, the normalized images are better suited for classification tasks.

Following, a selection of the appropriate image filters is done to include the
relevant information in the classification algorithm. The selected filters considered the
contribution of texture, noise, and edges between image features to the classification
model [143]. They were subdivided into the following classes: first-order statistic (mean),
second-order statistic (standard deviation), third-order statistic (skewness), and fourth-
order statistic (kurtosis). A bank of Gabor filters was firstly convolved with the acquired
SEM images through multiple kernel sizes (e.g., 5x5, 7x7) using a sliding window
approach. A Gabor filter is essentially a sinusoidal signal with a given frequency and
orientation, modulated by a Gaussian, which boosts the texture content analysis due to its
local frequency responses [144]. Afterwards, the statistical features were extracted from
each convolved region. Additionally, common features including Gaussian, Median,
Grey Homogeneity, Scharr, Sobel or Prewitt were also included. The sigma values
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employed for these features ranged from 1 to 13, corresponding to the size range of the
observable features in the micrographs.

Feature importance allows to establish which of all the selected features
contributes to the model explanation in a larger extend. A pre-selection of these features
allows faster computation of the classification while maintaining the classification
accuracy results. Feature importance is calculated as the decrease in node impurity
weighted by the probability of reaching that node [143]. The node probability is computed
by the number of samples that reach the node, divided by the total number of samples.
The higher the value the more relevant the feature is in the model. Figure 4.14 shows the
top 10 optimal features selected to accurately categorize porosity, binder, and particles
and their relative importance. Although Gabor features did not get the highest feature
importance value, it was noted that subtracting these features, result in a significant loss
of the model accuracy. The values after the features indicate their specific parameters,
e.g., s3 specifies a sigma value of 3 was employed. Median Gabor filter 5 was built with
a0=0,06=1,A=3n/4 and y = 0.05, median Gabor feature 17 was formed with a 6 = /4,
c=1,A2=3n/4 and y = 0.05.

Median Gabor 17
Homogeneity
Median Gabor 5
Scharr

Gaussian s3
Median s7
Median s3

Gaussian sl

Features

Gaussian s7

Original Image

o 1 2 3 4 5 6 1 8 9
Relative importance (%)
Figure 4.14: Selected features importance.

The most suitable statistical features and the LightGBM classifier (implemented
in Scikit-learn library of python) built the main core of the proposed algorithm.
LightGBM consists of a gradient boosting framework that uses tree-based learning
algorithms. LightGBM was chosen as it can handle a large amount of data, needs less
memory usage, the training is fast and efficient, and the testing accuracy is usually
remarkable [145], [146].

Prior to classification, oversampling was employed for the two less common
classes (binder and porosity). Oversampling is a technique applied to those imbalanced
datasets where there is a severe skew in class distribution. This bias in the training dataset
can influence many machine learning algorithms, leading to ignore or wrongly predict
the minority class. One approach to addressing the problem of class imbalance is to
duplicate examples from the minority class, called oversampling. If this duplication is
randomly performed is called random oversampling. A total of 250,000 data points per
class were included in the training. The LightGBM classifier was then employed to
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uncover the optimal features. The fine-tuned parameters for the classifier were:
boosting_type = ‘gbdt’, objective = 'multiclass’, is unbalance = True, metric =
‘multi_logloss’, n_estimators = 1000, reg_alpha = 0. and reg_lambda = 0.

As specified previously, the model was trained with two manually classified
images of size 1536 x 225 pixels. An image window containing an 80 % of subsequent
pixels (to avoid similarities between test and train data) was used to train the model, the
remaining 20 % of the pixels were used to conform the validation test of the model. The
final classification accuracy reached for each class is shared in Table 4.7. Precision is the
ratio between correctly predicted positive observations and the total predicted positive
observations. Recall, also known as sensitivity, is the ratio between correctly predicted
positive observations and all the observations in the class. Finally, F1-score is a weighted
average of the other two metrics which considers false positives and false negatives. It
was experimentally noted that Fl-score values can be increased by adding more
heterogeneous training data to the model, i.e., more images of different samples. Binder
results showed the lowest F1-score. The large majority of the misclassified pixels were
found in the interphase between binder and porosity. This is expected given the low
contrast attained in such locations. However, the resulting accuracy was sufficient to
detect the layered pattern of the binder distribution and extract the related metrics.

