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ARTICLE INFO ABSTRACT
Keywords: Efficient density evolution during sintering of the as-printed component is vital to reach full densification and
Additive manufacturing required properties of binder jet (BJT) components. However, due to the high porosity and brittle nature of the

Synchrotron X-Ray CT
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FEM simulation

green compact, analysis of the microstructure development during sintering is very difficult, resulting in lack of
understanding of the densification process. Density development from green state (57 + 1.6 %) up to full density
(99 + 0.3 %) was characterized by high-resolution synchrotron X-Ray computed tomography (SXCT) on BJT
316L samples from ex-situ interrupted sintering tests. Periodicity of density fluctuations along the building di-
rection was revealed for the first time and was related to the layer thickness of ~ 42 pym during printing that
decreased down to ~ 33 um during sintering. Sintering simulations, utilizing a continuum sintering model
developed for BJT, allowed to replicate the density evolution during sintering with a mean error of 2 % and its
fluctuation evolution from green (1.66 %) to sintered (0.56 %) state. Additionally, simulation of extreme particle
size segregation (1 pm to 130 pm) suggested that non-optimized printing could lead to undesirable density
fluctuation amplitude rapid increase (~10 %) during sintering. This might trigger the nucleation of defects (e.g.,
layer delamination, cracking, or excessive residual porosity) during the sintering process.

minor/limited effect on the powder within the powder bed, avoiding
most of the powder reusability issues more common in other metal AM
processes.

Typically, porosity in the final components is an unwanted outcome
of the BJT manufacturing process and, in general, AM technologies.
However, depending on the intended application, some level of porosity
may be desired within the final component. For instance, some porous
structures are desirable for medical applications [1], porous filters [2-4]
or battery components [5]. On the contrary, structural components for
automotive [6] or aerospace [7] applications require the highest level of
mechanical properties possible and therefore minimal porosity. This
requires achieving higher densification at the end of the sintering pro-
cess and certain microstructural properties (e.g., grain size, phase
composition, size and shape of residual porosity). Therefore, a predictive
tool is needed to reproduce the detailed evolution of the complete sin-
tering process from the initial green compact until the very end of the

1. Introduction

Metal binder jetting (BJT) is a multi-step additive manufacturing
(AM) process in which the component is shaped by the printing step and
the final properties of the material are achieved by a second sintering
step (when components is typically exposed to the temperatures in the
range of 75 to 95 % of the powder material melting point, sometimes
even higher but below the melting point of the powder material). This
new generation of AM manufacturing process has several benefits
compared with traditional subtractive manufacturing. In general, the
ability of manufacturing highly complex component geometries or to
redesign and manufacture and assembly of part as one AM component
are some of the advantages. Moreover, insignificant material waste is
produced when just the required powder material is used to produce a
specific component. Specifically, the non-thermal BJT printing has
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Nomenclature

F Free energy (J)

v Pore Volume (m?)

S Pore surface area (m?)

K Effective bulk viscosity (Pa e s)

p Relative density

[ Porosity

Gjj Stress tensor (N em~2)

& Strain rate tensor (s71)

é Trace of the strain rate tensor (s™!)

Bij Delta de Kronecker

@ Normalized shear modulus

v Normalized bulk modulus

p; Effective sintering stress (Pa)

a Surface energy (J e m2)

Mo Material viscosity (Pa e s)

Aq Viscosity pre-exponential factor below Tr(Paese K1)
Q1 Viscosity activation energy below Tr(J e mol !)

Ay Viscosity pre-exponential factor above Tr(PaeseK™!)

Q2 Viscosity activation energy above Tr(J e mol’l)
R Gas constant 8.314 (Jemol ' e K1)

T Temperature (K)

Tr Phase transition temperature (K)

t Time (s)

G Grain diameter (m)

ko Grain growth pre-exponential factor (um® e s™1)
Qs Grain growth activation energy (J e mol™!)

Pe Grain growth critical density

Cc Powder material fitting parameter

D Powder material fitting parameter

L First invariant of the stress tensor (Pa)

Ox X component of the stress tensor (Pa)

oy Y component of the stress tensor (Pa)

05 Z component of the stress tensor (Pa)

VA Z spatial coordinate (m)

Pm Mean relative density

Pa Relative density amplitude

tiayer Layer thickness (m)

sintering process, when full densification may be reached. For that, the
initial characterization of any small or large heterogeneity is crucial for
the BJT manufacturing industry.

Traditionally, the characterization of porous components has been
carried out by means of traditional metallographic preparation methods:
sample cross-sectioning, polishing, image acquisition and analysis. Due
to the poor cohesion between the powder particles, high porosity in the
green state and high brittleness of the green and especially brown
(debinded) components, makes such an approach very time consuming,
requires high level of manual expertise to be done appropriately and
hence results in poor repeatability and reliability. Also, it limits the
analysis to the cross-sectional 2D identification of the pores and parti-
cles, which makes it extremely difficult to properly characterize a
heterogenous 3D porous structure. Recently, the use of X-Ray computed
tomography (XCT) non-destructive techniques have been applied to the
analysis of AM manufactured components [8-13]. For instance, proving
to be very useful for the analysis of residual porosity of components
produced by powder bed fusion - laser beam (PBF-LB) or electron beam
(PBF-EB) when looking for large residual pores caused by lack of fusion,
key-hole porosity, etc. [14]. The complexity of BJT components arises
from their high porosity, which is defined by a complex internal pore
structure with a wide distribution of pore sizes and shapes. This
complexity continues to evolve from the green state throughout the
sintering process [15]. Therefore, an extremely high-resolution tech-
nique is required for the accurate characterization of BJT components.
In this work, the Synchrotron X-Ray computed tomography (SXCT) was
used to characterize BJT samples and follow the ex-situ evolution of the
pore/particle structure during the sintering process of stainless steel
316L BJT samples. Previous studies of other powder metallurgy (PM)
components have shown the high definition achieved by this method
[16,17], but a detailed characterization of the complete density range
(green density to full density) has never been done for BJT components.

One of the key attributes of BJT parts is the arrangement of particles
and the associated pore structure created by the layer-by-layer printing
process. This structure is a critical initial condition for the sintering
process, which could be tuned by the modification of the powder
characteristics and printing parameters. For instance, the use of unim-
odal and bimodal powder size distributions has an impact on the evo-
lution of the shrinkages and density during the sintering process [18].
Also, the tuning of printing parameters like layer thickness, binder
saturation and powder recoating speeds influence the green density and

the powder arrangement withing the green components [19]. Therefore,
the understanding of this initial condition is crucial for the ability to
predict the sintering behavior. Typically, a global average density is
used to characterize and follow the evolution of the densification during
the sintering process of PM components. This can be acceptable when
the particles are arbitrarily and homogeneously distributed within the
powder compact. However, due to the anisotropic nature of the BJT
printing process used, variations of density and pore characteristics (e.
g., size and shape) at the mesoscale level may occur [20,21]. Therefore,
these heterogeneities must be considered when characterizing and
predicting the BJT components’ evolution during sintering. Typical
heterogeneities from the layer-by-layer BJT printing (e.g., density and
particle size) could be introduced in the macroscale modelling of sin-
tering. In that case, the necessity of characterizing this initial condition
can be solved by the high accuracy of the modern X-Ray based computed
tomography techniques [8].

