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Metal additive manufacturing (AM) can be achieved by first extruding polymer-based filaments with densely
filled metal particles to create the so-called ‘green’ parts and then experiencing debinding and sintering to
produce finished metal components. As a critical step, sintering governs the shape dimension, relative density,
and resultant strength of final parts. Thus, there is a growing need for research on understanding and quantifying
the sintering-induced anisotropic shrinkage. In this work, the underlying behaviors of anisotropic shrinkage
during the entire sintering of extrusion-printed stainless steel 316L parts will be understood and quantified
through a combination of theoretical study and experimental investigations including three-directional dila-
tometry, scanning electron microscopy, and X-ray computed tomography. The three-dimensional size evolution
of ‘brown’ parts before sintering will be studied through a macroscopic analysis of shrinkage anisotropy factors
and microstructure characterizations. Different filling strategies will be integrated with initial pore distribution
characterization for anisotropic dimensional change analysis. The heterogeneous pore distribution will be dis-
cussed in conjunction with the anisotropic viscous behavior to eventually unveil the shrinkage performance in
the course of sintering. The findings of this work will provide insights into the anisotropic sintering mechanisms
and fill the knowledge gap of the relations between extrusion-based metal AM process and sintered structures of

metal alloys.

1. Introduction

Material extrusion (ME) additive manufacturing (AM) process has
become a relatively new AM method for metal part fabrication. First, the
polymer-based filaments with highly filled metal particles are used to
print the ‘green’ part, in which the polymetric binder will then be
removed via the solvent, catalytic, or thermal debinding to form a
‘brown’ part. The final dense metal parts can be achieved through a
subsequent high-temperature sintering process. Such a multi-step
approach is defined as extrusion-based printing-debinding-sintering
(PDS) process in this work. Compared with other metal AM technolo-
gies, PDS features ease of part handling and reduction of production
costs, favoring the scalable manufacturing and rapid fabrication of metal
components at relatively high manufacturing efficiency [1].

Sintering plays a crucial role in determining the density, micro-
structure, and the resultant mechanical properties of the finished parts
[2]. Early studies have indicated a significant anisotropic shrinkage
phenomenon after metal/ceramic sintering [3,4]. For porous powder
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compacts, anisotropic shrinkage can originate from two sources [5]: (1)
anisotropic microstructure (e.g., preferential orientation of anisometric
particles [6-8], uneven particle size [9], non-uniform crystallographic
texture and orientation [10-12], irregular pore shape [13], porosity
[14], uneven initial density distribution and multilayered/laminated
structures [15-18]) in ‘green’ parts; and (2) external fields (e.g., stress,
gravity, and thermal gradient [19-21]) that may lead to larger defor-
mation in the direction of the applied field. By measuring the ratio of
axial and radial dimensions after sintering, we can quantify the aniso-
tropic shrinkage behavior [22]. During the sintering process, the
dimensional control of final metal parts requires a thorough analysis of
the associated anisotropy to achieve highly precise components, which
emphasizes the urgent need for understanding and predicting the
anisotropic sintering behavior.

At present, experiments have been conducted to study the aniso-
tropic sintering shrinkage phenomenon of PDS-built metals, indicating a
larger shrinkage along the Z direction than the other two. For example,
the PDS-built stainless steel (SS) 316L exhibited a shrinkage of 17.5 %
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and 14.5 % along the building direction and in-plane direction,
respectively [23]. The test results of 17-4 PH also confirmed the
maximum shrinkage at the Z-axis [24]. Relevant literature results of
sintering shrinkage are summarized in Table 1.

Such an anisotropic shrinking phenomenon is commonly explained
by the interlayer defects caused at the printing stage [31]. Due to the
inevitable layer-by-layer fabrication, the arranged particle accumula-
tion results in the initial non-uniform density distribution in the ‘brown’
part. To alleviate the anisotropic shrinkage, efforts have been made to
tailor the internal microstructures. He et al. claimed that the addition of
the pore former can help to improve the pore interconnectivity and pore
size of the ‘green’ parts [32]. The research results of Baumgartner et al.
demonstrated that appropriate modifications to the model design in the
CAD file can also control the three-directional shrinkage [33].