Table 4.7: Pixel-wise classification results of LightGBM algorithm.

Class Precision Recall F1-score
Binder 0.71 0.78 0.74
Porosity 0.76 0.83 0.79
Particles 0.98 0.94 0.96
Macro avg. 0.81 0.85 0.83
Weighted avg. 0.90 0.90 0.90

To finish, the classified image is used to calculate each class percentage. Also, the
same procedure that was employed for the segmented volume, based on the FFT analysis,
was employed to align the micrographs, and to determine the binder distribution
amplitude and period.

4.5.3 Porosity of sintered parts

The porosity of sintered parts can be easily extracted from optical micrographs as stated
in Section 4.4.3. Nevertheless, given the complexity of the printed geometries there may
be a porosity gradient within the part. An image analysis method was developed to
analyze such gradient.
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PRINTING PARAMETERS
OPTIMIZATION THROUGH
GREEN PART
CHARACTERIZATION

parts microstructure: advanced quantitative analysis” are shared. A wider version of

such results is shared in the confidential version of this thesis, available on demand.

The developed characterization methods described in Section 4.5 are employed to
compare four combinations of printing parameters through the green microstructural
metrics. In addition, green density measurements and porosity results from XCT were
analyzed for their use in sintered density predictions.

In this chapter the results published in a the scientific article: “Binder jetting green

Jobs were printed with several combinations of layer thickness and binder
saturation values, which are detailed in Table 5.1, and at printing temperatures
(temperature reached by the lamp during printing) in the range of 45-65 °C. Note that,
intentionally, not optimized print modes were run in order to enable enough sensitivity
for the novel methodology to identify features and develop metrics. Parts included TRS
parallelepipeds (38 x 15 x 8 mm) and cylindrical bars (§ mm height 3 mm diameter). The
first ones were used for the characterization of the macro-properties and SEM analysis,
while the cylinders were employed for the XCT green part microstructural
characterization.
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Table 5.1: Selected combination of printing parameters.

Part Name Layer Thickness () Binder Saturation
A 35 um <100 %
B 35 um > 100 %
C 70 pum <100 %
D 70 pm > 100 %

5.1 SEM analysis: Binder fraction and
amplitude

The local binder percentage and binder amplitude along longitudinal XZ plane sections
of green parts printed with a variety of parameters is shown in Figure 5.1. Each point in
this figure is calculated as the average of 5 images per sample in at least 2 samples per
condition. In the range of temperatures studied (45-65 °C) it is observed that the local
binder fraction is independent of the A, varying in between 8-19% according to the binder
saturation employed. In contrast, the binder amplitude increases with the A. Amplitudes
from 0.5 to 0.9 % are associated to 35 pm and amplitudes of 0.9 to 1.1 % are associated
to 70 pm. The binder amplitude is a measure of the green microstructure homogeneity
and, thus, shorter amplitudes are expected in more homogeneous microstructures, which
usually are associated to shorter A [147]. The analysis also confirmed that the binder
period is of the order of magnitude of A, with values and standard deviations of 36,06 +
3,43 um for 35 pum layer thickness and 69,76 = 1,11 um for 70 um layers.
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Figure 5.1: Local binder percentage and binder amplitude of green parts with a variety
of printing parameters.

While deviation of the binder local fraction is maintained at low values for all
conditions, the amplitude deviation shows a dependance on the binder saturation
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employed. Higher saturations above 100 % lead to bigger deviations near 0.4 % binder
amplitude.

