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Most traditional powder melting-based additive manufacturing (AM) technologies generally yield high-
performance parts at the expense of additional cost and energy consumption. As an economical and efficient
alternative method, material extrusion (ME) that deploys polymer-based filaments with highly filled metal
particles offers the possibility of scalable, low-cost fabrication of metal components. As a critical step, sintering
governs the mechanical strength and geometry of the final parts. The grain growth behavior induced during
sintering should be well controlled to achieve the parts with the desired mechanical performance. Due to the
nature of AM, grain growth kinetics could also involve extremely complex grain boundary migration and atomic
diffusion mechanisms caused by the heterogeneous pore distribution. In this work, an analytical model was
developed to predict and understand the grain growth behavior of stainless steel (SS) 316L built by ME-based
sintering-assisted AM. Such a model accounts for anisotropic viscosity parameters calibrated through a three-
dimensional dilatometry test, enabling the prediction of grain size evolution during sintering. Grain growth
kinetic parameters were further identified by the grain size data at the heating and holding stages. To validate
and generalize the model, we also conducted the grain size evolution prediction under different sintering tem-
perature profiles for as-built SS 316L specimens. This work will provide scientific insights into the grain growth
behavior of metal parts built by this AM technique and its understanding can be readily transferred to other
sintering-assisted AM processes like binder jetting and ink writing for metal structure creation.
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Nomenclature

- Nomenclature
9 Porosity
P Relative density 7ox, 0y, 0z X, Y, and Z viscosity pre-exponential factor components (Pa-s)
0 Porosity rate (s’l) Q Viscosity activation energy (J: -mol’l)
ojj External stress tensor (N~m’2) G Grain size diameter (m)
a Surface energy (J-m~2) Go Initial grain size diameter (m)
r Radius of powder particles (m) P Grain growth rate exponent
¢ Shear modulus B Viscosity grain size exponent
% Bulk modulus K’ Constant for isothermal condition (m!*P.s™1)
Py Effective sintering stress (Pa) G Grain growth rate (m-s™")
i Kronecker delta K Grain growth factor (m'P.s71)
éj Strain rate tensor (s~ 1) Ko Grain growth pre-exponential factor (m'*P.s™1)
é Trace of strain rate tensor (s~ 1) Qg Grain growth activation energy (J .mol ™)
€y, z X, Y, and Z strain rate components s™H R Ideal gas constant
n Material viscosity (Pa-s) t Sintering time (s)
Ny, y, z X, Y, and Z viscosity components (Pa-s)
no Viscosity pre-exponential factor (Pa-s)
T Temperature (K)
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1. Introduction

Different from mainstream metal powder fusion-based additive
manufacturing (AM) technologies (directed energy deposition (DED)
[1], powder bed fusion (PBF) [2,3], etc.), a multi-step material extrusion
(ME) metal AM approach combining printing, debinding, and sintering
process is attracting the widespread attention. Specifically, wax/ther-
moplastic polymer-based filaments [4,5] with highly filled metal pow-
ders can be used to build the ‘green’ part with subsequent debinding and
sintering steps required to achieve the desired finished part. This
fabrication strategy shows a huge engineering application prospect in
the rapid prototyping of scalable metal components with relatively low
fabrication cost and limited material waste. In the past decade, ME has
been developed to build a large array of metal/ceramic materials such as
stainless steel (SS) (316L [5,6] and 17-4 PH [4,7]), titanium Ti-6Al-4V
[8], copper [9,10], bronze [11], tungsten [12], zirconia [13], alumina
[14], etc., laying a solid foundation to advance the understanding of ME
processes.

As a crucial step of the ME process, sintering is a process that com-
bines densification and coarsening or grain growth [15]. Achieving high
densification with effective control of grain growth is key to improving
mechanical performance and facilitating the adoption of ME for large-
scale industrial applications. To obtain the desired behavior, re-
searchers have been conducting a large number of preliminary experi-
mental studies on the underlying mechanism of grain growth since the
year of 2019 [16]. The most extensively investigated metal in literature
is SS 316L [17-19]. The pioneering research of Gong et al. [20] found
that the grain morphology of SS 316L fabricated by ME is different from
that of metal powder fusion-based AM technologies. Thompson et al.
[16] identified the ultra-large grain size of 500 pm at a heating rate of
0.2 K/min, leading to a reduction of strength by about 12 %. When the
heating rate is increased to 5 K/min, the final grain structures can be
stabilized at 40-50 pm with a relatively equiaxed grain morphology.
Recently, applying hot isostatic pressing (HIP) [21] to the metal com-
ponents after MEAM is beneficial to inhibiting grain growth, thereby
producing a finer microstructure. These have advanced the fundamental
understanding of the microstructure development during the sintering
process in MEAM. Nevertheless, the dynamic grain growth process could
not be thoroughly explained only by the ex-situ characterization of the
grain size after sintering. Intermittent experiments can reproduce this
invisible phenomenon. However, they require time-consuming experi-
mental identifications at different stages of the sintering, which em-
phasizes the need for understanding and predicting the sintering grain
growth behavior.