In addition to the experimental studies above, analytical modeling
has been used to provide an in-depth understanding of the anisotropic
shrinkage in sintered parts. The sintering stress and viscosity tensors
have been linked to the shrinkage of porous materials [15]. Also, ther-
mal elastic/viscoplastic constitutive models have been developed in the
literature to predict the dimensional changes and densification of
compressible porous components during sintering processes [34-37].
However, the governed isotropic sintering variables (e.g., strain rate
tensor, stress tensor, viscous modulus, and sintering stress [38-40])
cannot accurately quantify the anisotropic shrinkage during the sinter-
ing in PDS. They are subject to particle morphology, porosity, specific
surface energy, self-diffusion coefficient, particle arrangement, etc., thus
posing a great challenge to elucidate the anisotropic sintering behavior
in PDS. In our previous study [41], the anisotropic deformation of
overhang structure after sintering was studied, showing that the
shrinkage along the building direction is about 3 % higher than in-plane
direction. However, multi-scale mechanism is involved in sintering
shrinkage densification due to its complex thermodynamics that governs
the microstructure morphology and macroscopic viscous behavior.
Therefore, it is necessary to further explore the potential evolution of
anisotropic sintering shrinkage in PDS.

In this work, we will understand and quantify the anisotropic
shrinkage behavior and its relationship with the heterogeneous pore
distribution during sintering of extrusion-printed SS 316L. First, the
anisotropic dimensional evolution during the entire sintering stage is
uncovered through a three-directional dilatometry test and micro-
structure characterization. Subsequently, internal pore structures of the
pre-sintered ‘brown’ parts are quantified through X-ray computed to-
mography, which can further explain the anisotropic shrinkage
behavior. Based on the established analytical model for the anisotropic
sintering, we decipher the correlation between heterogeneous pore
distribution and anisotropic viscous behavior by introducing the pa-
rameters relevant to the anisotropic viscosity. This work provides
valuable insights into the sintering behavior of ME-printed anisotropic
parts, advancing the understanding of the sintering process in PDS for
other metal/ceramic materials.
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2. Experimental conditions
2.1. Feedstock

The feedstock filament (Ultrafuse SS 316L, BASF, Ludwigshafen,
Germany) applied in this study was comprised of around 88 wt% of
metal particles and a polyformaldehyde (POM)-based binder system and
had a diameter of 2.85 mm. The average diameter of 316L powder in the
mixed filament was 6 pm [23]. In addition, a certain amount of additive
mixture (polypropylene (PP), dioctyl phthalate (DOP), dibutyl phthalate
(DBP), and zinc oxide (Zn0O), etc.) was specifically added to improve the
processability of the filament [42]. Fig. 1 displays the PDS process.

2.2. Printing and pre-sintering processes

The ‘green’ parts were printed on a desktop FFF printer (TAZ6,
Lulzbot, Loveland, TX, USA). Table 2 gives the printing parameters.
Subsequently, the printed ‘green’ parts were subjected to a gaseous ni-
tric acid (HNOs) atmosphere to complete catalytic debinding process at
an outsourced oven under 120 °C (CD3045, Elnik Systems, Cedar Grove,
Service Provider in USA), which could remove approximately 97 wt% of
the binder system. The debound ‘brown’ part is extremely fragile at this
time. Although the 3 wt% residual backbone polymer provides some
level of support, physical bonding between the metal particles still
causes a potential risk of collapsing and excessive sintering deformation
[43]. The highly temperature-dependent atomic diffusion is accompa-
nied by the gasification of residual polymers, inducing crack generation.
Therefore, the pre-sintering process performed before dilatometry tests
become particularly important.

Thermogravimetric analysis (TGA) (TG 209 F3 Tarsus, Selb, Ger-
many) was conducted on the filament under a nitrogen atmosphere to
determine the final pre-sintering profile, as shown in Fig. 2(a). The
milled filament powder was heated to 973 K at a rate of 5 K/min. The
curve demonstrates that the primary binder in the filament begins to
decompose at 588 K and reaches a mass loss of nearly 11 % at up to 693
K, which corresponds to the removal of most of the binder after catalytic
debinding. Subsequently, the mass losses at about 723 K and 873 K may
represent the degradation of residual polymer backbones. The
commonly used pre-sintering peak temperature of SS 316L after
debinding is 1173 K [45]. The developed pre-sintering temperature
profile is exhibited in Fig. 2(b). Then, the weight and dimensions of pre-
sintered ‘brown’ parts were measured, and the relative density of the
pre-sintered ‘brown’ parts was calculated.