The evolution of initial heterogeneities during sintering is deter-
mined by an intricate combination of factors which include the applied
sintering treatment, morphological characteristics of the pores (e.g., size
and size distribution, shape), and the properties of the metal powder
particles (size distribution, morphology, alloy composition, etc.). For
instance, the sintering of multilayered composites has been previously
studied and several modelling efforts has been done [22-25]. In this
extreme case, the characteristic size of the internal heterogeneity (layer
thickness) is relatively similar to the one of the components dimensions
(total thickness), which leads to large bending distortions induced by
different sintering kinetics. Other works have characterized the density
and particle distribution heterogeneities within the BJT parts [21,26]. It
has been shown that BJT printing may induce various levels of layer-by-
layer density variation. Also, the particle size distribution strongly in-
fluences the amplitude of the density fluctuation along the building di-
rection and its evolution during sintering. Finally, the sintering
temperature is one of the major factors that determines the active sin-
tering mechanisms and influences the density evolution with time.
Density evolution, and hence final density and mechanical properties,
are determined by combination of powder properties (powder theolog-
ical properties, powder size and size distribution, powder morphology,
alloy composition, surface chemistry, etc.) and printing process (layer
thickness, printing parameters, hardware solution, etc.). Hence, change
of the powder feedstock (even for the same material depending on
supplier or powder batch) and/or printing or sintering parameters will
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Table 1
Chemistry of the powder used for BJT SXCT samples manufacturing.
Cr Ni Mo Mn Si C P S o) N Fe
17.1 11.5 2.2 1.30 0.70 0.024 - 0.006 0.049 0.090 Balanced
sintering treatment was done to ensure safe handling of the compo-
Tabl? 2 . nent during the experiments due to the extremely small size of the
Physical properties of the 316L powder used. -
specimens.
Tap Density (g/cc) D10 (um) D50 (um) D90 (um) Synchrotron X-Ray computed tomography experiments typically
5.0 (62.9 % rel. density) 8.0 16.0 26.0 require a small cylindrical sample to enable a high-resolution charac-

result in variation of the powder green density and its evolution during
sintering. Therefore, a model that predicts the layer-by-layer charac-
teristics variations, together with the macroscale evolution of the BJT
samples microstructures, is required to understand impact of different
parameters on initial green density and its evolution during sintering to
assure robust BJT processing.

In the present paper, samples specially designed for SXCT were
printed and sintered at different temperatures and times to follow the
evolution of densification and porosity characteristics during the sin-
tering cycle using Synchrotron X-Ray computed tomography (SXCT).
Also, a continuum model of sintering previously developed for 316L BJT
components [27,28] was used to predict the evolution of the density
distribution along the building direction induced by the layer-by-layer
BJT printing process. The simulation results were compared with the
characteristic density distribution obtained from the SXCT character-
ization. Then, these results were used to discuss the implications of these
inhomogeneities during the sintering of BJT components. The relation-
ship between the internal stresses induced by differential shrinkage rates
and the powder compact evolution were clarified based on the com-
parison between experimental characterization and modelling. Finally,
other initial conditions of density and particle size distribution cases
were implemented to reproduce potential cases of other particle size
distribution and printing parameters.

2. Experimental methods

The samples used in this study were printed using the industrial DM
P2500 binder jetting system (Digital Metal AB) with a layer thickness of
42 pm. Stainless steel DM 316L powder was used for the manufacturing,
the chemical and physical properties of the powder are detailed in
Table 1 and Table 2, respectively. Samples were debinded in air at
345 °C for 2 h. Then, several samples were pre-consolidated by pre-
sintering in an industrial batch furnace under pure hydrogen atmo-
sphere following 5 °C/min heating rate up to 900 °C with a dwell time of
1 h and final furnace cooling down to room temperature. The pre-

terization of the internal porous structure. A cylindrical sample (0.7 mm
in diameter and 5.5 mm length) with a rectangular base of 2 mm height
(Z) and 5 mm sides lengths (X and Y) was designed, showed in Fig. 1. The
samples were printed with the cylinder symmetry axis parallel to the
building direction (Z axis). All the samples were printed using the
standard printing parameters from Digital Metal BJT system developed
for DM 316L powder used in this study.

2.1. Interrupted sintering experiments

The pre-sintered samples were sintered using a dilatometer Netzsch
DIL 402C. The small tube furnace of the dilatometer is used to ensure
high level of control over the sintering process in terms of temperature
profile and processing atmosphere characteristics and hence assure
sintering repeatability of the different sintering experiments performed.
This is especially important due to the small size of the samples. The
pushrod was blocked with an alumina spacer to leave free space at the
end of the tube and avoid any contact with the sample during the sin-
tering process, then the sample was placed on top of an alumina support.
So, the dilatometer was used as a small precision furnace without any
displacement being measured during the experiment. Typically, the
316L BJT sintering process require high temperatures up to 1370 °C to
achieve high densification [21]. To characterize the microstructure
evolution, interrupted sintering experiments were performed at 5 °C/
min heating rate up to 1000, 1100, 1200, 1300 °C and 1370 °C with a
dwell time of 2 min (for temperature stabilization purposes) followed by
cooling at 30 °C/min down to room temperature. Also, an experiment at
1370 °C with a dwell time of 60 min was done to reproduce the complete
sintering cycle for this material. Note that a different pre-sintered
sample was used for each sintering cycle performed. The next sections
will provide the details about the SXCT technique employed for the
characterization (section 2.2) and the data post-processing methodology
used (section 2.3).

2.2. Synchrotron x-ray computed tomography (SXCT)

The small cylindrical samples were characterized by computed

CAD
Geometry

2

Green
Sample

Sintered
Sample

Fig. 1. Illustration of the designed CAD pin geometry, a BJT green sample and a sintered sample mounted on the SXCT stage. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. SXCT data post-processing methodology.

tomography using synchrotron X-ray radiation (SXCT). The SXCT was
conducted at the BAMline, BESSY II (Berlin, Germany), which is
described in detail elsewhere [29,30]. The energy of the monochromatic
X-ray beam was set to 45 keV with the voxel size of 0.7 um. On-the-fly
XCT was performed with 2400 projections acquired, each acquired
with an exposure time of 0.5 s. On-the fly scans at the BAMline offer a
drastic reduction of scan times while step scans offer flexibility in
scanning schemes that are optimized to reduce ring artefacts or to offer a
preview reconstruction already during the scan. The reconstruction of
3D volumes from 2D projections was made by BAM in-house developed
software based on TomoPy [31].