Early theoretical studies showed that grain growth can retard the
sintering densification rate by increasing diffusion paths and sintering
capillary forces, particularly at the later stage of sintering. The sintering
densification process could also in turn influence the grain growth rate
[22,23] through impurity segregation [13,22] or pore drag [24] in grain
boundaries. Riedel et al. [25] developed a numerical model considering
pores and grain boundary mobility during grain growth in porous
compacts, indicating that the grain size is highly pore-dependent.
Watanabe et al. [26] identified an inverse correlation between grain
size and square-root fractional porosity in the traditional sintering of
carbonyl iron. Maniere [27,28] successfully extracted all parameters of
grain growth kinetics using a simple dilatometry curve for improved
densification. Olevsky [29-31] also added a function of porosity to the
traditional grain growth model to simulate the grain evolution for dense
materials at high temperatures. The sintering temperature profile was
optimized, and the grains were highly refined using a two-step sintering
method [29]. As another important factor, effects of pore size distribu-
tion on grain growth were also considered in other theoretical models
developed [32-34]. For MEAM process, anisotropic sintering behavior
does exist due to the heterogeneous pore distribution formed in three-
dimensional printing [35]. In addition, the existing grain growth-
related theories or models could be misleading and inappropriate if
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they are directly applied to understand and quantify the anisotropic
sintering process in the specific MEAM.

The objective of this work is to predict and understand the grain size
evolution during various time-dependent sintering stages of SS 316L
parts built by the MEAM through a combination of analytical modeling
and experiments. First, an analytical model of anisotropic sintering
involving grain evolution is established based on the continuum theory
of sintering and a three-dimensional dilatometry test. The relationship
between grain size evolution and anisotropic viscosity is built. Then, a
rapid identification method for all anisotropic sintering parameters is
then developed. Based on this, experiments are employed to validate the
grain growth behavior at different sintering stages. Finally, a compre-
hensive extraction of grain growth kinetic parameters is performed to
help predict the grain size evolution of SS 316L under various sintering
temperature profiles. The outcome of this work can be directly applied
to the identification of sintering grain growth kinetic parameters of
other pure metals/alloy materials, so as to quantify and understand the
relationship between grain size evolution and sintering temperature.
Such a prediction approach can also be generalized to other sintering-
assisted metal/ceramic AM processes like stereolithography, binder
jetting, and ink writing, thereby providing theoretical guidance for the
final sintering process optimization.

2. Materials and methods
2.1. Feedstock characterization, printing, and catalytic debinding

A commercially available highly filled Ultrafuse SS 316L filament
(BASF, Ludwigshafen, Germany) with a diameter of 2.85 mm can be
directly used as a feedstock for extrusion printing. Printing experiments
were performed on a desktop fused filament fabrication (FFF) printer
(Raise 3D, Forge 1, China). Table 1 lists all the printing parameters.
Three printed cube specimens had a side length of 10 mm. Then, the
printed ‘green’ parts were conducted the catalytic debinding (1-2 mm/h
for each external surface) in a thermal oven (Raise 3D, D200-E, China) at
an acidic atmosphere to complete the primary binder removal
(approximately 97 wt%). The residual main chain polymer as the
backbone was then completely removed during the pre-sintering treat-
ment, as detailed in the previous work of Ning et al [35].