Figure 5.2 shows SEM green part cross sections and the corresponding segmented
counterparts used to extract the microstructural metrics. A homogeneous microstructure
is observed for the 35 pm A irrespective of the binder saturation level. Similar binder
amplitudes were observed for 35 um, >100% (Figure 7b) and 70 um, <100% binder
saturation (Figure 7c). However, the observed binder fraction on the micrographs clearly
differs. The layering pattern of the binder can also be identified in the case of 70 pm and
>100% binder saturation, which is an exaggerated print mode example to allow
microstructural metrics differences and thresholds. This particular printing parameter
combination also presents pores larger than 50 um (meso-pores).
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100 pm
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Figure 5.2: SEM micrographs of green parts printed in gray scale and their respective
classification output in black and white contrast. Samples layer thickness and binder
saturation: (a) 35 um, < 100 %; (b) 35 um, > 100 %; (c) 70 um, < 100 %, (d) 70 um, >
100 %, layering defect shown in violet dashed lines, meso-pore shown in green.

It must be noted that the methodology allowed the identification of the binder
location along a variety of particle sizes distributed along microstructure cross section.
Thus, by quantifying the binder percentage along the printing direction (vertical in Figure
7), it is possible to identify regions of higher binder concentrations (referred to as
amplitude in Figure 3) that are related with regions of segregation of fine particles.
Moreover, the use of higher binder saturation leads to higher green densities (see Figure
12) but at the expense of meso-pore formation, as highlighted in Figure 7d in green,
probably due to powder disturbances from the binder.
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5.2 3D XCT analysis: Porosity fraction
and distribution

Figure 5.3 illustrates the porosity percentage as a function of A and binder saturation. The
porosity is observed to increase with A. In particular, a relative porosity of 8-11% is
observed for 35 um and of 15-28 % for 70 pum. The porosity was observed to increase as
well with binder saturation, particularly for the larger A, where it reaches values close to
30 %. The SEM micrographs of Figure 5.2, suggest that this might be related to the
presence of meso-pores. The porosity amplitude, also depicted in Figure 5.3, shows
analogous bimodal trends as the ones noted for the binder amplitude (Figure 5.1). The
porosity amplitude at 35 um is stable around 13%, irrespective of the binder saturation
level. At 70 um the porosity amplitude decreases with increasing binder saturation from
12 to 9 %. The large porosity fraction at a saturation higher than 100%, combined with a
comparatively lower amplitude, is positively expected to reduce the part anisotropy.
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Figure 5.3: Porosity percentage of green parts with a variety of printing parameters.

The XCT slices shown in Figure 5.4 confirm qualitatively the previous
quantitative analysis. A more homogeneous microstructure is noted for 35 um (Figure
5.4a-b), while 70 um layers parts (Figure 5.4c-d) showed very dense layers but with
interlayer porosity. Secondly, for a constant A the degree of layering increases with higher
binder saturation in thin layers (Figure 5.4a-b), while the opposite is observed for thicker
layers (Figure 5.4c-d).
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saturation: (a) 35 um, < 100 % (b) 35 um, > 100 % (c) 70 um, < 100 % (d) 70 um, >
100 %.

A 3D analysis of the pore interconnectivity reveals that it is below 50% for 35 um
parts and above 80 % for 70 um parts (Figure 5.5). Thus, a pore size distribution analysis
is not sufficient to characterize and compare the porosity of the samples, since most of
the pore’s information will be contained in a single pore.
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Figure 5.5: Interconnectivity of pores in printed green parts.

A wall-thickness analysis of porosity was carried out (Figure 5.6). It can be
observed, first, that higher relative frequency thicknesses range between 5 and 15 pm for
all samples. However, a higher fraction of thicker channels is observed for 70 um. While
in 35 pum parts, the maximum value of the wall-thickness is equivalent to A, in the case of
70 um parts the maximum values lay below 60 um, suggesting a relative reduction of
porosity. Finally, an increase of the relative frequency of bigger channels is also noted
for >100 % binder saturation at both selected A.
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Figure 5.6: Porosity wall-thickness analysis of representative printing conditions.
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5.3 Density analysis

Figure 5.7 shows the green and sintered density corresponding to all the printed parts.
Binder saturation appears to have significant impact on density. While a >100 % of binder
saturation led to densities between 4.7-4.8 g/cm?, lower binder saturation led to a more
variable outcome with densities between 4.2-4.6 g/cm?. Parts printed at 35 pm exhibited
slightly higher sintered densities and lower sensitivity to other printing parameters in
comparison to 70 um parts.
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Figure 5.7: Green and sintered density with a variety of printing parameters.