A vertical section of around 1.5 mm in height from the pin was
scanned using SXCT technique described previously (Fig. 1). After the
3D reconstruction, denoising and filtering, the data are available as
grayscale stacked 2D slices. Then, each dataset file can be postprocessed
(i.e., cropping and thresholding) to obtain the 3D binary data sets with
two segmented phases (solid and porous) required for further compre-
hensive microstructural analysis.

2.3. SXCT data post-processing

The last step of post-processing is the analysis of the segmented (i.e.,
binary) microstructural data, which in this work can be divided into two
main methods: analysis by 2D-slicing and the 3D analysis and rendering.
The 2D-slicing analysis is used to reveal any microstructural preferential
orientation related to the BJT printing process directions (e.g., building,
recoating or binder deposition direction). In this process, the 3D data is
sliced along different directions to obtain sequences of parallel 2D im-
ages that can be used to measure microstructural properties (e.g. relative
density) as illustrated in Fig. 2. Two different slicing strategies have
been designed and implemented using MATLAB 2021a image processing
module:

o Slicing along the building direction (Z axis): a sequence of horizontal
2D slices perpendicular to the building direction were extracted for
each sample. The area density p, = f(2) was measured along the
vertical direction.

Slicing along different angled directions contained within the hori-
zontal printing plane (XY plane): series of vertical planes were
extracted for each sample, defined by the building direction and a
perpendicular direction defined by an angle a. For each angle and
orthogonal position x,, the 2D slice was extracted and its plane area
density p, = f(x,) was measured. Note that the specific X and Y axis
cannot be identified in the 3D data due to the cylindrical symmetry of
the volume scanned.

Besides, other measurements can be done on the 2D microstructure
slices. The particles were identified by segmenting the solid region using
the watershed-based technique and their diameter was measured. Also,
the pore surface area within each slice was calculated by multiplying the
measured pore perimeter and the voxel size (0.7 pm).

In parallel, Dragonfly software [32] was used for further 3D analysis

and rendering of 3D images. The open and closed porosity can be
differentiated by separating the largest pore detected. The largest pore
corresponds to the external space and the internal open porosity con-
nected to it. However, this method is not suitable to characterize the
interconnected porosity because it is connected to the external empty
space of the dataset. Therefore, for samples with high interconnected
porosity, the data should be cropped manually. This is the main reason
for the internal cropping performed for the previous 2D-slicing quanti-
tative analysis.

3. Results and discussion

As an initial qualitative analysis, the 3D dataset and the segmented
internal porosity of each SXCT sample were rendered and shown in
Fig. 3. The length of 1.5 mm of the scanned area is constant for all
samples, but the shrinkage along the diameter of the sintered samples
can be observed. The external surface topology shows the transition
from individual particles of the green specimen (Fig. 3a) to the dense
sintered structure of the fully sintered specimen (Fig. 3h). Also, Fig. 3
shows a section of the segmented porous structure from each SXCT
sample’s dataset studied (at the right side of each sample case). The
rendered image consists of a partial bottom slice of the solid (gray)
together with the segmented porosity colored by pore volume (um®). For
the samples sintered al low temperature (Fig. 3 (a) to (f)), the major
portion of the porosity consists of a single fully interconnected pore (red
pore). In these figures, the largest pore was cut (385 um x 385 um) to
account only for the internal porosity. The highly interconnected pore
structure volume is being reduced and followed by the last stage of
sintering represented by Fig. 3 (g) and (h), where closed pores can be
identified in the region analyzed. Fig. 3 (g) shows the sintered structure
at the end of the heating stage, where still large pores are present but not
connected to the external surface. Finally, Fig. 3 (h) shows that after a
60 min holding at 1370 °C, the porosity consists of small isolated quasi-
spherical pores, as was also shown previously [21]. In general, the
average relative density increases with sintering temperature and time
(a-h). However, a slight reduction of density was observed when
comparing green (Fig. 3a), pre-sintered (Fig. 3b) and 1000 °C / 2 min
sintered (Fig. 3c) samples. The expected densification of these samples is
insignificant due to the low temperatures. Therefore, this slight differ-
ence might be attributed to different effects. The use of different samples
subjected to ex-situ sintering may result in samples with slight density
differences between 1 and 2 % due to small variations of density within
the printing volume. Also, the green density measurement might be
affected by the presence of binder on the sample, slightly increasing the
actual relative density.

As detailed in section 2.2, the total volume and surface area were
calculated for each sample’s particle material and the closed porosity
regions (after removing the largest pore connected with the external
surface). During sintering, the total surface area decreases by 95.9 %
(see Fig. 4a) while the measured material volume slightly increases by
12.6 % (from ~ 3.07E + 08 ym? to ~ 3.46E + 08 um>), particularly after
sintering at temperatures > 1300 °C. This increase could be related to



A. Cabo Rios et al.

(a) Green (p=56.6%)

r=

1

Lo
100 ym

(c) 1000°C / 2 min (p=54.5%)

Mult-ROI from pores (Cropped) - Vlyme (um’)
5946410.80
o 5096923.83
4 o 4247436.87
’ ¥ 3397949.91
: - 2548462.95
7 1698975.98)
7 . NS WY 849489.02
1005 100 ym. 2068

e) 1200°C / 2 min (p=64.9%
(©) (p )

Multi-ROI from pores (Cropped) (Cropped) - Voxel count
o (Gropped) (Gropp: )12649625.00

Multi-ROI from pores (Cropped) - Volume (um?)
L (Cropped) 641114(61.60)

5609748.28
4808355.96
4006963.64
3205571.33;
2404179.01
1602786.69)

801394.38|

2.06

11068422.62]
9487220.25'
7906017.88
6324815.50
4743613.12
3162410.75

1581208.38

600E

100 pm

() 1370°C / 2 min (p=92.7%)

100 l lgopm,
100 pr

Mult-ROI from pores - Volume (ur?
587831.68

514352.77
Sy

440873.85
367394.93
293916.01]
220437.10
146958.18

73479.26|

034%

(h) 1370°C / 60 min (p=99.4%)

Materials & Design 238 (2024) 112690

(b) Pre-sintered (p=55.7%)

Multi-ROI from pores (Cropped) - Volume (um?)
B (Cropped) 661147%’.55

5785040.49
4958606.43
4132172.36
3305738.30
W 2479304.24)
1652870.18|

826436.12

2.06[§

100 pym

00 pm

(d) 1100°C / 2 min (p=60.8%)

MultRO! from pores (Cropped) - Volume (ur
5072351.06
434772977
4 : 362310849
289848720
s 2173865.91
1449244.63
e . 724623.34
_— 100 pm 20608

1300°C / 2 min (p=73.6%
® (P )