2.2. Dilatometry test

To identify the grain growth kinetics parameter of SS 316L during
the sintering process, we conducted three dilatometry tests for three
equal size (10 x 10 x 10 mm®) pre-sintered cube specimens under a pure
argon atmosphere to accurately capture the three-dimensional dynamic
changes throughout the linear heating process. Specifically, three sin-
tering tests (Linseis, DIL L75VS1600, Germany) were performed at a 5
K/min heating ramp to 1,653 K and two hours of holding for the mea-
surements in X (In-plane), Y (In-plane), and Z (Building) directions,
respectively. The defined final dilatometry testing temperature is based
on the sintering profile given by DSH Technologies [36], as shown in
Fig. 1. The purpose of three-directional dilatometry test is to quantify
the shrinkage anisotropy. Finally, the dilatometry results of displace-
ment and strain rate would be leveraged in the analytical modeling to

Table 1
Printing parameters for material extrusion (ME) process.
Printing parameters Values
Nozzle temperature 230 °C
Nozzle size 0.5 mm
Infill density 100 %
Printing speed 30 mm/s
Layer thickness 0.2 mm
Bed temperature 100 °C
Filament preheating temperature 60 °C
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Fig. 1. Sintering temperature profile for dilatometry test.

achieve the prediction of grain size evolution.

2.3. Thermal debinding and sintering experimental design

To remove the residual main chain polymers (approximately 3 wt%)
from the ‘brown’ parts, the thermal debinding process was performed in
a tubular furnace (SK-G08163-3-600) under a pure argon atmosphere.
The temperature setting details can refer to the previous work of Ning
etal. [35]. Then, we adopted an intermittent linear heating. Specifically,
eight groups of sintering experiments were carried out: (1) Heating to
1,503K,1,533K, 1,563K, 1,593 K, 1,623 K, and 1,653 K at arate of 5K/
min with a dwell time of 5 min for each temperature, and then cooling
from each one above to the room temperature; (2) Sintering with a
holding time of 60 min and 120 min, respectively, at 1,653 K. Each set of
sintering parameters was repeated five times for the fabrication to
ensure the experimental repeatability. Based on previous studies [37],
the sintering temperature interval was set to 30 K to characterize the
grain size evolution during sintering process in MEAM. Fig. 2 displayed
the intermittent sintering experimental design employed in this study.

2.4. Microstructure observation

The element content of SS 316L cube specimen after dilatometry test
were analyzed by inductively coupled plasma optical emission spec-
trometry (ICP-OES) (Agilent 5800, Agilent Technologies) and high-
frequency infrared carbon and sulfur (CS) analyzer (Corey-200,
Deyang Kerui Instrument, China). The section morphology of BASF

Sintering experimental design:

Thermal debinding Sintering

873 K

4 K/min

» Experimental Sintering Heating Dwell
number temperature rate time
1 1,503K 5 K/min 5 min
2 1,533 K 5 K/min S min
Cooling 3 1,563K 5 K/min 5 min
4 1,593 K 5 K/min 5 min
S 1,623 K 5 K/min S min
6 1,653 K 5 K/min S min
7/ 1,653 K 5 K/min 60 min
8 1,653 K 5 K/min 120 min

———
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Ultrafuse filament and the microstructure of SS 316L specimen were
characterized by a scanning electron microscope (SEM, Nova NanoSEM
450, FEI Corp., USA) equipped with electron backscattered diffraction
(EBSD) analyzer. The microstructure and grain orientation of SS 316L
specimen (after dilatometry test) after mechanical grinding and elec-
tropolishing were conducted with an acceleration voltage of 30 keV and
a step size of 1 pm. EBSD data processing was conducted using TSL OIM
analysis 7. Mechanically ground, polished, washing, and electrolysis
were performed on the sintered specimens at various temperatures to
highlight the grain structures. The microstructural evolution of SS 316L
specimens sintered at various temperatures were characterized by op-
tical microscopy (Olympus Corporation, BX53M, Tokyo, Japan). And
the images were captured in five different regions of the same cube. The
Image analysis was carried out on ImageJ software and the grain size
data was measured based on the intercept method. The measurement of
grain size follows the standard method of ASTM E1382-97. The weight
and dimensions of pre-sintered ‘brown’ parts were measured, and the
initial relative density can be calculated by dividing the density of the
pre-sintered specimen to the dense SS 316L (7.98 g/cm®).

3. Analytical modeling for grain size prediction

The model developed in this work involves the unique three-
directional anisotropic shrinkage characteristics of the pre-sintered
specimens. The sintering model is a continuum-mechanics (CM) one
developed based on the theories of plastic and nonlinear-viscous
deformation of porous bodies [22]. A porous body is defined as a two-
phase material including the skeleton and pores. It is assumed that the
particles are perfect spheres, and the viscous behavior is linear in all
directions. This approach covers theoretical relations among the sin-
tering stress, compaction moduli, and temperature-dependent proper-
ties of material viscosity, which is widely applied to uncover the
sintering behavior of ceramic/metal ‘brown’ parts. The stress—strain
relationship to describe the densification of a continuous compressible
medium is defined as [22,31]:

. 1 .
;=21 ((/)e,j + (y/ — 5(/)) €6 ) +PLo; 1

where o corresponds to external stress tensor, 7 is the material viscosity
of a fully dense material, é; is strain rate tensor, € is the trace of strain
rate tensor, showing the rate of the volume evolution in a porous body,
& is Kronecker delta, ¢ is shear modulus, y is bulk modulus, and Py is
effective sintering stress.

