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A B S T R A C T

Extrusion-based additive manufacturing (AM) has been widely adopted as a cost-effective approach to building 
metal materials for engineering applications. The 2nal microstructure and properties are strongly dependent on 
the post-processing, e.g., debinding and sintering, of the as-printed part. In this study, the structure evolution at a 
microscopic length scale during this extrusion-based AM process was understood by discrete element modeling, 
simulation, and experimental validation. In the simulation three groups of stainless-steel particles were placed 
with different distribution patterns by imposing different packing strategies. By considering both surface and 
grain boundary diffusion mechanisms during modeling and simulation, the microstructural evolution, including 
pore size reduction and grain growth were revealed. Effects of particle distribution patterns on the grain and pore 
morphology during sintering have also been uncovered. The simulation results were experimentally validated by 
characterizing stainless steel specimens at different sintering stages through X-ray computed tomography and 
microscopies, indicating their good alignment with the realistic microstructure evolution. The research 2ndings 
from this study provide valuable insights into unique sintering behaviors affected by AM and guide the process 
optimization for metal alloys fabricated through the extrusion-based sintering-assisted AM process.

1. Introduction

Additive manufacturing (AM) has become an attractive alternative to 
traditional manufacturing technologies for metal component fabrication 
due to its advantage in rapid, freeform prototyping. Among all existing 
AM techniques for building metal components, the extrusion-based 
sintering-assisted method offers high manufacturing ef2ciency, low 
cost, and low material waste, thus showing great promise for building 
large-scale components in various industries [1]. Such a multi-step 
manufacturing process starts with the additive creation of polymer- 
based, metal particle-2lled “green” parts by fused 2lament fabrication 
(FFF), which is a process to extrude 2lament materials through a hotted 
nozzle and form the 3D shape onto the building platform. Then, a 
debinding process is applied to remove the polymeric binders in the 
“green” parts. After that, the debound part undergoes a high- 
temperature sintering process to burn out the residual polymers and 
coalesce particles to achieve the 2nal dense component. The 2nished 

part can reach a relative density of >0.95 and exhibit a strength similar 
to that of wrought metals and structures built by laser-based AM [2]. 
Compared with the laser-based AM, such an extrusion-based sintering 
assisted (ES)-AM pathway also favors scalable manufacturing and fa
cilitates the fabrication of alloys with high laser re>ectivity (e.g., copper 
and aluminum) and high melting point (e.g., tungsten) [3,4].

The structural and mechanical properties of the ES-AM-built metal 
components have been widely studied mostly through experimental 
observations. Thompson et al. and Liu et al. found that pores were 
distributed along the boundaries of equiaxed grains in the 316 L stainless 
steel part built by ES-AM [2,4]. Kurose et al. found an anisotropic pore 
distribution induced by varying layering directions [5]. They also tested 
the tensile properties in different directions and found that the highest 
strength was obtained from the transverse direction. Pellegrini et al. [6] 
studied the effects of printing orientation on the resultant shrinkage and 
geometric accuracy and a strong shrinkage anisotropy has been found. 
Recently, Li et al., provided a study in comprehensive optimizing each 
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step of the ES-AM process to build steels with low porosity, high tensile 
strength and elongation [7]. Such experimental observations qualita
tively re>ect the signi2cant role of printing and sintering processes in 
determining the anisotropic microstructures and resultant properties, 
yet exhibit limitations in discovering the underlying mechanisms that 
govern the sintering behaviors. To establish a quantitative correlation 
between process parameters and resultant microstructures, a physics- 
informed computational approach should be leveraged to simulate and 
explain the phenomena of microstructure evolution during the ES-AM 
process.

At present, a mechanistic understanding of microstructure evolution 
during the extrusion-based sintering-assisted AM process is not avail
able. However, the sintering process has been well studied that build 
physics-driven models to understand the microstructure evolution 
phenomena. At the atomic scale, molecular dynamics (MD) simulations 
effectively predict the thermodynamics behind the particle coalescence 
and elemental diffusion during the sintering [8,9]. The MD method 
addresses nanoparticles to understand the atomic diffusion behavior; 
however, it doesn’t allow to directly simulate micro-scale phenomena, 
such as pore evolution and grain growth. At the micro-scale, sintering 
leads to particle coalescence driven by the mass transfer at their 
boundaries/necks [10]. Based on the coalescence behavior, computa
tional modeling has been developed to unveil the temperature- 
dependent evolution of microstructures including pores, grains, and 
local defects in the parts built by metal injection molding (MIM). 
Currently, approaches of micro-scale numerical simulation of sintering 
include Monte Carlo (MC) [11–13], phase 2eld [14,15], and discrete 
element methods (DEM) [16]. Due to the limitation in computational 
cost from the sintering physics and model complexity, MC and phase- 
2eld approaches could only solve small-packing problems within hun
dreds of particles [17], unable to represent a more realistic dimension 
scale. DEM models can solve the problem of large particle assembly 
ef2ciently by avoiding the constraints in other methods, e.g., the mean- 
2eld strain assumption, thus reducing the computational cost. In the 
DEM, a large number of particles (usually in several tens of thousands) 
can be randomly distributed in a prescribed simulation box, and then the 
number of contact boundaries between particles is determined [18]. The 
contact law between particles is pre-de2ned in the model based on 
several contact evolution mechanisms. After calculation, the displace
ment of each particle is computed by Newton’s second law of motion 
with their position updated till the simulation termination at a given 
criterion (e.g., time, volumetric strain, or relative density of the system).