Multi-ROI from pores (Cropped) - Volume (um?)
K (Gropped) 37436‘{3.9

3275686.06|
2807731.20
2339776.34
1871821.49|
1403866.63|

935911.77

467956.92

100 pm 2.06'

Multi-ROI from pores - Vo"?r?ga(%rg%
9657.68|
. e
C : 8278.30
3 ] g b' 6898.93
5519.56|
; 4140.18)
2760.81|
1381.43
. 100 um 2068

Fig. 3. 3D rendered image of the SXCT samples subjected to different interrupted sintering cycles. Also, a 3D slice of each sample is included on the right side,

including the calculated pore volume.

the challenging characterization of highly porous samples and the
variability between samples used for ex-situ sintering dilatometry ex-
periments. Also, during densification the surface area is reduced, and the
accuracy of the material volume characterization improves. The closed
porosity volume and surface area noticeably increase when densification
process isolates pores by closure from the external surface (see Fig. 4b).
In the BJT samples studied, this process is pronounced at temperatures
above 1300 °C. This is most probably related to the enhanced diffusion
and hence densification caused by the &-ferrite transformation
[20,21,33-35]. In Appendix A, the enhanced densification detected

from the shrinkage behavior was discussed and the final microstructure
of samples subjected to the full sintering cycle (1370 °C / 60 min) was
shown, where the presence of residual §-ferrite was observed. Finally,
the closed pores shrink and produce further densification by reducing its
surface area and volume.

3.1. Microstructure characterization along the building direction (Z axis)

One of the primary advantages of 3D CT characterization of porous
materials is the possibility to perform density evaluation with high
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Fig. 4. (a) Measured particles (material skeleton) and (b) closed porosity volume and surface area for each sample dataset analyzed. Note that open porosity was

excluded by eliminating the largest pore on each dataset.
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Fig. 5. Characterization of SXCT dataset for each sample along the building direction (Z) by 2D slicing method detailed in section 2.3: (a) density and particle size,
(b) calculated average density and SD, (c) illustrative example of the peaks identification and layer thickness measurement, and (d) calculated layer thickness average

and SD.

precision along any direction of the component. Fig. 5(a) shows the area
density measured from parallel 2D slices oriented perpendicular to the
building direction and with the smallest separation permitted by the 3D
data voxel size of 0.7 pm (see section 2.3). The average density value
increases with sintering temperature and time as shown in Fig. 5(b). The
calculated standard deviation (SD) suggests that density fluctuation
slightly increases during the heating stage of sintering, followed by a
substantial decrease during the final sintering stage. Density fluctuations
in BJT components have been characterized in previous studies [26],
where a larger increase in the density fluctuation was observed for
bimodal powder blends. In comparison, the increase in density

fluctuation measured in the present study is negligible. However, the use
of other BJT systems (i.e., printer) or powder particle characteristics (e.
g., PSD, powder alloys) would affect the density fluctuation evolution
[26]. Consequently, this can result in the emergence of undesirable
heterogeneities or defects at both the macro- and micro-scale while
undergoing sintering.

Fig. 5(a) exhibits a regular pattern of density variations, character-
ized by fluctuating densities between maximum and minimum peaks
that appear uniformly spaced. During the analysis, minimum and
maximum points were identified for each dataset (as illustrated in
Fig. 5¢). Then, the average and standard deviation (SD) of the distance
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Fig. 6. Detailed Synchrotron X-Ray CT microstructure data analysis of each sample: from green (a) and pre-sintered (b) samples to samples subjected to different
interrupted sintering from 1000 °C to 2 min (c) to 1370 °C-60 min (h). For each sample (a-h) a certain region of the density and particle diameter fluctuation along Z
was plotted (top graph), where points of high and low density were indicated by a star icon. Below this graph, the cross-sections images extracted from the 3D SXCT

data are shown, where the particles from watershed segmentation are colored as function of the diameter. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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density profile measured along X, (from a = 0° to 180°) for each sample. (b) Density profiles along the indicated angles, which have the highest SD value.

between the maximum and minimum values, respectively, were calcu-
lated and results are plotted in Fig. 5(d). Surprisingly, the calculated
value from the green and low-temperature sintered samples closely
approximates to the BJT printing layer thickness of 42 um. Conse-
quently, the density periodicity of the porous structure identified in the
3D data can be directly related to the layer thickness used during the
printing process. After full sintering, the distance between peaks de-
creases by ~ 21 % from ~ 42 um to ~ 33 um. This may suggest that the
sample external dimensions and the internal layer spacing shrink
equivalently during the densification process.

Fig. 6 (a) to (h) display 2D slice microstructure images that corre-
spond to a pair of maximum and minimum density values for each
sample, where details within the microstructure (i.e., particle/pore
distribution) can be observed. In general, the evolution of inter-
connected porosity is evident as the temperature increases from the
green sample (a) to the sample heated to 1300 °C (f). Then, further in-
crease of sintering temperature at 1370 °C leads to a faster closure of the
open porosity, as seen in Fig. 6 (g) and (h). This non-linear variation of
the microstructure with the temperature is related to the enhanced
densification rate caused by the &-ferrite phase formed at high temper-
ature (21300 C) [20,21,36,37], which can be observed on Fig. 5 (b). A
comparison of the microstructures between the max and min points for
each sample revealed homogeneous porosity distribution within the
higher density slices, while the lower density slices showed some het-
erogeneity. Particularly, large pores were observed in the lower density
slices, which were mostly densified after sintering at the highest tem-
perature for 1 h as seen in Fig. 6 (h). Furthermore, the particle size
obtained by the watershed segmentation reveals a similar periodic dis-
tribution of the particles size, where lower density regions show slightly
lower mean particle size. However, no significant particle segregation
can be observed between the lower and higher density slices in Fig. 6.
Therefore, the particle size distribution detected can be related to the
higher density areas having larger number of particles, which have
particle sizes above the mean value. As discussed above, the low-p

regions have larger pores which influences the number of particles
within these regions.

3.2. Microstructure characterization along directions within the build
plane (XY)

The stacking of powder layers is not the only recurring process that
takes place during BJT printing. Also, the recoater-powder and binder-
powder interactions systematically occur during each spreading and
binder deposition step are taking in one specific orientation (powder
spreading along Y-axis and binder deposition along X-axis), that can also
lead to the inhomogeneity of the powder bed density and hence sintering
anisotropy determined by the hardware solution. To recognize potential
systematic microstructural heterogeneities related to the deposition
steps of the printing process, the variation in density in 2D slices was
measured using the methodology described in section 2.2 (see Fig. 2).
The average density (solid line) and standard deviation (shaded area) for
each angle a and sample characterized are shown in the left graph of
Fig. 7. In general, the standard deviation values tend to increase with the
temperature until 1300 °C, followed by a substantial reduction when
sample reaches close to full density (1370 °C / 60 min). This can be
related to presence of large pores until the delta-ferrite formation en-
hances diffusion and promotes the densification of these pores. Conse-
quently, volume regions with smaller pores densified below 1300 °C and
others remain with large pores, causing this increase on the scattering
(standard deviation) of the density fluctuations. Besides, density varia-
tion along the angle with the largest standard deviation for each sample
was extracted and plotted in the right side of Fig. 7. A profile with
several maximum and minimum peaks from the density variation is
present in most cases. However, as opposed to the density along the
building direction, most of these profiles do not present the same con-
sistency in the pattern observed.