In a Cartesian coordinate system, the porosity evolution can be
determined locally through the following mass conservation equation:

Fig. 2. Intermittent sintering experimental design.
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1-8= é.+é,+¢, @
where 6 is porosity, @ is porosity rate. Shear modulus ¢, bulk modulus y,
and effective sintering stress P;, can all be theoretically approximated as
the function of porosity 0, as:

p=(1-0) 3
3

s @

P = ‘1"(1 -0y (5)

r

where r is the radius of powder particles, and a is surface energy.
Considering the anisotropic sintering shrinkage behavior of the pre-
sintered ‘brown’ part along X (In-plane), Y (In-plane), and Z (Build-
ing) directions, the analytic equation describing the sintering densifi-
cation is obtained (see Appendix A for detailed derivation):

. —P; (1 — 1 1 1
0:M(—+—+—) )
6y e ny 1

In the later stage of the sintering process, grain growth is observed.
The grain size dependence of material viscosity can be defined by [27]:

G\’ \
aes() ()

where b is viscosity grain size exponent, 1 is viscosity pre-exponential
factor, G is grain diameter, Gy is initial grain diameter, R is ideal gas
constant, Q, is viscosity activation energy, and T is temperature.
Substituting the expression of the sintering stress Py, and the viscosity 7
in Eq. (6), the temperature dependence of grain size can be defined by
isolating the grain size item again:
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(clan 7—2(1—6’)3 a N a N a (b=3)

G oT! , ]
0 Vo \neexp (%) mpexp(% ) neexp( %
(8)

The equation above indicated that uniaxial viscosity could not
accurately characterize grain growth during the ME process.

4. Quantification of grain growth parameters

In this section, we will uncover the sintering grain size evolution in
MEAM based on the dilatometry test data. The experimental three-
directional shrinkage results of cube specimens obtained through dila-
tometry tests are given in Fig. 3(a). Earlier sintering data (below 773 K)
is removed to exclude the effect of early sintering size fluctuation caused
by thermal expansion/softening. As expected, the final linear shrinkages
and dilatometry conclusions of the sintered specimens displayed a
satisfactory agreement: the pre-sintered specimens exhibited obvious
anisotropic shrinkage behavior during the sintering (17.36 %, 18.05 %,
and 20.03 % along X (In-plane), Y (In-plane), and Z (Building) di-
rections, respectively). Based on the dilatometry experimental data, we
can identify 6, €y, €,, and ¢,. The corresponding parameters ¢ and y can
be further determined by porosity 6. The particle size of the powder
particles in filament is about 6 pm [38]. It has been reported that SS
316L has no obvious grain growth behavior below 1,473 K [39]. A
certain amount of sintering necks has been formed among SS 316L
particles. The sintering process can be divided into two stages, corre-
sponding to different grain size evolution behaviors: (1) almost no grain
growth for temperatures below 1,473 K; (2) grain growth from 1,473 K
to 1,653 K holding stage.

Thus, the material viscosity # remains the only one unknown
parameter. For solid-state sintering, viscosity is related to grain
boundary thickness, atomic volume, diffusion coefficient, and other
parameters. This need to be calibrated with the help of a large number of
mechanical property testing experiments. It is necessary to find an

(a) 1800

—-—- Temperature|

—— X shrinkage -
1600 -} -{— Y shrinkage | y
—— Z shrinkage /
1,473 K »
1400 ~ B . z

1200 -====

T'emperature (K)

1000 ~

800 T4

5
223 ~ ~
-20.0

F17.5
F15.0
F12.5
-10.0

F7.5

Shrinkage (%)

5.0

$

X direction: In-plane direction

T T T
0 50 100 150 200

Sintering time (min)

-2.5 Y direction: In-plane direction

Z direction: Building direction

Fig. 3. (a) Dilatometry results of cube specimens, cross-section SEM images of (b) Ultrafuse SS 316L filament (SS 316L particles are wrapped by polyformaldehyde-

based binder system) and (c) SS 316L cube specimen sintered at 1,473 K.
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innovative method for a rapid identification and quantification of vis-
cosity parameters. A flowchart is provided to summarize the overall
modeling procedure, as illustrated in Fig. 4. The anisotropic viscosity
parameters at constant grain state can be determined by combining the
sintering continuum-mechanics model with dilatometry data, and the
grain size term can be separated to conduct the evolution process pre-
diction. Section 4.1 will elucidate the determination of anisotropic vis-
cosity parameters during the early sintering stage (below 1,473 K)
through a multi-step regression approach.