In summary, the microstructural analysis and metrics identification for both binder
and porosities local fraction and periodicity allowed to get relative threshold values
related to green and sintered density (Table 5.2). In particular, binder fraction observed
in the cross sections were impacted only by the binder saturation. In contrast, binder
amplitude was observed to increase from 0.5 to 1.1% from thinner layers and less binder
saturation to coarser layers and larger binder saturations respectively. The binder
amplitude is expected to be related to the infiltration of the binder during the printing
process. The porosity formed also contributes to a lower infiltration due to the reduction
of small channels where the binder can move through capillarity. This is why, a similar
dependance to printing parameters is observed for both metrics. As homogeneous
microstructures are related to those with minimum binder amplitudes, a layer thickness
and binder saturation optimization could be performed considering this metric. The
porosity amplitude on the other hand is a measure of the impact of the layering defect. It
was observed that the main contributor to the severity of this defect was the employed
layer thickness. At thick layers it has been shown that binder saturation has the potential
to reduce the amplitude. Previous studies have commented on a possible compaction of
the bed through the binder deposition and coalescence. These results would be in
agreement. Porosity fraction and amplitude provided minimum values with a
corresponding homogeneous microstructure.
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Table 5.2: Summary of microstructure parameters, green and sintered density.

Binder Binder Porosity Porosity Green Sintered
fraction = Amplitude Fraction Amplitude  Density Density
(%) (“0) (“o) (%) (g/mL) (g/mL)
35 pm,
9 0.5 8 13 4.5 (56) 7.9 (99)
<100 %
35 pm,
19 0.9 11 13 4.7 (59) 7.8 (98)
>100 %
70 pm,
8 0.9 15 28 4.3 (54) 7.7 (96)
<100 %
70 pm,
19 1.1 28 22 4.8 (60) 7.5 (94)
>100 %

It is important to note that, even more exaggerated heterogeneous microstructures
should be generated by using even less optimized print modes to allow more intense
metric signals. In this study, the quantification method enabled the identification of binder
and porosity metrics with resolution enough for slight periodicity signals.

5.4 Sintered density predictability

Figure 5.8 correlates the green density and the porosity with the sintered density. A total
amount of 10 samples were included in the analysis as this number allowed to balance
the need to carry out a robust analysis with the time-intensive XCT characterization
requirements. The R-square values, measuring the proportion of sintered density variance
explained by green density and green porosity, were calculated. A very low correlation
between green and sintered density is observed (R? = 0.08). The application of extreme
printing conditions, such as a binder saturation above 100 %, modifies the pore size
distribution of the samples. This modification is not collected in a macroscopic property
like density. However, porosity in the green part is highly correlated to the sintered
density (R*>=0.89). This high correlation is consistent with the fact that the smallest pores,
which cannot be detected by XCT, do not represent a big impediment during sintering.
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Figure 5.8: Green density and green part porosity relationship with sintered density.

Additionally, the observed reduction on sintered density at a high binder saturation
(Figure 5.8) is attributed to the detected meso-pores (Figure 5.7). To the contrary, >100
% binder saturation is advantageous for the green state properties, leading to higher green
densities and green strength and making parts easier to handle. Strategies to reduce the
size of meso-pores due to high binder saturation conditions, should be considered along
print mode optimization. Also, an improvement of the sintered part quality through
increased sintering time and temperature could be addressed, as proposed by Sufiiarov et
al. [113]. Other alternatives to improve the sintering process is to use sintering additives
or nanoparticles [11], [26]. Moreover, supplementary post-treatment like hot isostatic
pressing (HIP) has been widely applied for this purpose [109]. It is also hypothesized that
big pores might also be diminished by the modification of printing and curing parameters
that control binder deposition and solvents evaporation. Further investigations in this
direction would help to mitigate big pores formation without the addition of new process
steps and variables.

Finally, amplitude values of binder and pores are key in understanding material
properties anisotropy owing to the directional nature of BJ technology. While binder
fraction and distribution are expected to significantly impact green strength, porosity
amplitude will presumably have a larger impact on the anisotropy of the sintered state
samples and their resulting microstructure [95].