Fig. 8 displays the microstructure (i.e., particle/pore distribution)
from the 2D slices positioned at selected max and min peaks from each
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Fig. 9. Schematic illustration of the powder particles arrangement during the different steps of the BJT printing process. Also, an estimation of the attained green
density distribution along the building direction is shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

sample’s density profile. A density difference from 3 % to 6 % was found
between the max/min points evaluated. In Fig. 8 (a) to (d) it’s difficult to
observe a major difference in the microstructures, probably due to the
highly interconnected porosity present in all these samples. Neverthe-
less, the microstructure at the min density peaks reveals some larger
pore areas oriented along the horizontal direction. After higher densi-
fication was observed on samples from Fig. 8 (e) to (g), the larger hor-
izontal pore areas were clearer and more consistent within the lower
density slices. Then, this microstructural heterogeneity was eliminated
by further isothermal sintering for 1 h at 1370 °C (see Fig. 8 (h)). These
results may suggest that some “cratering” can be produced on top of the
powder bed during the binder deposition process [9,10]. However, the
X and Y directions of printing were not identified because of the cylin-
drical symmetrical shape of the samples, and the analysis along the
envelope of angles o does not reveal a remarkable difference between
any of the specific angles. Therefore, further focus of the discussion will
be placed on the consistent heterogeneity pattern caused by the layer-
by-layer printing process along the building direction discussed in the
previous section.

In summary, the layer-by-layer BJT printing process induces a
consistent density fluctuation pattern caused by areas of larger porosity
along the building direction (see Fig. 9). The periodicity of this density
variation consistently decreases during the densification process which
is directly related to the sample’s shrinkage. The initial period is equal to
the BJT printing layer thickness of 42 um and decreases down to ~ 33
um. In addition, the microstructures in Fig. 6 reveal that the pore
structure heterogeneity is present until the last stage of the sintering
process. A possible explanation is that the intralayer areas densify faster,
while the interlayer areas with larger porosity densify later at the end of
sintering, when the enhanced densification is enabled by improved
material transfer and e.g. the d-ferrite phase transformation. Further-
more, SD of density along the building direction (Z) varies during the
sintering process. In the present study, a slight increase on the SD was
followed by a rapid decrease at the final sintering stage. However, this
behavior likely depends on the powder particle size distribution and
sintering conditions (e.g. time and temperature) [26]. For instance,
bimodal particle size distribution can lead to high segregation within the
microstructure and strong increase in the density amplitude when sin-
tering at low temperatures so that low global densification is achieved.
Another effect revealed by the SXCT characterization is the “cratering”
effect potentially caused by the binder-powder and/or recoater-powder
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interaction during the printing process. This effect is not as pronounced
and consistent, which suggests the reliable performance of the BJT
manufacturing system, and the process used during this study.

The formation of these pore characteristics within the BJT green
components is directly related to the different BJT printing steps that
come into play. An illustrative diagram is shown in Fig. 9, which exposes
the different mechanisms and their potential effect on the powder par-
ticles arrangement. First, the powder deposition and recoating are
completed to achieve a uniform layer with the required thickness. This
part of the process shapes a characteristic particle/pore distribution
within the layer, governed by the type of recoating system (e.g., wiper,
counter- or forward-rotating roller), the printing parameters (e.g., roller
transverse/ rotating speed) and the particle characteristics (e.g., particle
size distribution). Also, during the binder deposition, the kinetics of the
binder impact on the particles may modify the particle/pore distribution
(e.g., cratering on the top surface). Then, the next layer of powder is
spread and recoated on top of the previous layer. However, the bottom
powder movement is now restricted by the binder, thus affecting the
powder flow within the interlayer region. This might reduce the global
green density of the BJT printed components and induces the density
variation along the building direction [38]. Furthermore, when wide or
bimodal particle size distributions are used, various printing conditions
may induce strong particle segregation during printing. Previous studies
have revealed this effect by using computer models [39,40] and exper-
imentally [26]. Again, the level of segregation depends on the same
factors, being more severe for spreading systems based on rollers [39].

From this schematic description, the complex relationship between
the printing process and the porous green structure of the BJT compo-
nents can be observed. The characterization and modelling of this green
structure is highly relevant for the development and implementation of
the modelling of sintering, required for improved process understanding
and increasing process robustness. Previous research attempted to un-
derstand the connection between the powder printing process (discrete
element method) and the sintering process simulation [41]. However,
significant simplification was done by the assumption of homogeneous
distribution of the green density and particle size used as initial condi-
tions for the sintering model. Therefore, to unlock the full potential of
this approach, the specific density and particle size distribution can be
included in the sintering model. A way to include these factors in a
sintering simulation for BJT components will be further discussed in
section 4.
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Fig. 11. Sintering stress calculation from the pore volume and surface area measurements of SXCT samples.

3.3. Estimation of sintering stress from the SXCT characterization

The driving force during the free sintering is related to the internal
pore surface area evolution. Therefore, SXCT data can be used to
calculate this driving force from the evolution of the characterized 3D
pore structure during sintering [12,42,43]. Fig. 10(a) shows the total
pore surface area measured from each sample. Also, the surface area was
measured for each slice (1 voxel = 0.7 ym thickness) along the building
direction (Z axis). In Fig. 10(b), the pore surface area is plotted against
the relative density of each slice. Note that the cropped datasets were
used to eliminate the external surface which does not contribute to the
sintering driving force. Minor reduction of pore surface area occurs
during the early stages of sintering (up to 1300 °C), while density
slightly increases by ~ 10 %. This can be related to a combination of
minor particles rearrangement followed by neck formation and slight
neck growth, which does not highly contribute to pore surface reduction
[44]. The distribution of pore surface area along the vertical direction
reveals the different kinetics of the sintering within diverse regions of
the layered porosity. Low-density regions have less pore surface area
compared to the high-density regions. After the interrupted sintering at
1300 °C and beyond, it appears that this trend is reversed during the
sintering process.