The DEM model for the prediction of microstructure during sintering 
has been signi2cantly developed from its initial form as introduced by 
Parhami and McMeeking [19]. In their model, the contact force between 
two spherical particles of the same size was established considering the 
grain boundary diffusion as the major mechanism to drive the coales
cence. The determination of the contact size was achieved by Coble’s 
contact radius evolution eq. [20]. Pan et al. [21] improved the expres
sion of contact force between two particles of different sizes. With initial 
DEM models, critical phenomena during sintering have been studied in 
the past few years, such as particle rearrangement behavior [22,23], 
multi-material densi2cation [24], microstructural evolution with con
strained sintering on a substrate [25], etc. It was also found that the 
evolution of small defects and pores during sintering could be accu
mulated from local density heterogeneity, which may also be mitigated 
by particle rearrangement [26]. Recently, a grain growth model has 
been implemented into the DEM model to fully incorporate mass 
transport between particles [27]. The simulation predicted grain size 
growth in the sintering of alumina under different initial particle size 
distributions. Anisotropic sintering simulation was also performed with 
assembled particle chains (pre-aligned particles) [28], showing the 
number of aligned contacts affected the anisotropic shrinkage of the 
component. All those research 2ndings have demonstrated the use of 
DEM to simulate a realistic sintering process, yet they have not incor
porated large packing of particles with anisotropic pore distribution, 

which is a particularly unique character induced by AM, into the DEM 
modeling. Therefore, to predict and understand the anisotropic micro
structure evolution during sintering induced by extrusion-based AM, 
there is a growing need to develop a more precise and robust DEM 
model.

In this study, the fundamental understanding of microstructure 
evolution of stainless steel built by ES-AM will be established by 
leveraging a physics-driven DEM model that accounts for the role of 
distribution patterns of large particle packing. The objective of this 
study is to understand the microscale relationship between the 
extrusion-based sintering-assisted process and the associated micro
structure evolution. The pore evolution and grain growth phenomena 
will be predicted from the initial packing state to the 2nal sintered state 
and validated by experimental characterizations. The completion of this 
study will 2ll the knowledge gap in microscale understanding of sin
tering during ES-AM, and advance the design, fabrication, and appli
cation of ES-AM-built metals with predictable microstructures.

2. Modeling process

2.1. Model description

The discrete element method (DEM) is a physics-informed, compu
tational approach to simulate the interaction between particles based on 
Newton’s second law of motion. It has been utilized to predict micro
structural evolution during the solid-state sintering process. Fig. 1
demonstrates the overall framework of the DEM simulation for the 
whole sintering process. An initial group of particles is generated with 
assigned size distribution in the 2rst step. Three-dimensional co
ordinates and the radius of each particle are stored in the initial coor
dinate 2le. Next, the contact law is de2ned on any particle that connects 
neighboring particles, and their relative displacements are calculated. 
Meanwhile, grain coarsening law is implemented based on surface and 
grain boundary migration mechanisms to compute the size evolution. 
An updated coordinate 2le is then produced to input into the second 
step. During simulation, coordinate 2les are exported with a relative 
density (RD) increment of 0.01. The simulation will terminate at a 
critical RD of 0.90, which represents a high densi2cation status in the 
2nal part.

Particles, as the fundamental element in the DEM, possess single 
crystallographic grain and will be packed together inside a simulation 
box. In nature, particles can be either single-crystal or polycrystalline, 
but the DEM method is not able to capture the atomic-level interactions 
within a particle. Each particle is regarded as a perfect sphere and 
labeled with a position in x, y, and z coordinates and its radius. Some 
other important assumptions in the DEM model include: 

(1) Before sintering, particles are densi2ed from a state of zero 
contact (RD = 0.3) to a compact state with several elastic contacts 
(RD = 0.51) in order to reach a comparable volume fraction of 
particles in the pre-sintered state. Those contacts evolved based 
on the Hertzian contact model [29].

(2) No rotational forces will be imposed on the particles. The effects 
of binders are not considered.

(3) Two major diffusion mechanisms, namely surface diffusion and 
grain boundary diffusion, are considered the driving phenomena 
of sintering [27]. Their diffusion coef2cients are both 
temperature-dependent, following the Arrhenius form. The par
ticle evolution/grain growth is governed by the surface diffusion 
and grain boundary migration in which mass transfer occurs 
across the grain boundaries.

(4) There will be a heating and holding period during the sintering 
simulation. The heating starts at 1050 ◦C with a ramping rate of 
5 ◦C/min until 1350 ◦C. No cooling stage will be imposed.

(5) Other than prede2ned pore distribution in the part, the 
manufacturing defects caused by FFF (e.g., impurities, 
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deformation and warping, inconsistency of density) will not be 
re>ected in the geometry. Gravity will also be neglected.