5.5 Conclusions and future work

To conclude, the investigation has delivered a novel methodology to characterize green
parts” microstructures based on a periodic signal of the binder and porosity local fraction
throughout the build direction. This allowed the identification of the relative metric
ranges for a variety of printing parameters, which were selected aiming to assess the
methodology sensitivity. Additional conclusions are:
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e The developed pixel-wise classification algorithm allows to quantify green parts’
SEM micrographs and to extract relevant binder microstructural characteristics.

e Complementary, XCT characterization allowed the quantification and
comparison of porosity across different process parameters combinations. A
resolution of 1.6 um is not able to resolve smaller interparticle pores. However,
its potential to be used as a metric to predict the sintering outcome with great
accuracy has been proven.

e The binder and porosity distribution metrics, referred to as binder and porosity
amplitude, respectively, are intimately related to the layering defect describing the
green part microstructure. The optimal print mode selected based on this metrics
was a 35 um layer with a binder saturation below a 100 %.

e Wall thickness analysis allowed a more optimal porosity characterization due to
the high interconnectivity values.

e It has been proven that no correlation exists between the green and sintered
densities (R?> = 0.08), while the pore fraction was able to predict the sintered
density (R? = 0.89).

Finally, future work would involve a deeper characterization of sintered parts and the
exploration of the effect of both binder and porosity amplitude with sintered
microstructure, anisotropy and resulting part shrinkage.
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PART GEOMETRY EFFECT
ON MICROSTRUCTURE

upon heating. The temperatures required to jet the binder through the printhead

nozzles and to control the binder’s viscosity during infiltration are very different.

Because of this reason, increasing the printable region of a part, i.e., its section,
can result in a larger temperature gradient. The current section aimed to investigate this
matter.

B inder infiltration mechanisms can be affected by the binder’s viscosity evolution

To that purpose two investigations focused on a variety of part geometries were
carried out. The first investigation was intentionally designed to analyze a variety of
geometrical features, e.g., section size, section size evolution or feature size. The printed
green parts microstructure was revealed following the characterization methods shared in
Sections 4.5.1 and 4.5.2. From the analysis, several relationships were found. Such
relationships showed a potential to build adaptative print modes that modify their
parameters according to the geometry being printed.

The second investigation focused on an industrial case study consisting in a
complex demo geometry. Microstructural metrics regarding binder and its distribution
across a green part were compared to those obtained in a simpler TRS bar. As a result,
the conclusions from the first investigation could be leveraged to a real case study
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EDGE POROSITY ANALYSIS
OF BJ SINTERED PARTS

most of the previously mentioned heterogeneities in green parts can be mitigated

through the sintering process and post-treatments, there is a need to understand

their impact over the final part densification and microstructure. The
microstructural characterization method developed and mentioned in Section 4.5.3 was
employed to analyze BJ sintered parts.

F I \he current chapter focused on the investigation of BJ sintered parts porosity. While

Three investigations conformed this chapter. The first consisted of an initial
exploration of the sintered parts porosity in different regions of the part for a variety of
printing parameters combinations. It allowed for a first assessment of the differences
between top, bottom, edges and center of BJ sintered parts. In general, the differences
found could be reduced through the modification of printing parameters for each contour
condition being considered.

The second investigation focused on the porosity distribution evaluation and its
evolution across the part. Three printing parameters combinations were employed
covering a range of conditions that eased the determination of the optimal print modes
for each part region. The mechanisms driving sintered part porosity heterogeneities could
be found and a method to mitigate them based on adaptative print modes was proposed.

Finally, an industrial case study investigation was carried out. The study was
centered in the furnace part positioning impact over the minimization of porosity in
sintered parts. It was found that the heterogeneous distribution of temperature during
sintering in a batch furnace could lead to significant differences between final parts
porosity. The optimal parts’ distribution within the furnace was proposed based on OM
porosity metrics. However, the origin of the problematic was linked to the design of the
furnace. A further effort is proposed in this matter to ensure the correct distribution of
temperature and avoid differences during final part consolidation.