4.1. Sintering below 1,473 K

The anisotropic viscosity in Eq. (22) (see Appendix A) can be
expressed by Eq. (9). The derivation steps in X (In-plane) direction are
selected for an illustration.

_PL

2((!//—1—%(,0)6‘)[—&- (w—g)éy+ (x//—%)éz)

Here, for another unknown (surface energy «) in the expression of
sintering stress Py, we can circumvent this problem by extracting and
eliminating surface energy using the following regression equation [40]:

n.= (C)]

—6(1 - 0)’G} (), O
" G”“(<l//+§(ﬂ>éx+(l//*§)éy+<1/17§)é,_>T ()
(10)

According to SEM results in Fig. 3, we can assume that the initial
grain size Gy is approximately equal to the powder particle size (G = 2r
~ 6 pm). Therefore, the important purpose of this stage is to determine
the densification parameters with a constant particle size. The density of
the pre-sintered ‘brown’ part is measured to be 3.91 g/cm?, representing
the initial relative density of the pre-sintered cube specimen is set to
0.49.

Using the densification data (6, €y, €y, €;) from dilatometry tests and a
linear regression fitting of Eq. (10), the anisotropic viscosity activation
energies are obtained as Q,, = 205.8 KJ-mol ™1, Q,y =196.46 KJ-mol 1,
and Q,, = 193.9 KJ-mol’l, respectively (see Fig. 5), indicating a mean
value of 198.72 KJ-mol L. For sintering process in MEAM, the aniso-
tropic viscosity activation energy results along three directions indicate
that the thermal activation mechanism could be anisotropy. For porous
bodies with heterogeneous pore distribution, lower viscosity along one
direction can be explained by lower deformation resistance [41] caused
by looser powder particle packing mode along that direction (e.g.,
interlayer pores along Z building direction).

The pre-exponential viscosity factor ratios exhibited anisotropic re-
sponses during the curve fitting process. This numerical difference in
three directions cannot be considered as a constant value in isotropic
materials. The pre-exponential factor could be dependent on porosity.

Dilatometry test

Anisotropic strain rates (&, &, €,)

l

Anisotropic viscosity
activation energies

4 Anisotropic viscosity pre-
exponential factor ratios (;,/a

(Q vxX va sz) (NO grain grOWth) ’70)/ a ;70:/ Ot) (NO grain growth)
\_ (773 K to 1,473 K) ) (773 K to 1,473 K)

1 : 1
Continuum-mechanics model

aW) | oA
=Ty (‘Peu'f(w—g‘f’)?&.,)'*ﬂa.j )

Grain size G extraction
(773 K to 1,653 K holding)

Q

Fig. 4. The main procedures of the sintering model.
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To quantify the formation and attenuation of the anisotropy, the pre-
exponential factor ratio in Eq. (10) was re-extracted in Eq. (11) below
to predict the connection between the pore evolution and anisotropic
behavior. The porosity dependence of the three-directional pre-expo-
nential factor ratios (ox/a, 1oy/a, and rg;/a) are shown in Fig. 6.

Moy _ —6(1 - 0)°G}
“ Gb“<(l//+§(p>éx+(l//—%)é).-&-(l//—%)éZ)Texp(%)

4.2. Sintering from 1,473 K to 1,653 K holding

an

Using the anisotropic viscous parameters shown in Fig. 6, we can
initially obtain the grain size evolution curve from 1,473 K to 1,653 K in
Fig. 7 (isolate G of Eq. (8)). During the initial sintering stage, almost no
grain growth occurs until 1,473 K where it becomes active. The reason
can be explained by sintering neck formation during the initial stage of
sintering (intergranular through nucleation, crystallization). On the
other hand, weaker mass transport at low temperature stage could not
drive grain boundary migration.