2.2. Particle assignment under printing strategies

The printing path creates initial anisotropy inside the pre-sintered 
part and impacts the mechanical property of the 2nal sintered compo
nent [30]. To mimic the anisotropic particle distribution, we designed 
three strategies of particle packing in the binder-free pre-sintered part 
status, as illustrated in Fig. 2. In a random particle distribution pattern, 
12,500 particles without contact were 2rst placed inside a cubic simu
lation box (size ratio equals to 1:1:1) with a relative density of 0.30. The 
size of particles followed a lognormal distribution with an average 
diameter of 5.5 μm and a standard deviation of 0.3 μm [31]. To 
numerically “stack” particles together, the “jamming” process was uti
lized to initially compress the loose particles (zero contacts) to a relative 

density of 0.51 (jammed state described in Appendix A). The cubic 
simulation box has a side length of 0.15 mm (Fig. 2(a)). Meanwhile, we 
created another two patterns, including the 0◦-0◦ pattern and 0◦-90◦

pattern, as shown in Fig. 2(b) and (c), respectively. In both patterns, we 
assume that a single track of the as-printed part will contain 500 par
ticles, and in a x, y, z ratio of 1:5:1. To create the total 12,500 particles 
with desired distribution, 2ve “jammed” tracks were parallelly created 
that present the part printed in a single layer. Finally, such procedure 
was repeated in creating a total of 5 layers. We found that a total of 
12,500 particles can provide enough information on the large-scale 
microstructure including the pore distribution and grain evolution 
without using considerable computational time. The 0–0◦ pattern was 
created by depositing 2ve identical layers along the same direction, 
whereas the 0◦-90◦ pattern altered the interlayer angle by 90◦. Within 
each track, the size of particles followed the same size distribution. Fig. 2
(d) shows the cubic simulation box containing a total of 12,500 particles 
in a 0–0◦ pattern.

2.3. Contact law and grain growth models

After the initial generation of particles, the simulation was per
formed using an open-source DEM code, dp3D, developed by the SIMaP 
laboratory in France [16]. This code has been successfully utilized to 
simulate different physical phenomena and rigorously improved by re
searchers for higher accuracy and more applicable 2elds in the past 
decades [32–35]. As shown in Fig. 3, two particles with sizes rs and rl 
have an indentation thickness of h. During sintering, a Bouvard-Pan 
contact law between particles is de2ned [27]: 

NS = − πa4
(

1 + rs
rl

)

βΔGB

dh
dt +

α

β
πrlγs

ΔGB = Ω

kbTDGBδGB

(1) 

where NS is the contact normal force, a is the contact radius, rs and rl are 
the radii for small and large particles, respectively. α, β, and ΔGB are the 
diffusion-related terms, dh/dt is the neck width increment with time, 
and γs is the surface energy. Ω stands for the atomic volume and kb is the 
Boltzmann constant. DGBδGB is the term of grain boundary diffusion that 
follows an Arrhenius form. D stands for diffusion coef2cient and δGB is 
the thickness of the grain boundary. The displacement of particles is 
derived based on Newton’s second law of motion using a Velocity-Verlet 
algorithm.

Once the contact size between two particles achieves a critical value 
that is determined by the equilibrium dihedral contact angle, Ψ eq, two 
grain-growth models will be imposed into Eqs. (2) and (3), respectively 

Fig. 1. Framework of DEM simulation.

Fig. 2. Packing strategies of particles for the DEM modeling. (a) Random 
pattern, (b) 0–0◦ pattern, (c) 0–90◦ pattern, and (d) 12,500 particles packed 
under a 0–0◦ pattern.
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[27,29]. 
(dVl,s

dt
)

s
= −2 Ds

kbTγsΩ
1
rl
− 1

rs
rl + rs − h

[

π(a + δS)2 − πa2
]

(2) 

(dVl,s
dt

)

GBM
= − 2MGBγGB

(1
rl
− 1

rs

)

[

πa*2] (3) 

where dVl,s/dt is the mass >ux during grain growth and MGB is the 
temperature-dependent grain boundary migration coef2cient also 
following the Arrhenius law. The contact neck size is assumed to be a 
constant, a*, after the initiation of grain growth. Two fundamental 
mechanisms including surface diffusion and grain boundary migration 
contribute to the grain growth, resulting in the average size increase 
during the simulation. During surface diffusion, atoms move through the 
boundary of neck with a radius of a and thickness of δS, while for grain 
migration the diffusion area is the entire circle of the neck. The pa
rameters retrieved from literature for the simulation are listed in 
Table 1.