CONCLUSIONS

in the Chapter 3. Therefore, the general conclusions are divided to address each

F I \he investigations carried out in this work aimed to accomplish the objectives cited
proposed goal.

1. Develop automated characterization methods that allow for metrics
subtraction and comparison between BJ green parts:

e The lack of green part microstructural characterization in BJ 3D printing
pointed towards the development of image treatment algorithms for SEM
and OM micrographs and XCT volumes allowing the subtraction of
relevant metrics for understanding BJ processes.

e These algorithms were not only developed, but also employed in several
studies, which proved their high sensitivity to a variety of BJ parameters,
printed geometries, or sintering conditions.

e The extracted metrics presented a high correlation with relevant process
parameters, exhibiting a great potential for process predictability at
different stages.

2. Contribute to the existing knowledge of BJ printing process through the
addition of a deep characterization of green parts and their respective
sintered parts outcome:

e The Chapter S explored the relationship of BJ part with some printing

parameters already available in the literature. However, the addition of a
new perspective combining commonly seen characterization with the
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microstructural readings of the green parts allowed to get new insights into
BJ printing mechanisms.

3. Investigate the impact of part geometry, size, and features on the resulting
microstructure:

Part geometry was found to significantly influence the microstructural
observations. A relationship was established between a variety of
geometrical features and the resulting microstructural metrics.

The geometrical influences exploration emphasized the need for
adaptative print modes that consider the previously mentioned
relationships.

4. Advance in the understanding of the surface defects relationship with the
printing recipe and its link to posterior machinability:

OM microstructural metrics were developed to characterize porosity
gradients in BJ sintered parts.

Several process parameters were found to promote or hinder the formation
of porosity in the sintered state. An optimization of these parameters was
proposed.

The resulting variability of porosity metrics within the part also evidences
the need for adaptative print modes the optimize porosity locally.
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FUTURE
WORK

summarizes future development areas with a high potential to impact BJ current

B ased on the findings of this work and the current state of the art, this chapter
problematics.

The chapter specifically explored four paths of investigation. Firstly, although the
layering defect can be minimized in the sintering stage, it still contributes to the green
parts heterogeneities and it can also modify the shrinkage ratios in each part axis. A
deeper investigation of the binder deposition parameters could help to identify critical
parameters influencing porosity formation.

Secondly, the Chapter 6 showed that the part geometry can modify the
microstructural metrics developed in this work. Further studies focusing on alternative
print modes that consider such variations could enhance the BJ process robustness and
reduce the process variability.

Thirdly, BJ printers do incorporate some methods to track certain sub-systems
stability and state, e.g., nozzles health, temperature readings, etc. [148]. Nevertheless, as
the technology advances, additional monitoring techniques should be included covering
topics like the layer formation defects, powder bed distortion from droplet deposition or
binder infiltration. In situ monitoring cameras jointly with computer vision techniques
have shown a huge potential in this area [149], [150]. Nonetheless, BJ is still in an early
stage in this matter, and more investigations should be carried out to address the specific
challenges that the technology faces.

To finish, BJ 3D printing whole process implies a series of steps, each one of them
significantly affecting the final part outcome. In this work, it has been shown that sintered
density could be linked to the present porosity in green parts. However, changes in the
materials employed or the sintering parameters can significantly alter the mentioned
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relationship, and thus, complicate the prediction of the final part properties.
Consequently, more complex algorithms would be required to be able to generalize such
predictions to new material systems incorporated in the technology.

Recently, Al has become a major subject in industry, thanks to its ability to deal with
large and complex data [151]. Moreover, it has already been integrated in production
facilities with reported benefits from it [152], [153]. It has also demonstrated applicability
in other 3D printing technologies to predict final part properties, saving time and money
in the materials development process [154], [155].

To the author’s knowledge, BJ has not yet profited from the benefits of Al to deal
with the complexity of the technology. Nevertheless, the observed rise of interest in Al,
leading to the development of more complex and robust algorithms, is expected to impact
soon BJ capabilities. To this end, transversal studies merging Al knowledge with
materials and process will surely advance BJ knowledge and industrialization.
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