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,is paper presents a numerical investigation on the 2D uniaxial die compaction of TiC-316L stainless steel (abbreviated by 316L)
composite powders by themultiparticle finite elementmethod (MPFEM).,e effects of TiC-316L particle size ratios, TiC contents,
and initial packing structures on the compaction process are systematically characterized and analyzed from macroscale and
particulate scale. Numerical results show that different initial packing structures have significant impacts on the densification
process of TiC-316L composite powders; a denser initial packing structure with the same composition can improve the
compaction densification of TiC-316L composite powders. Smaller size ratio of 316L and TiC particles (R316L/RTiC � 1) will help
achieve the green compact with higher relative density as the TiC content and compaction pressure are fixed. Meanwhile,
increasing TiC content reduces the relative density of the green compact. In the dynamic compaction process, the void filling is
mainly completed by particle rearrangement and plastic deformation of 316L particles. Furthermore, the contacted TiC particles
will form the force chains impeding the densification process and cause the serious stress concentration within them. Increasing
TiC content and R316L/RTiC can create larger stresses in the compact.,e results provide valuable information for the formation of
high-quality TiC-316L compacts in PM process.

1. Introduction

316L stainless steel (abbreviated by 316L) has increasingly
wide utilization in automobile, aerospace, marine, and
medical treatment field owing to its outstanding properties
of corrosion resistance, ductility, and biocompatibility.
However, it is not efficient enough when the strength and
wear resistance are both needed [1–3]. ,e performance of
this material can be improved via incorporating hard, brittle
ceramic reinforcements into the steel matrix, namely,
producing particulate reinforced metal matrix composites
(MMCs). Compared with various hard ceramic particles
[2–9], titanium carbide (TiC) powder is more suitable and
has been widely used as reinforcement in the steel matrix
because of its high hardness and strength, high melting
point, low density, large elastic modulus, and relative sta-
bility [9]. ,e uniform dispersion of TiC powder within the

316L matrix can result in superior performance of 316L in
the application requiring high strength and wear strength.
Powder metallurgy (PM) is a promising and economic
process to fabricate TiC-316L composites with the advan-
tages of material saving, easy operating, better control of the
microstructure, andmost importantly net-shape or near net-
shape forming [9]. In order to obtain the TiC-316L com-
posites with superior property and investigate the influence
of material properties and PM processing parameters on its
physical and mechanical performance, a large amount of
research work has been carried out.

Initially, people’s research interests were mostly focusing
on physical experiments. For example, Broeckmann and
Schieck [10] studied the failure behavior of 316L composites.
Pagounis and Lindroos [4] fabricated 316L composites with
different ceramic particulates as reinforcement by hot iso-
static pressing (HIP), and the mechanical properties of these
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composites were analyzed. ,ey found that a small number
of ceramic particles can lead to an improvement in wear
resistance, while the tensile strength, ductility, and tough-
ness are reduced. Owing to the key importance of TiC re-
inforcement in TiC-316L composites, some studies were
focusing on the effects of content and size of TiC particles on
the physical and mechanical properties of the composites.
Khakbiz et al. [11] studied the influence of TiC and different
experimental parameters on the rheological behavior of TiC-
316L composite powders using powder injection molding
(PIM). Lin and Xiong [12] investigated the effects of TiC
content and different compaction and sintering methods on
the microstructure and mechanical properties of TiC-316L
composites. ,ey found that 5 wt.% TiC addition can obtain
the densest TiC-316L composites with high mechanical
properties. Jin et al. [13, 14] and Onuoha et al. [15, 16]
produced TiC-316L composites by cold isostatic pressing
(CIP) and melt infiltration sintering. Almangour et al.
[17–19] conducted selective laser melting (SLM) process to
manufacture TiC-316L nanocomposites, where the influ-
ences of the initial TiC particle size, content, and volumetric
laser energy on the densification process were analyzed.
Aforementioned research work mainly focused on different
sintering processes in PM production. Actually, reasonable
compaction process can produce high-quality green com-
pact, which can not only simplify or optimize subsequent
sintering procedure but also improve the product grade. In
recent years, various experiments have been carried out on
the compaction of pure copper powder [20, 21], iron powder
[20, 22], and Al/ZrO [23] and Al/SiC [24–26] composite
powders, which mainly revealed the effects of compaction
pressure and processing parameters on the relative density of
the compact. On the one hand, for the powder compaction
of TiC-316L composite powders, systematic and in-depth
studies are less reported; on the other hand, for the particle
behavior during compaction, such as particle rearrangement
and deformation behavior, force transmission, and stress
distribution, along with the densification dynamics and
mechanisms, corresponding research studies are sparse in
physical experiments due to the difficulties.