5. Experimental validation and discussion

For MEAM process, residual carbon (C) caused by unremoved
binders after debinding could seriously contaminate and harden stain-
less steel components, potentially affecting subsequent grain size char-
acterization and analysis. The C content assessment is thus essential. In
order to ensure low C characteristics, C content in SS with high plasticity
and corrosion resistance is usually less than 0.03 wt% [42]. As displayed
in Table 2, the chemical composition of SS 316L cube specimen after
dilatometry test is characterized by ICP and CS analysis. After two steps
of debinding, the C content in the system decreased from 2.434 wt% in
filament to 0.023 wt% after dilatometry test. This indicates that the
specimen was not contaminated by C.

The microstructures of SS 316L cube specimen after dilatometry test
along Z (building) direction are characterized in Fig. 8. For MEAM
process, layer-by-layer deposition during printing step can form a large
number of interlayer pores in ‘brown’ parts, which could also be re-
flected in the final metal parts (see Fig. 8(a) and (b)). Such interlayer
structures are discussed in detail in the previous work of Ning et al. [35].
EBSD result (see Fig. 8(c)) indicates that the cube specimen exhibit
equiaxed austenite grains with a large number of annealing twinning
structures. Even with the presence of interlayer gaps left over from the
printing step, the grain orientation is highly random. The average grain
size of cube specimen after dilatometry test is 43.9 pm (see Fig. 8(d)),
which is almost exactly consistent with the modeling result of 42.6 pm.
The size error is less than 2 %. Therefore, the average initial particle size
of 6 pm used to determine the viscosity parameter is reasonable.

To further verify the modeling results, the statistical results of
average grain size and microstructures under eight selected temperature
nodes are shown in Fig. 9 for a comprehensive model validation. Com-
bined with the analysis of EBSD results (43.9 pm) in Fig. 8, it is found
that the average grain size increases from 9.95 pm at 1,503 K to 40.39
pm at 1,653 K holding 120 min. In addition, the grain grows rapidly
during the 1,653 K holding stage, almost exactly representing the result
and trend in Fig. 7. The difference between experimental and modeling
results is approximately 5.6 %, indicating the high accuracy of our
modeling and quantification methods. Approximations/assumptions
during analytical modeling could lead to deviations between experi-
mental and theoretical results.

In comparison to parts fabricated by metal injection molding or other
sintering processes, larger interlayer pores are the unique structures
existed in the MEAM process, causing three-directional anisotropic pore
distribution, thus resulting in anisotropic shrinkage during sintering at
the macroscopic level. For those sintered parts, such pores are not iso-
lated spheres but are inter-connected. Earlier studies have demonstrated
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Fig. 5. Extraction of viscosity activation energies using regression analysis.
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Table 2

Chemical elements of SS 316L cube specimen after dilatometry test (wt.%).
Fe Ni Cr C Mn Si Cu Co
Bal. 12.362 18.252 0.023 1.985 1.082 0.453 0.250 0.107

X direction: In-plane direction
Y direction: In-plane direction
Z direction: Building direction

Interlayer pores .

l k‘

. . \
Austenite grain ~._-

Average grain size
43.9 pm

Area fraction

30 40 50 60
Grain size (ym)

Fig. 8. (a) Interlayer microstructure, (b) Grain morphology, (c) Grain orientation, and (d) Average grain size distribution of SS 316L cube specimen after dila-

tometry test.

that the applied continuous thermal cycle provides free energy required
for atomic diffusion to drive the grain boundary motion between grains
and pores [43,44]. Another significant role of continuous thermal cycle
is to bypass obstacles [45] such as impurities (solute resistance), second
phase particles, or pores. When the free energy barrier caused by this
hindrance is sufficiently to suppress grain boundary migration driving,
grain growth is retarded or terminated [46]. Therefore, the connected
interlayer pores will be a significant obstacle that interferes with grain
growth. Such inherent large interlayer pores exist throughout the sin-
tering process. In conclusion, the grain growth is impeded near the
interlayer pores by the high value of porosity along Z (building) direc-
tion. The large pores caused by the interlayer defects after printing will
slow down the grain boundary mobility, and then result in a lower grain
size level on both sides of the interlayer lines. The model can only pre-
dict the evolution of average grain size. For such unique microstructure
of ME-fabricated components, further accurate prediction of local grain
size is required.

Finally, to verify the reliability of the grain size prediction method,
the porosity of SS 316L ‘brown’ part during ME process can be quantified
by the identified parameters G, Qy, 1ox/@, foy/@, and noz/a. The com-
parison of porosity obtained between mass conservation equation (see
Eq. (2)) and modeling (see Eq. (8)) is shown in Fig. 10, indicating the
accuracy of the grain size evolution behavior predicted by the new
sintering model at both initial heating stage and final holding stage. In
addition, the entire modeling method can be applied to conduct the
grain size prediction of various metal materials during solid-phase sin-
tering process.