2.3. Dilatometry test

To determine the anisotropic sintering densification behavior, dila-
tometry test was conducted on three pre-sintered cubic specimens with a
dimension of 6.35 x 6.35 x 6.35 mm?>. Pure hydrogen atmosphere was
applied in a horizontal dilatometry (TA instruments, Theta 1600, New
Castle, USA) to densify the pre-sintered ‘brown’ parts. Fig. 4 shows the
temperature evolution through the whole dilatometry test. The heating
involved a 5 K/min heating ramp to 1653 K and 3 h of holding. To
capture instantaneous shrinkages of ‘brown’ parts in three directions

Table 1
Summary of the shrinkage of PDS-built stainless steel parts in the literature.
Material Sintering conditions X-axis shrinkage Y-axis shrinkage Z-axis shrinkage Relative density Literature
316L 1280 °C/Ar 14-15 % 14-15 % 15-17 % 92.9 % [3]
1380 °C/H, 14-18 % 14-18 % 18-23 % 98.5 % [25]
1360 °C/N, 16.4 % 16.4 % 20 % >97 % [26]
1380 °C/H 15.31-15.48 % 15.16-16.37 % 17.26-17.80 % 88.55 % [27]
1380 °C/H, 15.5 %-20.4 % 15.5 %-20.4 % 18.5 %-23.1 % 95 % [28]
1380 °C/H» 13 %-18 % 13 %-18 % 15 %-23 % 95.4 % [29]
17-4 PH 1380 °C/H; 15.9 % 15.2% 20.3 % 96 % [24]
1280 °C/Ar 151 % 15.3 % 16.8 % 97.5-98 % [30]
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Fig. 1. Schematic diagram of printing-debinding-sintering (PDS) process.

Table 2
Printing parameters for FFF process.

Printing parameters Values
Nozzle temperature 240 °C
Nozzle diameter 0.5 mm
Infill density 100 %

Filling strategy Alternating 45°
Printing speed 30 mm/s
Layer thickness 0.2 mm
Bed temperature 100 °C

during the sintering, we used X-axis as the horizontal reference direction
and rotated Y and Z directions to this direction, respectively (see Fig. 3).
These data were processed and analyzed in the Section 4.1, in
conjunction with the relative density data of pre-sintered ‘brown’ parts.

2.4. Sintering

Different from those in the dilatometry test above, the parts experi-
enced a couple of holding stages at temperatures of 723 K, 873 K, 1323
K, and 1653 K, respectively, during thermal debinding and sintering
processes in an outsourced furnace (MIM 3045, Elnik Systems, Cedar

(a) 102

Grove, Service Provider in USA), as illustrated in Fig. 5. The ramp rate
was 5 K/min, and the sintered metal parts were air-cooled to room
temperature to complete sintering.

2.5. Microstructure characterization

The microstructures of SS 316L specimens at various PDS stages,
including printed ‘green’ part, debound ‘brown’ part, and sintered metal
part, were characterized by scanning electron microscopy (SEM, Supra
55 VP, Zeiss Corp., Germany). The phase distribution and grain orien-
tation mapping of sintered SS 316L specimen after mechanical grinding
and electropolishing were conducted using an electron backscattered
diffraction (EBSD) analyzer (Hikari Plus, EDAX Corp., USA) with a step
size of 500 pm.

2.6. X-ray computed tomography

3D morphology of the pores in the ‘brown’ parts was quantified by X-
ray computed tomography (CT) platform (V Tome XS240, GE Phoenix X-
ray, Germany) with a spatial resolution of 10 um. Binarized segmenta-
tion was conducted based on the grayscale images of the 2D slice ob-
tained by the scanned pre-sintered ‘brown’ parts, and 3D volume
rendering was performed using the data analysis/visualization software
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Fig. 2. (a) Thermogravimetric analysis (TGA) of Ultrafuse SS 316 L filament, (b) pre-sintering heating curve.
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(VG Studio Max).
3. Theoretical modeling

Based on the constitutive model describing the viscous sintering
process of a porous continuum, our previous work has successfully
predicted the sintering deformation behavior of overhang structures
after PDS sintering [41]. Based on the dilatometry data along X, Y, and Z
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directions and identified parameters including anisotropic viscosity
activation energies (Qx, Qy, and Qz), grain radius r, temperature T, shear
modulus ¢, and bulk modulus y, the evolution process of anisotropic
shrinkage behavior in PDS was deeply deciphered.