Under this circumstance, computer simulations have
become effective approaches for analyzing the micro-
properties in PM production. One of the most commonly
used techniques is the finite element method (FEM) which
can provide the particle flow characteristics, relative density,
and stress distributions with high computational accuracy
and has been successfully applied in our previous studies on
the compaction of copper [27] and Fe/Al [28] powders.
However, this method is unable to demonstrate the afore-
mentioned particulate scale behavior simply based on the
continuum assumptions. In this case, the discrete element
method (DEM) can improve the particulate scale under-
standing of the powder compaction process [29–35], while
the effectiveness of DEM numerical simulation is largely
limited to small deformation or lower relative density than
0.85 [31]. In recent years, to alleviate the restrictions and
difficulties involved in the FEM and DEMmodelling, the so-
called multiparticle finite element method (MPFEM) has
been introduced to comprehensively simulate the

compaction process of various powders such as pure copper
[36–38], Al [39], iron [40], composite Fe/Al [41], Al/SiC
[42], and other ductile and brittle [43–45] powder mixtures.
,e advantages of this approach can be attributed to
combining the characteristics of FEM and DEM and intu-
itively presenting the powder movement, large deformation,
and stress distribution from the particulate scale, while
literature review indicated that to the best of our knowledge,
fewer numerical studies have been reported in the com-
paction of TiC-316L composite powders from particulate
scale, and the corresponding densification dynamics and
mechanisms during compaction process are still far from
fully understood.

In this paper, the MPFEM simulation is conducted to
investigate the 2D uniaxial die compaction of TiC-316L
composite powders with different initial packing structures.
,e effects of TiC content (wt.%), size ratio of 316L versus
TiC particles (R316L/RTiC), and loose and dense initial
packing structures on the relationship between relative
density and pressure, stress distribution and force trans-
mission, particle rearrangement and deformation, and
corresponding densification mechanisms during compac-
tion are systematically characterized and discussed. ,e
obtained highlighted results are meaningful for the forming
of TiC-316L composite powder compacts with high quality
in PM process.

2. Simulation Method and Conditions

,e MPFEM simulation of the whole compaction process
was performed using commercial software MSC Marc.
Different initial packing structures with an assembly of 200
particles were generated by DEM which can effectively re-
produce the real die filling process by considering the in-
terparticle forces. Since DEM has been successful applied in
our previous studies on the packing of various spherical and
nonspherical particulate systems [46–48] and the heat
transfer of spheroids in supercritical water [49, 50], the
details of this method are not given here. After generation,
the initial packing structure is imported into the FEMmodel,
where each particle is meshed with 132 elements as shown in
Figure 1(a). In addition, initial packing structures with
different size ratios of 316L versus TiC particles (R316L/
RTiC � 1, 2, 3, 4, 5) and various TiC contents (TiC%� 0, 2, 5,
10, 15, 20wt.%) are illustrated in Figures 1(b) and 1(c),
where blue and yellow disks, respectively, represent 316L
and TiC particles. It needs to specify that, to study the effects
of one parameter, other parameters are being fixed. For
example, 10wt.% TiC is fixed to study the particle size ratio
effects, and R316L/RTiC � 1 is fixed to study the TiC content
effects.

After mesh division, the material properties of TiC and
316L particles, contact interaction, boundary conditions,
and mesh adaptability are built and listed in Table 1, where
TiC and 316L particles are, respectively, set as elastic and
elastic-plastic materials. Meanwhile, individual particles are
defined as deformable bodies, while the punches and the die
are set as rigid bodies. Displacement boundary condition is
applied to the upper punch, and the compaction procedure
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is realized by the downward displacement of the upper
punch with the position of the die wall and lower punch
being fixed during compaction. In the simulation, the
modified Coulomb friction model is adopted, where the
friction coefficient μ� 0.2 is set for particles and μ� 0 is for
the die. Upon compaction, local adaptability and global

remeshing are used to improve the accuracy of the simu-
lation results.