6. Model generalization
The grain size prediction model can be generalized by further iden-

tifying grain growth kinetic parameters to calculate and quantify the
grain size evolution at different sintering temperature profiles. It can be

seen from Fig. 7 that the grain growth rate is significantly accelerated
above 1,473 K, which can be utilized to fit the traditional grain growth
model, described by [46]:

Grtl = Gﬁ“ + K't Forisothermal conditions (12-1)

G"*' = GJ"' + K(T)t For anisothermal conditions (12-2)
where G is grain diameter, p is grain growth rate exponent (p + 1 be-
tween 2 and 4) that corresponds to various grain growth mechanisms (4
for surface diffusion-controlled grain growth mechanism, 3 for lattice
diffusion-controlled grain growth mechanism, and 2 for boundary-
controlled grain growth mechanism in pure or doped system
[22,24,47]). During the isothermal sintering process for fully dense or
porous materials, K’ is often expressed as a constant. For anisothermal
conditions, the temperature effect on K needs to be reconsidered. The
traditional grain growth rate is usually modeled by the following
equation:

. K(T)
G- K (13)
K(T) = Koexp (%QTG) a4

where K is grain growth Arrhenius pre-exponential constant, Qg is grain
growth activation energy. However, we still have another two unknown
parameters, Ko and p. All of them are of high importance for the grain
growth analytical modeling to quantify the grain growth kinetics.
Based on modeling results under 1,653 K holding stage (see Fig. 7),
the grain growth rate exponent p can be estimated. Eq. (15) presents the
logarithm form of Eq. (14). It can be determined in the form of a linear
regression of the logarithm of the grain size G and the grain growth rate

G. However, G is unknown, and we can perform least square fitting on
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Fig. 9. (a) Average grain size statistics, (b) Comparison between modeling results and experimental data, (c)-(j) Optical micrographs showing the same area of eight
cube specimens.

the collected grain size data for obtaining the grain growth rate curve. In
order to obtain a more accurate G value, segment fitting is performed In (G) = —pln(G) + (ln(KU) —%) (15)
with the slope mutation of the curve in Fig. 7 as segmentation. The

fitting mathematical equations can be expressed as the following

‘ G = 5.92E — 06exp(—6.43E — 061) + 1.16E — 08exp(5.9E — 041)  (16)
exponential forms:

Gjin = 3.87E — 06exp(1.27E — 04r) + 3.25E — 12exp(8.17E — 04r) a7)
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And then, we obtained the p value of 2.05 and Kholding (T) value of
1.14E-18 m!*P.s71 (see Fig. 11(a)), considering the evolution of grain
growth mechanism (consistent with the boundary-controlled grain
boundary migration mechanism during the later stage of sintering (p =
2) [22,24]) based on the results of German et al. [43].

According to the above modeling parameters and assumes the
dominant densification mechanism of grain boundary diffusion (b = 3),
the two-stage grain growth kinetic behaviors can be directly predicted.
Specifically, as described in Eq (18), the grain growth activation energy
can also be obtained in the form of linear regression. The fitting result is
given in Fig. 11(b). We obtained the following grain growth kinetic
parameters: Qg = 189.475 KJ-mol’l, Ko, heating = 5.536E-11 m!*P.s1
from 1,473 K to 1,653 K. Using the Q¢ and the grain size data of 1,653 K

holding stage, we can calibrate the Ko, nolding value of 1.108E-12
m! s,

Q¢

RT (18)

In (GG") = In(Ky)

In order to further broaden the model application range, 1,673 K,
1,633 K, 1,613 K, and 1,573 K are selected as sintering temperatures
with a 5 K/min heating ramp and a two-hours holding time, respec-
tively, to predict the grain size evolution during the sintering process in
ME. As reported in Fig. 12, the grain size of SS 316L at various sintering
temperatures changed significantly during the holding stage. When the
sintering temperature reaches 1,673 K, the final grain size of SS 316L is
greater than 50 pm, indicating high sensitivity of grain size to

temperature at higher sintering temperatures. It is also found that the
final grain size of the specimen at 1,633 K is almost the same as that at
1,653 K in Fig. 7. In summary, the maximum error of final grain size is
less than 10 %, indicating a good accuracy of the kinetic parameters and
the applicability of the modeling method.