The sintering stress can be defined as the derivative of the free energy
per unit mass with respect to the volumetric mass of the porous material
[45]:

dF dF ds

av _das’av )

L=
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where F is the free surface energy, V is the pore volume and S is the pore
surface area. The first term is a material constant defined as the surface
tension dF/dS = a. Therefore, the sintering stress can be expressed as:

PL:a—

av 2)

Accordingly, the variation of the porous surface area and volume
measured from the SXCT data can be used to calculate the sintering
stress evolution of the BJT 316L samples. The previous analysis
confirmed the existence of a fluctuating porous structure, which can be
divided into low-density and high-density regions. Following this idea,
the sintering stress was calculated within the two different regions by
separating the data below and above the average density value (see
Fig. 11). The continuous evolution of the pore volume and surface area
can be well described by a third-degree polynomial approximation,
which was fitted to the SXCT experimental data. Then, a normalized
sintering stress Pp/a plotted in Fig. 11 was obtained using eq.(2). The
evolution of sintering stress during the sintering process was slightly
different for each region, in accordance with the previously discussed
pore surface evolution. Initially the sintering stress is higher in the low-
density regions, but during the intermediate sintering this behavior
switches in favor to a higher sintering stress on the high-density region
until the end of sintering. However, both calculated values are relatively
close. In general, the sintering stress increases until a relative density of
~ 85 % and then decreases. The grain diameter is typically used to es-
timate the sintering stress kinetics using equation (3) [46,47]. This is
based on the connection between the grain and pore radius evolution
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Table 3
Material constants for the sintering continuum model simulations of the 316L BJT samples [27].
C D Ay /a[s/Km] Az /o [s/Km] Q [KJ/mol] Q; [KJ/mol] Ko [m? /s] Qg [KJ/mol] Pe
11.35 0.49 8.993 5.33e-32 201.7 1178.7 29.65e-5 164.8 0.9486
0 o ) i + Exp. Green (©) 100 Sim w ] 1500 )
Exp. Pre-sintered \'? 30 ®  Exp. L T 11250 &
<) b 4 \
A | Exp1000°C 2 min T 5 [y 1000 8
Exp. 1100°C/2min & TS0 B
f“‘ WA AN { Exp. 1200°C/2min  pp 0 1500 é
095 S0 Exp. 1300°C/2min & 0] L0 5
) S - : . . . | 2N
= 60t Y ke j Exp. 1370°C / 2 min 0 100 200 300 400
p g gg + Exp. 1370°C / 60 min Time (min)
A 50! Simulation 5 - L s
0.6 60 §4- m  Exp. // \ 11250 L
050 0 imtyerMatdphentmpiinaity | {1000 £
0.58 3 =
0.57 Trm— " ‘ i ) 1750 B
0.56 ‘ Calculated average 1500 8
822 and standard 1250 E,
o . . 0 ; . . , . O
0 500 000 1500 Geviation of p(2) 0 100 200 300 400
Z (pm) Time (min)

Fig. 12. Evolution of SXCT sample during sintering: (a) 3D volume plot at the beginning and end of simulation, (b) comparison between model (black line) and
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during sintering. Later this equation will be used within the constitutive
relationship used for the modelling of sintering.

(1-0)

P, =
. = 3a G2

3

where « is the specific surface energy, 6 is the relative porosity and G is
the grain size.

4. Model and simulations

A model of sintering for 316L components manufactured by BJT,
based on the continuum theory of sintering [45], has been developed in
previous studies [27,28]. The specifics of the BJT porous structure were
included in the formulation of the material constitutive behavior, and
the corresponding material constants were previously calculated
[27,28]. Also, the effect of &-ferrite transformation on the sintering

behavior of 316L BJ components was studied and included in the solid
material viscosity [28]. Originally, these studies have been performed
assuming homogeneous initial conditions using the averaged green
density and particle/grain size within the components. However, the
FEM implementation of the continuum mechanic sintering model allows
for introduction of fluctuating initial values for the state variables (i.e.,
density). Therefore, in this study the effect of introducing and varying
the characterized layered BJT structure in the simulation initial condi-
tions will be evaluated.

4.1. Sintering model of 316L BJT components

The model used considers the linear-viscous case for free-sintering
process applied to components manufactured using BJT. Therefore,
the general material constitutive equation used can be formulated as
follows:
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Fig. 16. EBSD phase map from the cubical sample sintered up to 1370 °C for 1 h, where FCC austenite (blue), BCC 6-ferrite (red) and porosity (black) phases are
shown. The grain boundaries and twin boundaries are shown as black and white lines, respectively.

6 =21, |:(pl;',1 + (y/ - %(p) éﬁij} +P.5; “4)
where 7, is the shear viscosity of the porous body’s skeleton material (i.
e., shear viscosity of the fully dense body), P;, is the effective sintering
stress and §; is the Kronecker delta function. ¢ and y are functions of
porosity that characterize the normalized shear and bulk moduli of the
porous compact, and é is the volumetric shrinkage rate.

The normalized bulk viscosity (5) and normalized shear viscosity (6)
equations were previously developed for the material used [27]:

(1-0°

P ()

wo) =2

9(0) = (1-0) ©)

Then, the grain growth kinetics follows the following equation [48]:

dG_ ko (1=p. ", (O
a 362\2—p.—p) “P\Rr
The model presented above was expanded to include the high-

temperature stage of sintering of BJT 316L, which includes the effect
of the d-ferrite transformation on the solid material viscosity [28]:
i=1-AQ,

Qi)
= ATexp| —
o p(RT i =25A50Q,,

QZ - Ql
Ay
Rin( —
" (A2>
All the material constants used in the simulations (see Table 3) were
obtained by using experimental dilatometry and microstructural data
from [27,28].
Finally, the sintering model proposed was solved using the finite

element method (FEM) by its implementation in the FEA software
COMSOL Multiphysics 6.0.

)

if T < Ty

if T>Tr
®)

where : Tt =

4.2. Modelling results and discussion

The sintering model described in the previous section was used to
simulate the sintering process of BJT samples, introducing the internal
microstructural variation obtained from the SXCT experiments. In the
first case, the SXCT sintering experiments were virtually reproduced by
introducing the green density along the building direction p, = f(z) as
initial condition. Later, a detailed analysis was performed by simulating
an ideal representative volume element (RVE) of the periodic structure.
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The temperature field was imposed as a function of the sintering time to
reproduce the full experimental sintering test: heating at 5 °C/min up to
1370 °C with a dwell time of 60 min, followed by cooling at 30 °C/min
down to room temperature. It is assumed that the sintering is negligible
during the 2 min holding and cooling steps of the interrupted dilatom-
etry sintering tests. Thus, direct correlation can be done between the
simulation of the full sintering test at the corresponding simulation
times against the interrupted sintering experimental data.