In our MPFEM model, the yield stress can be expressed
by [41]

σy � C ε0 + ε( 
n

+ D(_ε)k
, (1)

(a)

R316L/RTiC = 1
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(b)
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Figure 1: (a) Mesh division of the individual particle in theMPFEMmodel; DEM generated initial packing structures with different particle
size ratios (b) and various TiC contents (c).

Table 1: Material parameters used for 316L and TiC particles.

Materials Young’s modulus Y, GPa Poisson’s ratio ], − Hardening index n, − Strength coefficient C, MPa
316L 193 0.29 0.334 273
TiC 440 0.25 — —
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where ε0 is the initial yield strain; ε is the equivalent strain; _ε
is the equivalent strain rate; and parameters C, D, n, and k
are material constants. Initially, the equivalent strain and
equivalent strain rate are assumed to be zero so that the
initial yield strain can be calculated by material constants C,
n, and Young’s modulus (Y) in von Mises material model.
,e von Mises stress is given by

σ �
σ1 − σ2( 

2
+ σ2 − σ3( 

2
+ σ3 − σ1( 

2
 

1/2

�
2

√ , (2)

where σ1, σ2, and σ3 are the principal Cauchy stresses along
three main axes. ,e equivalent strain rate is

_ε �
2
3

εijεij  
1/2

, (3)

where εij is the strain tensor.
MSC Marc uses Cauchy stress (true stress) and loga-

rithmic strain with updated Lagrange formulation. It is
instructive to derive the stiffness matrices for the updated
Lagrangian formulation starting from the virtual work
principle as


V0

SijEijdVδ � 
V0

b
0
i δηidV + 

A0

t
0
i δηidA, (4)

where Sij is the second Piola–Kirchhoff stress; Eij is the
Green–Lagrange strain; ηi is the virtual displacement; and bi0

and ti0 are the body force and the traction vector in the
reference configuration, respectively.

3. Results and Discussion

3.1.Macroscopic PropertyCharacterization. ,e relationship
between relative density ρ (defined as the volume fraction of
the powder in the compact) and compaction pressure P is
firstly established, based on which the influences of 316L and
TiC particle size ratio (R316L/RTiC), TiC content, and the
initial packing structure on the compaction of TiC-316L
composite powders are analyzed. Figure 2(a) gives the
variations of the ρ-P curves with different R316L/RTiC when
TiC%� 10wt.%. It can be seen that three stages can be
observed for each case, and the ρ-P curves show a similar
trend, which are in good agreement with those obtained
from others’ studies [20, 22, 23, 25, 26, 28, 29, 38, 41, 42, 44].
Figure 2(a) also shows that, with the increase of R316L/RTiC,
larger compaction pressure is needed to reach similar rel-
ative density. ,e highest density is achieved when the TiC
and 316L particles have the same size, which is in line with
the results in the literature [9, 26, 32]. ,erefore, the size
ratio of the soft and hard powders has distinct influences on
the whole compaction process, which needs to be further
studied. Meanwhile, the compaction curves of the composite
powders with different TiC contents when R316L/RTiC � 1 are
shown in Figure 2(b). One can see that the influence of TiC
content on the densification is relatively small at the initial
stage of compaction with low pressure, and the dominant
densification mechanism lies in the particle rearrangement.
With the increase of the pressure, the influence of the TiC
content becomes significant, which can be ascribed to the

fact that complete deformation of adjacent 316L particles is
impeded by the more TiC particles, and the residual pores
formed between them cannot be effectively filled. ,erefore,
with each fixed pressure, the larger the TiC content is, the
lower is the relative density of the compact. ,is phe-
nomenon has been observed during the compaction of other
composite powders by different researchers
[23, 25, 28, 30, 31, 34, 41, 42, 44]. To validate the current
numerical model, Figure 2(c) gives the fitting of the sim-
ulation results with Heckel equation [25, 26, 51]:

ln
1

(1 − ρc)
  � MP + A, (5)

where ρc is the relative density of the compact; P is the
applied pressure; and A and M are constants. Here, the
constant M represents the densification coefficient, which
implies that the material with larger M value can easily
achieve higher relative density at a constant pressure.
Figure 2(c) illustrates that our simulation results have perfect
agreement with the Heckel equation, which demonstrate
that the current model is valid and suitable for the partic-
ulate scale modelling of TiC-316L composite powders.
Furthermore, with the increase of TiC and 316L particle size
ratio, the constant M (the slope of the fitting line) gets
smaller, which indicates that the compaction becomes more
difficult. Also, the decrease of the slope of the fitting lines
with the TiC content demonstrates the poor compressibility
when the TiC content is very high.