7. Outlook: Solute element segregation and grain growth
inhibition

Solute resistance (the resistance to grain boundary migration caused
by solute element segregation) can effectively inhibit the grain growth
[48], limiting the grain boundary mobility. This phenomenon can be
explained by the solute drag theory [49]. Excessive Cr precipitation
(Cry3Ce) at grain boundaries could also lead to a reduction in elongation
and cause material embrittlement [16], thereby minimizing their po-
tential applications. Based on the previous work of Ning et al. [50], the
mechanism of Cr segregation and aggregation at the grain boundaries
during the final holding stage of sintering process was revealed. Cr3Cy
has been reported as an effective grain growth inhibitor for the
consolidation of WC-Co alloys [51]. Therefore, we can further combine
solute resistance with interlayer pore resistance to fully explore the
grain growth mechanism. The sintering temperature profile will be
optimized by controlling the grain boundary segregation rate of the
solute elements, providing a new way for the grain growth inhibition
during the sintering process in ME.
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K holding 2 h.

8. Conclusions

In this work, the sintering grain growth behavior during the ME
process of SS 316L was studied. A grain size prediction model involving
anisotropic sintering process in ME was established for the first time.
Based on this, a comprehensive prediction of grain size evolution under
different sintering temperature profiles in ME was further achieved. The
core research findings in this work are summarized as follows:

(1) The anisotropic sintering analytic model indicated that aniso-
tropic viscosity could be a non-negligible factor affecting grain
growth during the ME process. By combining the analytical
model with the dilatometry data below 1,473 K, anisotropic
response and porous dependence of the pre-exponential factor
were identified.

The intermittent sintering experiment results confirmed the
consistency and accuracy of the analytical modeling method with
acceptable errors of 5.6 %. In addition, the interlayer micro-
structure after sintering revealed that the macro-pore pinning
caused by the magnified interlayer defects after printing can slow
down the grain boundary mobility.

The identification of grain growth kinetics parameters was con-
ducted using the predicted grain size data. Compared with the
data from literature, fitting results indicated a grain growth
activation energy of 189.475 KJ-mol ! and a grain growth rate
exponent of 2, representing boundary-controlled grain growth
mechanism.

Based on the determined parameters of grain growth kinetics, the
grain size evolution prediction was enabled at four sintering
temperature profiles (1,673 K holding 2 h, 1,633 K holding 2 h,

(2

3

-

4

—

10

1,613 K holding 2 h, and 1,573 K holding 2 h). The maximum
error of final grain size between predicted and measured was less
than 10 %. Finally, considering the Cr grain boundary segrega-
tion effect on grain boundary migration, the sintering grain
growth inhibition for the solute segregation rate control was
determined.

The sintering modeling method used in this work can be applied in
finite element codes to predict the deformation behaviors of complex
structures built by the ME process. The grain size prediction method can
also be used to formulate the optimal sintering heating process of other
metal alloy/ceramic materials in ME, thus avoiding a large number of
trial-and-error experiments.
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Appendix A:. Derivation for Eq. (6)

For the pressure-less anisotropic sintering of the printed ‘green’ parts, different deformation behaviors along X (In-plane), Y (In-plane), and Z
(building) direction should be examined. Specifically, the stress and strain rate tensors can be approximated as:

é 0 0
éj=1 0 ¢é O |Anisotropicé = é.+é,+é. 4
0 0 ¢

Combining Eq. (1), we obtain the following modified expression:

0y =2n (me‘,j 4 W(e; +é+ e;> - g (éx 6+ éz) ) +PL5; (20)
For pressure-less free sintering in ME process, oy is set to 0. And anisotropic shrinkage is first reflected in é;. Eq. (20) can be expressed by:

2

0="2n, (u/(e; o+ e) +?¢ —% (e'y + e) ) +P.(X — axis) (21-1)

B L 2. (. .

0=2n(w|é+é+é +?e}, A +é, + P.(Y — axis) (21-2)
2

0=21, (y/(e’x +é+ e) +7‘” ,%/’ (éX + é,) ) 4 PL(Z — axis) (21-3)

Subsequently, the strain rate components in three directions (X, Y, and Z-axis) are isolated separately:

—P(6n,m.w = 300y = 30y + en, + enn. + en,.)

by = (22-1)
18y, n,n.

o -t (6n.1.y — 30,y — 31y + gnon, + na. + g (22-2)
’ 18pym.nn.

- —Pr (61,1, — 300w — 30,00 + end, + en. + en,.) (22-3)
18y, .

Combining Eq. (22) with Eq. (2), we obtain Eq. (6).
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