2.4. Outputs of the DEM model

The sintering simulation was terminated at the relative density of 
0.90. Table 1 lists the parameters for the DEM simulation of the 17–4 PH 
SS powders in this study. After simulation, a 2D image generator inte
grated in the dp3D was utilized to generate an image sequence con
taining both particles and their interfacial connections along the axial 
direction (cross-section plane in normal z). A total of 1000 slices were 
generated and exported as .raw 2le, which would be subsequently 
analyzed with ImageJ software. To obtain the information of localized 
porosity and the dimension of pores, each slice has been segmented to 
provide an areal information of the pores and the grain size. The average 
porosity for one slice was measured by dividing the area of pores to the 
total area of the 2gure, and the total pore area/grain size divided by the 

number of pores/grains were treated as the average pore size and grain 
size for one slice, respectively. Such measurement procedure was 
repeated for all slices and the results were again averaged to summarize 
the entire information of the 3D pore size, porosity, and grain size. As 
the grain or pore shape is usually irregular which makes it dif2cult to 
quantify their size, here we assumed round circles to represent the same 
area, so the diameter of the circle is considered as the grain or pore size. 
On the other hand, the 2D raw data was also imported to an imaging 
process software, Dragon>y by Object Research Systems (ORS, Canada), 
for the 3D reconstruction of the 2D slices. Grains and pores were 
appropriately segmented to reveal the evolution of microstructure dur
ing the sintering process.

3. Experimental methods

3.1. Sample preparation

A 17–4 PH SS metal-polymer composite 2lament (17–4 PH, Mark
forged Inc., USA) was used as the feedstock for the FFF printing by a 
high-temperature desktop printer (Funmat HT, INTAMSYS Corp., 
China). The polymer binders in the 2lament include 20 vol% of wax and 
20 vol% of polyethylene. The green specimen size was 5 × 5 × 1 mm. 
Similar to the simulation process, three different printing patterns were 
generated, including the Random pattern, a 0◦-0◦ pattern and a 0◦-90◦

pattern. The Random green specimen was created by 2rst heating the 
debris of 2lament at 180 ◦C for 3 h, then hot pressed in a ϕ 8 × 4 cylinder 
container. The printing parameters for the other groups are listed in 
Table 2. After printing, samples were placed inside the debinding 
chamber (Wash-1, Markforged Inc., USA) to remove the wax binder in 
the green part. The duration of debinding was around 24 h in an Opteon 
SF79 solution (TMC Industries Inc., USA) at ambient temperature. A 
high-temperature furnace (Sinter-2, Markforged Inc., USA) was then 
utilized to sinter the part after solvent debinding under the protection of 
the mixture gas of argon and hydrogen. Specimens were taken out from 
the furnace during and after the sintering. Relative density of the 
specimens was tested via a gas pycnometer (Ultrapyc 1200e, Quan
tachrome, USA). Intermediately sintered specimens possessed a relative 
density of 0.83–0.86 and the specimens after full sintering had a relative 
density of 0.98.

3.2. Characterization of micropores and grains

The results from DEM simulation were compared with the experi
mental data. X-ray CT (Nanome X, Baker Hughes, USA) was conducted 
to measure the internal pore evolution of the specimen during sintering. 
Specimens at the intermediate sintering stage and the as-sintered stage 
were chosen for the X-ray CT scanning. The scanning voxel size was 10 
μm while 1000 slices were reached along the longest direction. The 3D 
internal features were characterized by Dragon>y with the capability of 
quantifying the porosity of each slice from different orientations. Grain 
morphology was observed by an optical microscope (DSX 500, Olympus, 
Japan) using the same specimens that were prepared by standard 
metallography procedures, and chemically etched by Marble’s reagent. 
Grain sizes were measured on at least 2ve images for a single specimen 
according to ISO 643 standard [40].

Fig. 3. Schematic of geometrical parameters for the Bouvard Pan contact law 
between a small and a large particle with radius rs and rl, respectively, and the 
illustration of sintering mechanism including surface diffusion at the edge of 
particles, and the grain boundary (GB) migration at the particle neck.

Table 1 
Parameters used in the DEM simulation of 17–4 PH stainless steel.

D0GBδGB
(m3/s) 5.4 × 10−14 [36] QGB (kJ/mol) 155 [36]

D0S (m2/s) 372.4 [37] QS (kJ/mol) 163.9 [37]
M0GB

(m3/(N⋅s)) 2.03 × 10−4 [38] QGBM (kJ/mol) 350 [38]
Ψeq (◦ ) 138 [27] Ω

(m3) 1.18 × 10−29

γS (J/m2) 0.4 [39] γGB (J/m2) 2γScos(Ψeq/2)

Table 2 
Printing parameters for the fabrication of green parts.

Parameters Values
Nozzle temperature 260 ◦C
Nozzle diameter 0.4 mm
In2ll percentage 100%
Printing speed 30 mm/s
Layer height 0.1 mm
Bed temperature 90 ◦C
Chamber temperature 70 ◦C
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4. Results and discussion

4.1. Sintering kinetics

Fig. 4 exhibits the side view of particles/pores in a pre-sintered state 
and the curves retrieved from the simulation that describe some essen
tial attributes of sintering kinetics, including densi2cation, densi2cation 
rate, and grain coarsening. Unlike a random distribution of pores shown 
in Fig. 4(a), interlayer gaps are indicated in the 0–0◦ and 0–90◦ particle 
packing patterns. Those interfacial gaps are typical features observed in 
parts built by the FFF process [41]. As the temperature ramps up, the RD 
values gradually increase with the sintering time, as indicated in Fig. 4
(d). The densi2cation rate then apparently slows down during the 

holding stage above an RD value of 0.8 to the 2nal RD of 0.9. The 
Random group exhibits the highest densi2cation rate as they reach the 
2nal RD faster than the other two, followed by the 0–0◦ group. From the 
simulation, it would only take less than 3 h for the Random group to 
reach RD of 0.9 but >6 h for the 0–90 group, suggesting a major impact 
of initial particle/pore distribution on the densi2cation behavior.