Meanwhile, the variations of equivalent von Mises
stresses with relative density in the TiC-316L composite
compacts with different compositions and size ratios during
compaction are also analyzed as shown in Figure 3. Here, the
equivalent von Mises stresses represent the average value of
each node in these compacts. Figure 3(a) indicates that, with
the increase of relative density, higher TiC content and larger
R316L/RTiC cause larger equivalent von Mises stresses and
more serious stress concentration in the compact. And large
stresses shown in Figure 3(b) are mainly concentrated inside
TiC particles, which can be ascribed to the fact that plastic
deformation of 316L particles can partially release the
stresses, but no obvious plastic deformation has been found
in TiC particles due to their high Young’s modulus.
Meanwhile, with the increase of R316L/RTiC, more voids are
formed among the contacting TiC particles due to their large
number. ,ese voids are difficult to be fully filled, resulting
in a lower relative density of the final compact. In practical
fabrication of TiC-316L composites, efforts should be paid in
reducing the particle size ratio of composite powders or
getting more uniform distribution of reinforced particles to
avoid the large local property deviation and get the final
compact strengthened. Figure 3 also indicates that the in-
fluence of 316L and TiC particle size ratio on the compaction
is larger than the TiC content. ,e prediction of stresses can
be beneficial for optimizing the fabrication of high-per-
formance PM components.

In addition, different initial packing structures can also
cause distinct densification behavior. Figure 4(a) shows the
variations of relative density and equivalent von Mises
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stresses with compaction pressure of TiC-316L composite
powders with the same TiC content (10 wt.%) and particle
size ratio (R316L/RTiC � 1) but different initial packing
structures, and Figure 4(b) gives the morphologies of the
two initial packings (with the relative density of 0.7297 for
case I and 0.7653 for case II) before compaction and the
morphologies after compaction. It is worth mentioning
that case II is generated via vibration on case I to obtain a
higher initial relative density (tap density). During com-
paction, the dominant densification mechanism at the
initial stage is particle rearrangement [41, 42], where the

mechanical vibration aids the packing densification as can
be seen from structure variations in Figure 4(b). From
Figure 4, one can also find that the denser initial packing
structure (case II) can achieve a higher relative density at
the initial stage of compaction. ,e effect of the initial
packing structure on the densification process is more
significant at the initial and middle compaction stages;
when the relative density reaches a very high value (0.93),
the compaction curves of cases I and II tend to be coin-
cided with each other. Even though both cases can reach
the same relative density, the compaction pressure in case
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Figure 2: Variation of relative density with compaction pressure for TiC-316L composites with (a) different particle size ratios when TiC%�

10wt.%, (b) various TiC contents when R316L/RTiC � 1, and (c) fitting of the simulation results in (a) and (b) with Heckel equation.
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Figure 4: (a) Variation of relative density and equivalent von Mises stresses with the pressure during compaction on TiC-316L composite
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II is smaller than that in case I. ,e simulation results are
in good agreement with others’ work [42, 44]. In the final
compacts, more serious and inhomogeneous stress dis-
tributions are identified in case I, which are not beneficial
for the subsequent PM process. Meanwhile, fewer large
pores are found in the final compact of case II. ,erefore,
for the compaction of TiC-316L composite powders, a
denser initial packing structure can improve the densifi-
cation process and resultant compact performance.

3.2. Force Transmission and Densification Mechanism
Analysis. Even the ρ-P curve can reproduce the relationship
between the macroscopic properties of TiC-316L composite
powders and the pressure during compaction; it is unable to
effectively characterize the particulate scale behavior such as
particle rearrangement and deformation and force trans-
mission and densification mechanisms.