4.3. SXCT sample virtual sintering experiment

The sintering of the pin characterized by SCXT was reproduced by
the simulation using the model presented above, where the green den-
sity p, (see Fig. 5) was used as the initial condition. First, the initial and
final 3D geometry is plotted in Fig. 12(a), where the volume shrinkage
can be observed. In general, the density increases and fluctuation evo-
lution during sintering is well replicated by the model, as seen in Fig. 12
(b). However, slightly larger densification is obtained by the SXCT
experiment, which could be related to the extremely small size of the
pin. Note that the model was fitted by experimental data from larger
samples (10 mm cubes) which final measured density was ~ 97 %. The
standard deviation (SD) of the density values is used as a measurement
of its fluctuation along Z. The density average and SD is compared be-
tween the model and the SXCT data in Fig. 12(c). The SD evolution re-
veals a slight increase in the density fluctuation, followed by a rapid
decrease down to SD ~ 0.5 % at the end of the sintering.

The increase of the density fluctuation of BJT samples has been
previously reported in other studies [26]. There, samples sintered at low
densification temperatures showed an increase in the density fluctua-
tion, and samples sintered at high densification temperatures showed a
decreased density fluctuation. Moreover, the effect of the particle size
distribution was revealed. Particularly, samples printed with bimodal
particle size distribution showed a remarkably increase in the density
fluctuation range (A~16.7 %) after sintering at low densification tem-
peratures (Ap < 3 %). However, the monomodal powder blends showed
a much smaller increase in the density fluctuation range. Similarly, the
powder used in this study showed minor increased density fluctuation at
low densification temperatures followed by a large decrease when
densification rate increases. The effect described can be related to the
concept of sintering instability that may arise during the sintering of
heterogenous powder compacts due to internal variation in shrinkage
kinetics [49-51]. In extreme cases, these instabilities may even lead to
cracking or defects growth during sintering. However, this temporal
instability faded later during the sintering process of BJT components at
higher temperatures, transitioning into a more homogeneous internal
sintered structure. In the next section, a detailed RVE simulation will be
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useful to elucidate about the different contributions that generate this
effect during the sintering process.

4.4. Representative volume element simulation of the periodic BJT
structure

The observed BJT density periodic structure along the building di-
rection was approximated using a sinusoidal periodic function with the
same average, SD and periodicity of 42 um. Then, the smallest part of the
periodic structure was reproduced, and the sinusoidal function imple-
mented with values to match the experimental green density fluctuation
as detailed in Fig. 5. The low- and high-porosity regions corresponds to
the interlayer and intralayer regions of the BJT structure, respectively
(see Fig. 11). It is known that non-symmetric porous laminates experi-
ence bending deformation during sintering [22,23,25,52]. Therefore, a
symmetrical structure (i.e. low-high-low density) as illustrated in
Fig. 13(a) was implemented to avoid bending deformation and focus the
analysis on the evolution of the density fluctuation.

During pressure-less sintering, the external stress contribution in eq.
(4) is equal to zero. However, in heterogeneous materials, internal
stresses may arise and contribute to constraining or accelerating the
sintering process within different regions of the component. Here, the
hydrostatic strain rate is the main contribution to the densification of the
continuum model presented which can be formulated as follow:

11—PL5>.7(6,V+Gy+61)/3—PL

(Eia = K i~ oy C)

A more comprehensive analysis of the heterogenous porosity on the
sintering model can be obtained by analyzing the evolution of each
stress term at different regions of the part. Fig. 13(b-d) show the eval-
uation of the averaged value of the stress terms in eq.(9) calculated
within the low-p, high-p and the complete volume. The evolution of the
first stress invariant (I;) revealed the low-p regions (interlayer) in ten-
sion state, while the high-p regions (intralayer) are in compression. This
differential stress gradually decreases towards zero during sintering
because of the internal structure homogenization. Specifically, these
stresses mostly occur along the X and Y directions (see Fig. 13b) because
of the constrained differential shrinkage rates between the different
layer sections (low-p and high-p). However, in the vertical direction the
strains within different layers are less constrained by other layer regions
(due to the vertical stacking of the layers), thus negligible internal
stresses occur along this direction. This reveals a transverse isotropic
behavior caused by the layer-by-layer density fluctuation. In Fig. 13(c),
the sintering stress kinetics shows similar behavior to the experimental
measurements, with a maximum sintering stress occurring at ~ 85 %
density (see Fig. 11). In conclusion, despite the discussed local tension
contribution, the sum of hydrostatic and sintering stresses results on a
distribution of compressive stresses within the whole simulated volume.
This ends in continuous densification driven by the simultaneous
reduction of the effective bulk viscosity K, without any local swelling.
The case studied from the experimental SXCT data showed a stable
sintering densification, which leads to a final homogenization of density.
However, other extreme cases can occur when bimodal powder blends
are used and/or the printing process is not optimized, thus large pores
and heterogeneities are present in the green component [26,40,41]. To
illustrate such case, the effect of a severe particle segregation during BJT
printing of bimodal powder (1 um to 130 pym) is implemented via the
grain size distribution along the building direction G(z) (see Fig. 14a).
Also, the layer thickness was changed accordingly and set at 150 pm
with a density fluctuation between 49 % and 61 %. Typically, the
relative distribution of density is related to the particle arrangement
during printing, which may be measured or simulated by other model-
ling approaches like discrete element modelling (DEM) [38,40,41]. In
this study, three different cases were addressed, where the relative po-
sition between the initial density and particle size distribution were
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varied as shown in Fig. 14(a).

The same sintering cycle used for the SXCT experiments was simu-
lated. Fig. 14(b) shows the final 3D density distribution and the evolu-
tion of the density profile. In the first case, the high-p match the position
with the low grain size region (low-G), which leads to larger sintering
stress in this region. The result is a remarkable increase of ~ 10 % on the
density fluctuation during the intermediate sintering, followed by a
minor decrease during the isothermal step. This behavior was illustrated
by measuring the SD of the density profile, plotted in Fig. 14(c). This
model outcome is a good example of the potential sintering behavior of
extremely wide powder size distribution, which can be observed in other
experimental studies of BJT sintering [26]. Note that to replicate the
results the model parameters should be adjusted to the powder material
used in the experiments, which usually requires extensive character-
ization [27]. The second and third cases are a modification of the rela-
tive position between G(z) and p(z) by shifting p(z) 75 um (case 2) and
150 um (case 3). In the second case, the density fluctuation has a similar
behavior but with a lower increase during the intermediate sintering and
a shape modification of p(z). Lastly, in the third case the low-G and low-p
region positions match, showing a remarkably fast sintering densifica-
tion within this region. This causes the density fluctuation (SD) to
decrease from the beginning of the sintering simulation. Then, the low-p
region densify much more than the others at the end of the sintering.
This causes a distortion on the surface (Fig. 14b), caused by localized
large densification which leads to larger shrinkages within the low-p
region.