Fig. 4(e) shows more details about the densi2cation rate with the 
progression of RD values. The 0–0◦ and Random group exhibit similar 
densi2cation rates at RD values below 0.8, both of which are slightly 
higher than that of the 0–90◦ group. On the other hand, both 0–0◦ and 
0–90◦ groups have a great reduction of densi2cation rate at RD values 
above 0.8 while the Random group exhibit a smaller reduction of the 
densi2cation rate. Fig. 4(f) depicts the grain coarsening behavior during 

Fig. 4. Sintering behaviors of 17–4 PH SS for three different groups, including the side surface in (a) Random group, (b) 0–0◦ group, and (c) 0–90◦ group. Interfacial 
gaps are highlighted in (b) and (c) as a result of connected pores. (d) Densi2cation curve versus time. (e) Densi2cation rate at different densities. (f) Grain size 
evolution and the predicted 2nal grain size at RD = 0.98.
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sintering. Before the RD value of 0.8, limited grain growth is observed 
for all three groups. The 0–90 group experience the highest speed of 
grain coarsening compared to other groups when the RD value goes 
above 0.8. The grain size at an RD of 0.9 reaches 11.6 μm in the 0–90◦

group, followed by 8.15 μm in 0–0◦ group and 6.3 μm in the Random 
group.

The difference in densi2cation behavior and grain coarsening rate 
indicates a signi2cant impact of initial pore distribution. In the DEM 
simulation, interconnected particles experience different stages of coa
lescence driven by the diffusion mechanisms. At the beginning where 
the contact size is minimal, surface diffusion is dominant to facilitate the 
densi2cation and form the neck, then the grain boundary diffusion be
comes more effective with the neck growth. Such a transition is because 
the surface contact area shrinks when the connecting neck size becomes 
larger. Meanwhile, grain coarsening is enabled by the mass transfer from 

the surface diffusion and grain boundary migration. Reduced densi2
cation is usually accompanied by grain coarsening because a large neck 
size could generate great resistant force against further densi2cation 
[42]. In this study, it can be seen that grain coarsening is rather domi
nated by the grain boundary migration since the grain size has merely 
increased for lower RD values below 0.8. Moreover, due to the formation 
of interlayer gaps, 0–0◦ and 0–90◦ groups exhibit greater grain coars
ening than the Random group because particles are more concentrated 
between those gaps, creating more contacts and greater contact size 
growth, eventually resulting in a higher average grain size and smaller 
densi2cation rate.

4.2. Grain growth behavior

The microstructural evolution during sintering is simulated for each 

Fig. 5. Microstructure evolution of 17–4 PH SS during sintering including the initial stage (RD = 0.51), intermediate stage (RD = 0.70), and 2nal stage (RD = 0.90) 
for three groups.
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printing pattern from the initial stage (RD = 0.51) to the 2nal stage (RD 
= 0.90), as shown in Fig. 5, where the yellow region represents the 
grains and the blue color depicts the pore area. A 2nal RD of 0.9 was set 
to account for a more accurate 2nal grain size prediction as the DEM 
model may not appropriately capture the polygonization of grains at the 
near net-dense stage [42]. The average grain size (G) can be calculated 
by an inverse square root law with the porosity (θ): G = AG0

̅̅

θ
√ . A is 2tted to 

be 0.64, 0.79, and 0.90 for Random, 0–0◦, and 0–90◦ groups, respectively 
[43]. To compare with experimental results, we extend the simulated 
curve of grain size to an RD of 0.98, making their grain sizes become 
23.4, 15.8, and 7.9, respectively. The predicted grain sizes are match
able with those reported by other researchers [44,45].

As shown in Fig. 4(f), the grain size increases with the RD and the 
growth rate would accelerate at a higher RD. Fig. 5 shows a coalescence 
of particles by forming connecting necks (red lines), which are then 
enlarged as the densi2cation proceeds, and 2nally, neighboring grains 
are integrated in the form of grain coarsening. In Fig. 5(a), the initial 
particles are distributed randomly inside the simulation box. The dis
tribution pattern of particles can be recognized for the 0–0◦ group and 
0–90◦ group at RD of 0.51. Those patterns, induced by the periodic 
packing strategies, create local pore concentrations at intralayer and 
interlayer spaces.

Three groups exhibit similar grain growth rates at the initial and 
intermediate stages. At the RD of 0.7, the number of contacts increases 
signi2cantly due to the overall densi2cation, but the grain sizes are not 
greatly enlarged. As shown in Fig. 5(b), (e), and (h), most particles 
remain at the same location so that the pore distribution pattern can still 
be observed. Signi2cant grain growth occurs in all three groups for RD 
values between 0.70 and 0.90. Fig. 4(f) suggests that the grain growth 
for the Random group is slower than for the other two. This phenomenon 
could be explained by the difference in grain-pore interactions.