To further clarify the densification behavior during
compaction, the contact normal force distributions in TiC-
316L composite compacts are presented to trace force
transmission as shown in Figure 5, where the particle size
ratio of 316L and TiC is 1, and the compaction pressure is,
respectively, 100 and 300MPa.,e particles with black edges
represent TiC powders. From Figure 5(a), one can see that
when the compaction pressure is 100MPa, the force chains
formed in these compacts are not distinctly different except
that the contact normal forces within TiC particles are larger
and more concentrated on the center than the 316L particles
at the same position (the TiC particles replace the 316L
particles at the same position to achieve the increase of TiC
content in the current simulation). As only elastic defor-
mation is occurred on TiC particles, the contact region with
its neighbors is not as big as 316L particles, which may
induce the contact normal forces nonuniformly transmitted
and concentrated within TiC particles. ,e higher content
the TiC is, the more complicated are the force chains formed
in the composite compacts, which will further influence the
densification behavior of composite powders. When the
compaction pressure is up to 300MPa, the differences of the
contact normal force distributions in these composite
compacts can be distinctly found in Figure 5(b). With the
increase of TiC content, more regions with no contact
normal forces are found in the compacts, which indicates
that the compaction pressure cannot be effectively trans-
mitted to fulfill the compaction densification, and the local
cluster formed by 316L particles will not only hinder the
packing densification but also influence the subsequent
sintering process due to the nonuniform stress distribution
therein. Moreover, the relative densities of the compacts get
smaller, and the stress distributions in the compacts become
more inhomogeneous. In order to thoroughly and deeply
investigate the densification behavior during compaction,
the circled areas in Figures 5(a) and 5(b) which are the
representative local dense structures are chosen for detailed
analysis as given in Figure 6.

Figure 6 gives the local structure evolution in the TiC-
316L composite compact during compaction, where TiC
% � 20 wt.% and R316L/RTiC � 1. ,e marked 6 particles

belong to the TiC powder, and the rest of 10 particles are
316L powder. When the compaction pressure is 50MPa,
the densification is mainly due to the particle rearrange-
ment with the collapse of the “arching” structure. In this
case, the relative density of the compact increases sharply.
Meanwhile, small deformation of 316L particles can be
observed, and the number of contact normal forces within
the 316L powder is more than that within the TiC powder,
but the value for the former case is smaller than that for the
latter case. With the increase of the compaction pressure,
one can see that the densification is mainly due to the
plastic deformation of 316L particles with more large
contact normal forces concentrated within them. It is
worth noting that when the compaction pressure is
ranging from 100 to 150MPa, 316L particles have un-
dergone obvious deformation except the one surrounded
by TiC particles. ,is is because compared with 316L
particles, the deformation of TiC particles is extremely
hard, and the contact region and contact normal forces
around TiC particles are also smaller than 316L particles.
,erefore, no sufficient pressure is transmitted to the
central 316L particle to achieve the plastic deformation;
that is to say, the local TiC cluster provides a shelter for the
underneath particles and impedes the densification. When
the compaction pressure is up to 250MPa, the deformation
extent of the central 316L particle is still smaller than other
316L particles. Even though the addition of TiC particles
can improve the performance of the compact, the content
of TiC particles should be proper to realize the optimal
properties. With the further increase of the compaction
pressure (e.g., P> 300MPa), the contact normal forces are
still larger, but the local structure is nearly stable. ,e
densification is less sensitive with the further increase of P,
which is mainly due to the work hardening of the bulk TiC-
316L composite.

Furthermore, Figure 7 shows the contact normal force
distributions in TiC-316L composite compacts which have
the same TiC content (10wt.%) but different particle size
ratios of 316L and TiC after compaction. One can see that,
with the increase of the particle size ratio of 316L and TiC,
more contact normal forces are concentrated within the
contacting regions of 316L and TiC particles rather than
uniform transmission from one particle to another, and the
morphologies of 316L particles after compaction are more
irregular. Meanwhile, more voids are formed among the
contacting TiC particles than those among the contacting
316L and TiC particles. ,e increasing particle size ratio of
316L and TiC will not only decrease the relative density of
the final compact but also aggravate the distribution uni-
formity of relative density, which is harmful to the me-
chanical properties of the TiC-316L composites. ,erefore,
the optimal particle size ratio of 316L and TiC and proper
TiC content are of great importance to effectively strengthen
the 316L matrix.