Specifically, anisotropic pre-exponential factor ratios (17ox/a, oy/a,
and 7o,/@) in the developed constitutive model [41] were reextracted,
respectively. Regression equations were used to obtain their relation-
ships with porosity 6, for the purpose of quantifying the formation and
attenuation of three-directional viscous behaviors in the anisotropic
shrinkage phenomenon. The flowchart in Fig. 6 presents an overview of
the anisotropic 79/a extraction and regression processes.

4. Results and discussion

In this section, the anisotropic shrinkage process during PDS will be
analyzed based on the dilatometry test result. Subsequently, the pore
distribution dependent anisotropic shrinkage behavior will be eluci-
dated based on the quantitative analysis of internal pores during sin-
tering with variable filling strategies. Finally, anisotropic viscosity will
be introduced to further explain the formation of this anisotropic
shrinkage.

4.1. Anisotropic shrinkage during PDS

Fig. 7 depicts the results of the dilatometry experiments in three
directions, based on which we will establish the relationship between
anisotropic strain rates and porosity evolution. In detail, e is the true
logarithmic strain, which is converted from the dilatometry data of the

1653K

600 800 1000

Sintering time (min)

Fig. 5. Sintering temperature profile of SS 316L part (provided by DSH Technologies).
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Fig. 7. (a) Three-dimensional strain-time curves during sintering, (b) calculated corresponding logarithmic strain rates, and (c) the evolution of anisotropic factors

(K and K,) during sintering, as calculated from dilatometry data in panel (a).

engineering strain (actual size shrinkage) by the following equations:

I —1 I,
e:ln(1+/1):zn(1+ ") :m(—) €}
lo b
de
;=4 2
é= ()]

where 1 is engineering strain, [ is the initial length of the specimen, and
1, is the instantaneous length of the specimen. It can be indicated from
displacement and strain rate curves in Fig. 7(a) and (b) that the pre-
sintered ‘brown’ parts exhibit anisotropic shrinkage behaviors during
the sintering. Specifically, the size shrinkage and strain rate suggest that
there are no significant differences in magnitudes of curves below 1473
K. Compared to X and Y directions, the size shrinkage and strain rate are
larger along the building direction (Z-axis) when the temperature ex-
ceeds 1473 K. Then, strain rate curves of these three directions present a
trend to stabilize gradually at the final stage of the sintering process.
This indicates the shrinkage behavior tends to become isotropic when
the sintering process is completed.

To quantify the dynamic evolution of anisotropic shrinkage with
sintering temperature and time, the shrinkage anisotropy factors [31],
Ky = 23/Ax and K, = 1/, throughout the sintering process, are

1512

calculated using three-dimensional data from dilatometry tests, as
shown in Fig. 7(c). Earlier sintering data (below 1100 K) is removed to
exclude the effect of thermal expansion. The larger difference in the
curves at low temperature indicates that the three-directional shrinkage
conditions of the specimen are completely different from that in the later
sintering process. Specifically, the specimen exhibits the lowest strain
rate along the Y direction below 1473 K, as shown in Fig. 7(b). The non-
stationary random fluctuations in Fig. 7(c) could be due to an inherent
error in the three-directional dilatometry test. And then, it is noted that
the intersection of the two curves is 1473 K, and then tends to 1, and the
final average factors for both are Ky = 1.1102 and K, = 1.1068.
Therefore, it can be suggested that 1473 K is the critical temperature
point at which the sintering shrinkage behavior begins to transform from
anisotropy to isotropy.

As another important sintering parameter, the porosity 6 and
geometrical relative density p can be determined in terms of the loga-
rithmic strain rates along all directions through the mass conservation
equation [46]. The density of the pre-sintered part is measured to be
4.34 g/em®, which represents a relative density of 0.54.

-6 )

= éx +éy +éz
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Fig. 8. (a) The evolution of relative density with sintering time and temperature, and the microstructure of SS 316L cube specimen after dilatometry test: (b) SEM

image, (c) EBSD grain orientation, and (d) EBSD phase distribution.