Fig. 5(e) and (h) show that the phenomenon of pore concentration 
during initial packing still exists for these two groups in the intermediate 
sintering stage, promoting a greater grain growth rate. Speci2cally, after 
the intermediate stage, grain growth will be dependent on the solid-solid 
interface and the number of grain boundaries [46]. As a result, the 
concentration of pores dictates the number of grain boundaries inside 
the part. Thus, grain growth would be facilitated if the pores are more 
concentrated, corresponding to denser contacts of grains. In the cases of 
0–0◦ and 0–90◦ printing patterns, both particles and pores are more 
concentrated due to the initial assignment of pores along the inter and 
intra-layers, contributing to a more signi2cant grain growth than for the 
Random group. Comparing the 0–0◦ and 0–90◦ groups, the 0–90◦ group 
is seen to exhibit a higher grain growth rate and a larger 2nal grain size 
due to even higher pore concentration by the alternation of particle 
packing direction. The grain growth should be controlled during the 
sintering process as larger grains reduce the strength and ductility of the 
material. Therefore, a printing strategy with more randomness and 
prevention of pore connection would bene2t the 2nal performance of 
the sintered component.

The grain morphology from experimental observation at different 
sintering stages is shown in Fig. 6 and the corresponding grain sizes are 
quanti2ed in Fig. 7. At the intermediate stage, the 17–4 PH SS is mainly 
comprised of martensitic structure. The average grain size for the 
Random group barely increases and is smaller than the other two groups. 
When further sintered, more austenitic phases are observed in equiaxed 
grain structures. Therefore, it is anticipated that the 17–4 PH particles 
during sintering would undergo a phase transformation step from the 
martensite to austenite, regardless of the printing strategies. On the 
other hand, their average grain size has increased, especially for groups 
of 0–0◦ and 0–90◦. Large variations of grain size are also observed for 
those groups because there are several extremely large grains (>50 μm) 
found in those groups, resulted from the interactions between pores and 

Fig. 6. Grain morphology of specimen at intermediate and 2nal sintering stages for (a) and (b) Random group, (c) and (d) 0–0◦ group, (e) and (f) 0–90◦ group, 
respectively.
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grains. The largest grain size is obtained from the 0–90◦ group, which is 
consistent with the simulation result. Overall, the predicted value of the 
2nal grain size aligns well with the experimental results for grain 
morphology. Some variations could stem from the complex diffusion 
mechanisms during sintering and also the effects of phase trans
formation. The diffusion parameters given in the DEM model are con
structed by simple Arrhenius-based equations that account for the 
temperature effect but neglect other phenomena like the formation of 
defects and phase transformation [47]. The DEM model can be further 
improved by considering those effects.

4.3. Pore evolution

The statistical distribution of local porosity simulated at the early 
stage of sintering (RD: 0.51) is shown in Fig. 8. The histograms for 2D 
slices of the Random, 0–0◦, and 0–90◦ groups along the building direc
tion (XOY plane) are demonstrated respectively. The distribution 
pattern from the Random group is close to a normal distribution and 
porosity values mostly fall in the range between 48% and 54%. The 
distribution patterns become off the normal distribution for both 0–0◦

group and 0–90◦ group with a larger average porosity. For the 0–0◦

group, two distribution peaks can be found at around 51% and 54%, 
indicating the pore concentration behavior. Such phenomenon is also 
found for the 0–90◦ group, where the highest concentration of porosity is 
found to be 52% and 56%, showing a greater area of connected pores 
induced by additive manufacturing before sintering. After the comple
tion of sintering, such a tilted porosity distribution for 0–0◦ and 0–90◦

groups still exists and a small portion of high porosity layers can be 
determined from the histogram. Similar to the pre-sintered stage, 
porosity values for the Random group exhibit a pattern close to normal 
distribution after sintering.

Difference in spatial porosity distribution at the early stage has 
resulted in very different pore sizes at the end of sintering. Fig. 9 exhibits 
the pore geometry and histograms of simulated pore sizes in later stages 
of sintering (RD = 0.9). Pore geometry is also exhibited in parts at RD =
0.7. For the Random group, small pieces of pores are distributed at the 
surface when RD = 0.7, and the number of pores on the surface reduces 
at RD = 0.9. However, one large, connected pore is visualized in the 3D 
model at RD = 0.9 shown in Fig. 9(c), which could be due to the pore 
coalescence (small pores connect with neighboring ones due to particle 
movement) at the intermediate and 2nal stages of sintering [48]. For the 
other two groups, the pore distribution on the surface re>ects the 
printing pattern at the intermediate state of sintering. At RD = 0.9, it has 
also been revealed that despite the reduction of porosity on the surface, 
pores are also connected inside the part. It should be noted that this pore 
geometry may not be representative of that at RD = 0.98 because the 
grain size can signi2cantly increase for RDs from 0.9 to 0.98. As a result, 

Fig. 7. Quanti2cation of grain size at different sintering stages for three groups 
of specimens and comparison with the DEM prediction (IM: intermediate).