The expectation is that longer sintering times would lead to the ho-
mogenization of the density within the components. However, the
model demonstrates and predicts that components evolution during
sintering would be different depending on the initial conditions from
density and particle size distribution. Besides, predicted remarkable
increases of the density heterogeneities within the powder components
could cause cracks or instabilities during the sintering experiments.
However, this model does not include any damage criteria to predict this
consequence. In this line, further studies can be done to develop and
integrate stress-dependent damage criteria on the sintering model for
BJT components. This could be particularly useful to evaluate critical
levels of heterogeneities within the green BJT components and select
adequate sintering cycles for the materials and printing parameters used
for manufacturing. Another idea from the present study consists of the
implementation of BJT green properties into the continuum modeling of
sintering. The initial properties proposed here (density and particle size
distribution) can be obtained by experimental characterization. Also,
these properties can be computed from simulation results of the BJT
printing process by DEM [38,40,41]. By including simulation of each
manufacturing step (printing and sintering), a digital twin for the
manufacturing process can be developed. However, significant devel-
opment efforts will be needed for more accurate simulation of the BJT
printing and sintering process and the appropriate methodology to link
these two models.

5. Conclusions

Microstructural heterogeneities in the as-printed samples produced
by binder jetting technology (BJT) and its evolution during sintering
stage were revealed for the first time using high-resolution synchrotron
X-Ray computed tomography (SXCT). The ex-situ approach allows to
follow the evolution during the standard industrial sintering (under Hy
atmosphere) of BJT stainless steel 316L components. The CT data
collected allowed for the detailed characterization of the density dis-
tribution, particle size and pore morphological features evolution during
the sintering process.

The relative density analysis showed a systematic fluctuation pattern
along the building direction (Z axis) of 57 + 1.6 %, with peaks separated
by ~ 42 um, equal to the layer thickness used during BJT printing of the
components. In general, the initially complex interconnected porosity
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remains present during the heating stage until reaching sintering tem-
peratures above 1300 °C. Increased densification caused by the greater
diffusivity occurring due to the &-ferrite phase transformation is
responsible for the enhanced pore closure rate observed at sintering
temperatures beyond 1300 °C. Finally, the pore network evolves into a
configuration of distributed fine closed pores by the end of sintering
after 60 min holding at 1370 °C. The peak separation of the density
fluctuation pattern along the building direction decreased from ~ 42 pm
(as printed) to ~ 33 um (sintered for 60 min at 1370 °C), resulting in a
final density of 99 + 0.3 %. Density fluctuations were also detected
along other directions orthogonal to the building direction, related to e.
g. “cratering” effect potentially caused by the binder-powder interaction
during the printing process. However, lower intensity and pattern con-
sistency compared with the building direction was observed.

The fluctuating distribution of pore surface area along the vertical
direction revealed slightly different kinetics of the sintering within
diverse regions of the layered porosity. The sintering stress within the
low- and high-density regions follows a quadratic evolution with the
densification. The quadratic relationship of the calculated sintering
stress evolution agrees with the equation used for the modelling of
sintering.

The sintering model used is based on the linear-viscous case for free-
sintering, including grain growth kinetics and effect of the d-ferrite
transformation during sintering of BJT 316L components. Simulation
allowed to replicate the evolution of the density fluctuations observed
by SXCT experiments with a mean error of 2 %. The initial standard
deviation of the density fluctuation in as-printed samples was 1.6 % and
decreased to ~ 0.5 % at the end of the sintering. Also, other extreme
cases of density and particle size distribution were theoretically evalu-
ated. The results showed that wider particle size distributions (1 pm to
130 pm) and severe particle segregation during printing could lead to a
rapid increase of ~ 10 % on the initial density fluctuation during sin-
tering. These relative density variations are undesirable and may result
in final sintered part’s defects including printed layer delamination,
cracking, or excessive residual porosity. The introduced modeling
approach opens the possibility for the prediction of these undesirable
phenomena and can serve as a basis for an overall multistep BJT
printing-sintering process optimization.
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Appendix A

Since the samples designed for SXCT characterization are extremely
small, they cannot be used for the characterization of shrinkages by
using dilatometry measurements. Therefore, various cubical samples
with dimensions of 10x10x10 mm?® were printed together with the SXCT
samples and were used for the characterization of the shrinkage and
sintering behavior of the BJT samples. The sintering experiment for the
full cycle (1370 °C / 60 min) was replicated as detailed in section 2.1.
However, now the pushrod was in contact with the BJT cube’s sample
face so that the dimensional evolution during the sintering is measured.
The same methodology developed in an earlier study [20] was used.
Three different experiments were done by only varying the cube’s
orientation and, consequently, the axis aligned with the pushrod di-
rection. Each experiment was performed to characterize the shrinkage
along the X (binder deposition), Y (powder spreading) and Z (building
direction) axis of the cube.

The sintering cycle used for the dilatometry experiments corresponds
to the complete sintering cycle detailed in section 2.1, with a dwell
temperature of 1370 °C and dwell time of 1 h. The measured sintering
shrinkages along the different axes of the cubical sample are shown in
Fig. 15. In general, the same shrinkage was observed along each direc-
tion during the heating step within temperatures below 1300 °C. Then,
the shrinkage rate increases above 1300 °C and the shrinkages along
different directions start to diverge until the end of sintering. This
enhanced shrinkage rate is a consequence of the increased densification
rate above 1300 °C attributed to the d-ferrite formation. This phase
transformation not only results on the increase on the volume diffusion
from the BCC (5 ferrite) but also the multiplication of grain boundaries
from the nucleation and growth of & -ferrite grains along the austenite
grain boundaries [20,21,33,35]. This same behavior has been many
times observed previously during the sintering of stainless-steel powders
[20,21,36,37,53-55]. Fig. 16 shows an EBSD phase map of the micro-
structure from the sintered cubical sample studied, the features dis-
cussed above can be seen. This microstructure consists of a matrix of
austenite (FCC) grains, 3.2 % fraction of ferrite (BCC) grains preferen-
tially located surrounding the austenite, and 1.3 % porosity. Also, high
angle grain boundaries (>5°) are plotted, where 47.2 % of these
boundaries were identified as twin boundaries.

Note that the shrinkages anisotropy during sintering on the BJT
samples in this study is minimal when compared with the typical
anisotropy characterized in other studies [20,53,56-58]. Typically, the
ratio between the shrinkage along the building direction and the other
directions is typically between 1.13 and 1.3. However, this ratio is 1.07
and 1.04 between the shrinkages at the end of the isothermal step shown
in Fig. 15(b). This minor anisotropy might be potentially related to the
density fluctuations characterized by SXCT. During the last stage of the
sintering cycle (specially during the dwell at 1370 °C), the shrinkages
along different directions diverge (see Fig. 15) at the same time than the
density fluctuations are drastically diminished (see Fig. 5 and Fig. 7). In
conclusion, it can be argued that the progress of homogenization of the
density distribution within BJT components is connected to the anisot-
ropy on the external shrinkage along the different printing directions.
However, the density distribution is most likely not the only influence on
the anisotropy of BJT components. Other factors like the particle size
distribution anisotropy may have similar or greater impact on the evo-
lution of the external dimensions.

Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.matdes.2024.112690.
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