C)

The densification curve in Fig. 8(a) indicates that sintering begins at
1173 K and terminates at approximately 1653 K holding stage. It is also
worth noting the abrupt acceleration in densification process at 1473 K
is associated with the second increase in strain rates at this time, which
shows great differences from conventional sintering phenomena. It was
reported that enhanced densification could also be caused by the for-
mation of body centered cubic phase (5-ferrite) at high temperature,
which has a higher self-diffusion rate than the austenitic matrix [31].
SEM and EBSD results in Fig. 8(b) and (d) also confirm many &-ferrite
meshes penetrating austenite grain boundaries. Related studies show
that the é-ferrite phase has begun to form above 1473 K [47]. During the
final sintering stage (1653 K holding), the reduction of diffusion
pathway caused by grain growth makes the sintering shrinkage rate slow
down greatly [31]. Therefore, the further acceleration of the sintering
shrinkage process after 1473 K could also be related to the formation of
S-ferrite. However, no clear correlation was found between §-ferrite
formation and anisotropic shrinkage.

p=1-0

4.2. Relationship between anisotropic shrinkage and heterogeneous pore
distribution

Different from molding methods, layer-by-layer deposition during
the extrusion-printing process directly results in heterogeneous pore
distribution in pre-sintered ‘brown’ parts. The internal structure of such

1513

porous materials could be associated with anisotropic shrinkage, which
will be discussed in this section.

The microstructures of specimen at various PDS stages along the
building direction are characterized, as shown in Fig. 9. The highly
porous channels between layers are caused by the inherent trajectories
during the printing process. With the binder removal after debinding,
these interlayer trajectories will be transformed into small pores, where
the increased interlayer lines weaken the bonding effect. Those pores
will exhibit a ‘micropore coalescence’ phenomenon at high temperature,
as illustrated by Fig. 10. It appears that the pores inside the printing
layers tend to merge generating a larger porous area between the
printing layers during the sintering process. These porous areas could
further promote atomic diffusion of interlayer particles, accelerating the
densification along the building direction and creating anisotropy.
Therefore, the sintering anisotropic shrinkage could be caused by the
inhomogeneous initial pore distribution due to interlayer porous struc-
tures. The distribution and architecture of these intrinsic porosity areas
generated between the printing layers will also vary with different in-
plane filling strategies.

In addition to the alternating 45° filling strategy applied in the
previous section, the commonly used filling strategy settings for printing
process of cube specimens are also divided into 0°/90° reciprocating
filling strategies, as illustrated in Fig. 11. For these two filling strategies,
in addition to the interlayer porous channels along the building direc-
tion, the triangular areas formed during the filament repeated filling
process along the orthogonal in-plane directions are also inherent
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defective areas in the extrusion-printing process. Such triangular areas
surrounded by the bending points are distributed in a single orientation
of the specimens in the XY orthogonal plane under 0°/90° filling stra-
tegies. Such defects are not produced when parallel to the filament
filling direction. On the contrary, the vertical direction can be approx-
imated as a superposition of multiple bending points, resulting in a great
number of defects along this direction. Such defects can also be analo-
gous to ‘interlayer pores’ (Y-Z cross section in Fig. 11(b)) along the
building direction, which will affect the particle arrangement form
along the orthogonal in-plane directions. In other words, for 0°/90°
reciprocating filling strategy, the metal particle arrangement form along
the orthogonal in-plane direction is similar to that along the building
direction. These defective areas may not completely disappear with the
lack of pores after sintering.

From the above analysis, the anisotropic shrinkage in PDS is strongly
related to the particle arrangement condition. The final dimensional
deviation caused by anisotropic shrinkage can potentially affect the

dimensional accuracy of components in industrial applications. There-
fore, the internal structures of the pre-sintered cube specimens under
different filling strategies need to be fully characterized.

Gray-scale images of 2D slices along three directions of pre-sintered
cube specimens under different filling strategies are obtained, as dis-
played in Fig. 12. The gray image is segmented by binarization to divide
the pore part and solid part. VG Studio Max is used for 3D volume
rendering and reconstruction, where the red and gray regions represent
the pores and solid phases, respectively. The pore structure can be
eventually extracted.