Fig. 8. The histograms of porosity distribution for (a, d) Random group, (b, e) 0–0◦ group, and (c, f) 0–90◦ group at relative densities of 0.51 and 0.9 for all groups, 
representing the initial stage and 2nal stage of sintering, respectively. 1000 XOY slices were taken from the bottom to the top and the porosity was analyzed by 
imaging processing software ImageJ.
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large, connected pores should be broken down to small pores. Addi
tionally, the polygonization of grains also helps the enclosure of pores at 
the grain corners.

Due to the nature of DEM simulation that deals with spherical par
ticles with no polygonization, pores are well connected that creates a 
single large volume (Fig. 9(c), (f), (i)), making it dif2cult to measure the 
pore size. The alternative is to measure a plane-wise porosity in slices 
along different directions, and the 2D porosity values are quanti2ed 
along the x, y, and z axis, as depicted in Fig. 10. It is found that the 
porosity distribution is consistently random in the Random group at both 
RDs, and the average of porosity reduces from around 30 μm to 10 μm. 
Similar concentration of porosity is observed along every direction, 
suggesting the isotropic distribution. On the other hand, anisotropy is 
indicated for both the 0–0◦ group and 0–90◦ group. Speci2cally, the YOZ 
plane in 0–0◦ group and XOY plane in 0–90◦ group have the highest pore 

concentration at the RD of 0.7, as indicated by their extremely high 
porosity values at several slices. This could re>ect the interlayer gaps 
induced by the printing pattern. At RD = 0.9, porosity along those di
rections is reduced and its variation becomes matchable with other di
rections for both groups, showing the transition from anisotropy to 
isotropy in pore distribution under the progress of sintering.

4.4. Experimental validation of pore evolution

X-ray Computed Tomography (CT) scanning is conducted to exper
imentally characterize pores inside the specimens to validate the simu
lation results at different sintering stages. Fig. 11 exhibits the 
reconstructed geometries of cuboid specimens at (1) the intermediate 
(IM) sintering stage and (2) sintered stage. Pores inside the specimens 
are labeled by colors with respect to their volume. From Fig. 11(a) and 

Fig. 9. Distribution of pores on three surfaces for all groups at relative densities of 0.7 and 0.9. (c), (f), and (i) display the 3D visualization of pores (in yellow color) 
inside the part (in red color) of the Random group, 0–0◦, and 0–90◦ group of specimens at RD = 0.9, respectively. Pores are mostly connected at both sintering stages, 
so the pore size calculation was only conducted for the 2D slices. (For interpretation of the references to color in this 2gure legend, the reader is referred to the web 
version of this article.)
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(b), pores are randomly distributed inside the sample from Random 
group, and both of their sizes and numbers have decreased in the sin
tered specimen. Unlike the Random group, pore distribution patterns can 
be identi2ed in the 0–0◦ and 0–90◦ groups at intermediate stage. Several 
long pores (in red color) are observed for the 0–0◦ group in Fig. 11(c) 
and (d) along the deposition direction within a layer. Those pores are an 
indication of intralayer gaps. The number of such pores is well reduced 
at higher RD, but the shape remains. In Fig. 11(e), the pore distribution 

re>ects the 90◦ alternative printing pattern since most pores align par
allelly in either x or y direction. Both the number and size of pores are 
signi2cantly reduced in the sintered part shown in Fig. 11(f) whereas the 
distribution pattern of pores becomes random.

From the CT scanning, we can quantify the pore size inside the 
specimen at different sintering stages. Fig. 12 shows the histograms of 
the pore size distributions and the mean pore size for each group at 
different sintering stages. The smallest pores are obtained for the 

Fig. 10. Simulated plane-wise porosity distribution at two sintering stages for (a-b) Random group, (c-d) 0–0◦ group, and (e-f) 0–90◦ group of specimens with x, y, z 
representing normal directions to YOZ plane, XOZ plane, and XOY plane, respectively. Specimens are named by their group (0–0◦, 0–90◦ or Random) followed by the 
associated RD (0.7 or 0.9).
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Random group, with 50% of the pores being <20 μm for both interme
diate and sintered states. Although the number of pores is reduced in the 
sintered specimen, the average pore size does not change considerably. 
The sintered part from the experiment has a relative density of 0.98, 
which is higher than our termination criteria of simulation, resulting in a 
much lower average pore size. However, the difference of pore size 
affected by the printing strategies has been captured by our experiment. 
A signi2cantly higher pore size at the intermediate stage is obtained for 
the 0–0◦ group and 0–90◦ group and those larger pores cannot be fully 
eliminated in the sintered parts. At the 2nal sintered stage, the average 
pore size from the 0–90◦ group remains over 40 μm whereas the value is 
reduced to 27 μm for the 0–0◦ group. The larger average pore size in the 
0–90◦ group indicates that the largest interconnected pores induced by 
the initial particle packing cannot be fully enclosed. The DEM simulation 
can be a good representation of the pore evolution trends, especially for 
the pore size distribution of the part undergoing different printing 
strategies.