The specimens printed with different filling strategies are sliced
along the XY plane, XZ plane, and YZ plane, respectively. The number of
slices in each direction is 886, and the slice thickness is about 10 pm. The
pore volume fractions of each slice along each direction are calculated,
as displayed in Fig. 13. The specimen printed by alternating 45° filling
strategy presents a grid shape pore distribution with interleaved con-
nections. Although there are more interlayer lines along the building
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Pore sphericity ¢ is introduced to further quantify pore morphology,

irregular fine filamentous pores, with the pore volume fraction of each
as expressed by [48]:
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Fig. 14. Histogram for counting the pore size number under two filling strategies: (a) alternating 45° filling, (b) 0°/90° reciprocating filling.

direction, it is obvious from the pore images of XZ plane and YZ plane
that the pore distribution is relatively uniform. The average pore volume
fraction of each layer section along the XZ and YZ planes is stable at 15
%. For 0°/90° reciprocating filling strategy, the pores of the specimen
are distributed in the direction parallel to the filament filling, which is
characterized by non-uniform pore distribution. Specifically, the pore
distribution along the XZ plane is similar to that of the XY plane, mostly
in the form of interlayer lines. This type of “interlayer lines” are mostly
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where V, is pore volume, and A, is pore surface area. If the pore shape
approaches to a sphere, the sphericity value is closer to 1, which can be
used as a standard to describe the pore shape inside the specimen. As
shown in Fig. 14, the number of pores of different sizes with these two
filling strategies is counted, respectively. For 0°/90° reciprocating filling
strategy, the number of pores of the maximum size is >4000, which is
about 4 times that of the alternating 45° filling strategy. The pore surface
area is obtained by counting the total area of two-dimensional pores in
each slice. Fig. 15 shows the proportion of pores with different ¢ values
under two filling strategies. It can be seen that the porosity ratio is
higher than 35 % when the pore sphericity ranges from 0.8 to 1 under
the alternating 45° filling strategy, while the corresponding ratio is only
25 % under the 0°/90° reciprocating filling strategy. When the pore
sphericity ranges from 0.2 to 0.6, the ratio of 0°/90° reciprocating filling
strategy is yet significantly higher than that of alternating 45° filling
strategy. This proves that a large number of large-size interlayer lines
are formed under 0°/90° reciprocating filling strategy along the XZ and
XY plane. In addition, a great number of circular/square pores formed
by the in-plane extrusion-filling of filament are found along the YZ
plane. Therefore, the large number of interlayer lines in this type of
filling mode could directly lead to more large-size pores.

The results above fully indicate that the initial pore distribution in
pre-sintered ‘brown’ parts is highly dependent on the filling strategy.
Under these two filling strategies and the sintering temperature curve in
Fig. 5, 20 cube specimens are printed, debound, and sintered, respec-
tively. The average size shrinkages along the X, Y, and Z directions are
calculated, as displayed in Fig. 16. As expected, the three-directional
size variations of the sintered specimens under alternating 45° filling
strategy are basically consistent with the dilatometry test results. For 0°/
90° reciprocating filling strategy, the large-size interlayer lines of the
specimen along Y and Z directions correspond to higher shrinkages. The
number of printing layers along the Z direction is slightly higher than
that of reciprocating filling tracks along the Y direction, showing a
higher shrinkage along Z direction. Conversely, the specimen has lower
porosity along the direction parallel to the filament filling, and thus
exhibits lower shrinkage. In addition, it can also be found that the sin-
tered specimen under alternating 45° filling strategy has a higher
shrinkage along the Z direction and exhibits stronger anisotropy. This
can be explained by the larger interlayer gap formed by alternating
lapping between filaments, as demonstrated by Fig. 13. At the same
time, larger deformation also potentially increases the manual mea-
surement error.

4.3. Anisotropic viscous behavior

In our previous model, the fitting result of viscosity pre-exponential
factor were found to be nonlinear. Herein, we decipher the connections
among pore distribution of heterogeneous porous materials and aniso-
tropic shrinkage. With a heterogeneous pore distribution, viscous
behavior along X, Y, and Z directions could be anisotropic. Thus, the
anisotropic viscosity parameters can be expressed below (the expression
in X direction only is selected for illustration purpose):

—3a(1 —0)°

2+ 30)ec+ (0 =96+ (-9

X

jonee(8)

M= (6)

The sintering of porous materials is a dynamic evolution of porosity.
Here, the shear modulus ¢ and bulk modulus y are affected by the
porosity 6 [41]. To understand the relationship between sintering
anisotropy and porosity, we eliminate the specific surface energy a and
obtain the pre-exponential factor ratio, 7oy/a in X direction:
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Using the densification data (6, €y, €, €;, r) combined with the vis-
cosity activation energies (Qx, Qy, and Q;) [41], nox/a can be calculated.
Meanwhile, 1q,/a, and 5o,/a can also be obtained in the same way. All
three pre-exponential factor ratios are displayed in Fig. 17, which can be
considered as a function between 79/a and 6. The mathematically
quantified relationship between the pre-exponential factors and porosity
can be found in Appendix A.