In this study, the DEM tool is implemented to simulate the 

anisotropic sintering behavior of the part created by material extrusion 
AM. The method could directly enable different printing strategies 
embedded into the model and reveal their effects on microstructural 
evolution (grain morphology and pore evolution). For the anisotropic 
pore distribution, in particular, the DEM modeling can represent the 
location of pores as initiated by the printing strategy and then affected 
by the sintering process very well, offering an essential contribution to 
understanding the sintering phenomenon and predicting the 2nal per
formance of the sintered part for industrial applications. Another 
advantage of the DEM methodology is that it does not require a signif
icant number of computational resources compared with other ap
proaches, such as the phase-2eld methodology. As an example, a domain 
for phase-2eld simulation can be discretized into millions of different 
cells with tens of millions of edges [49], whereas the DEM only requires 
tens of thousands of particles as individual elements to simulate the 
microstructure evolution. However, it is very important to ensure the 
convergence of macroscopic stress toward a correct value. The DEM 
simulation also requires a precise track of particle motion based on 

Fig. 11. 3D reconstructed geometry of specimens at intermediate and 2nal sintered stages for (a-b) Random group, (c-d) 0–0◦ group, and (e-f) 0–90◦ group.
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Newton’s second law of motion, so the size of timestep is essential to the 
success of the simulation due to the tradeoff between model accuracy 
and computational cost. An extremely small timestep is usually given for 
a larger safety factor, sometimes unnecessarily increasing the compu
tational time [50]. Overall, the DEM approach effectively solves the 
structural representation of large-packing of particles during sintering in 
a micro-length scale and its potential can be further realized in other 
AM-based approaches, e.g., binder jetting, selective laser sintering, etc. 
Future improvement of the DEM modeling could be enabled through the 
simulation of discrete elements in an irregular shape to represent pol
ygonization of grain at later sintering stage. In addition, complex phe
nomena like phase transformation and grain polygonization can be 
embedded into the DEM models to reduce discrepancies in the predicted 
microstructure.

5. Conclusions

This study presents a fundamental investigation on the microstruc
ture evolution during the extrusion-based sintering-assisted AM process 
via modeling, simulation, and experiments. Three initial large packing 
patterns of micro particles were employed, for the 2rst time, to reveal 

their effects on the pore evolution and grain growth during sintering 
process. X-ray CT scanning and microscopic observation were utilized to 
quantify the microstructure and validated the simulation results. The 
densi2cation rate is the highest for the Random group compared to 0–0◦

and 0–90◦ packing, and the grain growth occurs at RD values over 0.8 for 
each group. The 0–0◦ and 0–90◦ packing strategies induce greater grain 
growth rate and result in higher 2nal grain size compared with the 
Random group. Pores are concentrated at interlayer gaps at 0–0◦ and 
0–90◦ groups and this distribution pattern has been captured by the X- 
ray CT imaging at both intermediate and 2nal sintered stages. The 
number of pores is reduced from the intermediate sintering stage to the 
2nal sintering stage, but pores connect at later sintering stage to prevent 
further size reduction. The 0–90◦ printing pattern creates the highest 
grain size and also the largest average pore size after sintering.
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Appendix A. Binder-free “brown” part modeling procedure in dp3D

Particles, representing the fundamental element in the DEM code possess single crystallographic grain and will be packed together inside a 
simulation box. Each particle is regarded as a perfect sphere and labeled with a position in x, y, z coordinates and its radius. At the beginning of the 
packing process, a given number of particles will be randomly distributed inside the simulation box without any contact with each other. Those 
particles can be mono-sized or follow a given size distribution. This initial process produces a relative density of 0.3, where no contact is imposed to 
particles 2lled inside the simulation box. For the Random group, 12,500 particles are assigned into the box. For the other two packing patterns, 500 
particles are assigned in a box with size ratio 1:5:1 and then the simulation boxes are stacked according to the illustration in Fig. 2. After that, a 
“jamming” process is introduced to the initial packing for a higher density. During the jamming process, a small value of macroscopic pressure (much 
less than the modulus of the particle material) is added on the boundary walls to reduce the volume of the simulation box. Thus, particles are 
“densi2ed” by contacting with the neighbors, so the RD of particle system is increased. In this stage, only elastic interactions between particles will be 
activated. Speci2cally, the normal elastic contact force between two particles with radius R1 and R2 is given by the Hertzian law: 

NHertz = 4
3E*R*1/2δn3/2 (A1) 

E* =
(1 − υ12

E1
+ 1 − υ22

E2

)−1
(A2) 

R* =
( 1

R1
+ 1

R2

)−1
(A3) 

where NHertz is the normal contact force, r1 and r2, (E1, ν1) and (E2, ν2) represent the radii and elastic properties of those two particles, respectively, and 
δn is the normal indentation of the contact. The calculation of contact size follows the Hertz contact radius evolution eq. [20], which has been 
implemented in the dp3D code. After determination of the contact force, the particles are moved according to Newton’s second law and their 
displacement is computed by a Velocity-Verlet algorithm [51]. The “jamming” process is terminated with a given relative density of 0.51 for the 
subsequent sintering simulation.
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