The difference of pre-exponential factor ratios in three directions for
porosity values from 0.42 to 0.46 indicates a higher level of anisotropy
at the beginning of sintering and peaks at 1473 K (which also validates
the results in Section 4.1). Then, with the specimen shrinkage and pore
elimination, three curves are virtually converged, indicating that the
specimen tends to be isotropic during the final sintering stage. Although
porosity values cannot fully describe heterogeneous porous materials,
especially the pre-sintered ‘brown’ parts. The dynamic evolution of pore
distribution during sintering process can be linked to the anisotropic
viscosity pre-exponential ratios. The lower value in Z direction (50,/@)
could be related to the formation of interlayer pores after layer-by-layer
deposition, which can be interpreted as the lower viscous resistance
accelerating the atomic diffusion between printing layers. Therefore, it
can be concluded that the formation and attenuation of the anisotropy
shrinkage phenomenon are highly dependent on the evolution of
anisotropic viscous behavior.

5. Conclusions and future direction

In this work, the mesoscale sintering behavior during the material
extrusion-based AM process of SS 316L were comprehensively revealed.
Based on the three-dimensional dilatometry experimental results, X-ray
computed tomography, and theoretical analysis, the complex sintering
shrinkage behavior during the Printing-Debinding-Sintering (PDS) pro-
cess were fully investigated. The findings in this work resulted in the
following conclusions:

(1) Based on the alternating 45° filling method used in dilatometry
test, the Z direction showed a higher sintering shrinkage and the
X and Y directions exhibited similar shrinkage behaviors. The
results of anisotropy factor indicated that the formation and
reduction of anisotropic shrinkage are separated by 1473 K. The
second increase of shrinkage rate could be explained as the for-
mation of body centered cubic phase (5-ferrite) at high
temperature.

(2) With the removal of the polymer in filament after debinding, the
interlayer micropores during the printing process generated a
pore coalescence phenomenon at high temperature stages. These
areas with larger porosities formed porous channels and repre-
sented a non-uniform pore distribution.

(3) The sintering process in PDS could be associated with the pore
structure in pre-sintered ‘brown’ parts, which is highly dependent
on the filling strategy. Different filling strategies changed the
particle arrangement form of porous body after debinding,
resulting in the variation of initial pore distribution.

(4) The anisotropic shrinkage during PDS process was first attributed
to the difference of anisotropic viscosity pre-exponential factor
ratios along each direction caused by the non-uniform pore dis-
tribution. With the elimination of pores at high temperature
stages, the anisotropic viscous behavior gradually tended to be
isotropic.

Our findings have suggested that the anisotropic shrinkage behavior
during PDS is attributed to the initial pore distribution, closely related to
the print parameters. To obtain a nearly dense metal part with quasi-
isotropic shrinkage at three directions, an appropriate range of layer
thickness would be manipulated to obtain a uniform initial pore distri-
bution in the future work.
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The three-directional pre-exponential factor ratios as a function of porosity is shown as follows:

floa _ 7.845ETexp( — ((6 — 0.55)/0.0008 ) )2 +1.626E7exp( — ((6 — 0.42)/0.192) )2 +5.703E7exp( — ((6 — 0.55)/0.0046 ) )2 (A1)

a

My

ot 7.854E7exp( — ((6 — 0.55)/0.00076 ) )2 +1.683E7exp( — ((6 — 0.42)/0.184) )2 +5.084E7exp( — ((6 — 0.55)/0.0043 ) )2 (A.2)

a

Moar _ 5.227ET7exp( — ((6 — 0.55)/0.00084 ) )2 + 1.609E7exp( — ((6 — 0.41)/0.182) )2 +3.944ETexp( — ((6 — 0.55)/0.0047 ) )2 (A.3)
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