3.3.QuantitativeCharacterizationonParticleRotationduring
Compaction. During compaction, the rotation of particles
plays an important role at the initial stage but was generally
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ignored in the analysis of the densification process. Here, a
geometric approach is proposed to calculate the degree of
particle rotation. ,e rotation degree is calculated through
variation of the particle position from one step to another.
Here, the initial coordinates of two nodes (e.g., A and B)
located on the circumference of a particle and those (e.g., A′
and B′) after an incremental step during compaction can be
extracted. ,e following equation is utilized for the
calculation:

θ � arctan
y2 − y1

x2 − x1
  − arctan

y2′ − y1′

x2′ − x1′
 , (6)

where θ is the angle of particle rotation; (x1, y1) and (x2, y2)
are, respectively, the initial coordinates of the two nodes A
and B; and (x1′ , y1′) and (x2′ , y2′) are the coordinates of the two
nodes A′ and B′ at the next step. Figure 8(a) gives the re-
lationship between the average value of particle rotation
angle and relative density of case I and case II in Figure 4(b)
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Figure 5: Contact normal force distributions in TiC-316L composite compacts with various TiC contents when R316L/RTiC � 1, where (a)
P� 100MPa and (b) P� 300MPa.
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Figure 6: Contact normal force distributions of the circled local structure in Figure 5 with TiC%� 20 wt.% when R316L/RTiC � 1 during
compaction.
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during compaction. One can see that a similar trend of the
curves is observed for both cases, and the average value of
particle rotation angle increases with the increase of relative
density. When the relative density for both cases is more
than 0.82, the particle rotation becomes less sensitive to the
further increase of ρ. ,is is because 0.82 corresponds to
relative density of the random close packing of equal disks in
2D [52] with the jamming state, so the dominant densifi-
cation mechanism will be transformed to particle defor-
mation when the relative density is beyond this value. As the
initial packing structure of case II is more locally ordered
and has larger initial relative density than case I, one can find
that the average particle rotation of case II is less significant
than case I when both TiC-316L compacts reach the same
relative density. ,e frequency distribution of average
particle rotation angles is also analyzed and shown in
Figure 8(b). For both cases, the average particle rotation
angles are mainly concentrated within 1–5°. It needs to be
noted that, for case I, the frequency distribution of the
particle rotation angle within 1–5° is smaller than that in case
II, and the differences between the frequency distributions of
other average rotation angles less than 20° are not significant.
As the average rotation angles are greater than 20°, the
differences of frequency distributions between the two cases
are obvious. ,e frequency of particle rotation angles larger
than 20° in case I is higher than that in case II, indicating that
the particles in case I rotate with larger angles during
compaction to form the final dense structure. In other
words, the looser initial structure (case I) needs more
“energy” to form a dense compact during the initial stage of
compaction. ,e results show good agreement with the
analyses of Figure 4 that the looser initial structure (case I)
achieves lower relative density at the initial stage of

compaction. Figure 8(c) gives the contact friction force
distributions in the compacts at different compaction
stages as marked in Figure 8(a). One can see that the initial
stages B1 and B2 have larger relative densities than stages
A1 and A2. Here, stages A1 and B1 represent the start of
compaction in each case, and stages A2 and B2 represent
the starting point of particle rotation as the contact friction
force comes into existence. As indicated, the particles in
case II can rotate immediately as the compaction starts (no
additional increments exist between stages B1 and B2);
however, the particles in case I still need to translate to form
a more stable and ordered structure for compaction. As the
compaction proceeds, the contact friction forces all in-
crease with the relative density of compacts, and the contact
friction forces in case I are larger than those in case II.
Meanwhile, stages A3, B3 and stages A4, B4 are chosen to
analyze the contact friction force distributions due to the
same relative density of each case. When the relative
density of each case is 0.79635 (A3, B3), as case II has a
denser initial structure and the particles are arranged more
ordered than case I, the particles in case I need to rotate
with larger angle to achieve the same relative density as case
II, and the contact friction forces in case I are larger than
those in case II. When the relative density of each case is
0.82123 (A4, B4), the structures of both cases transform to
the random close packing, and the difference of average
particle rotation angle between case I and case II is less
significant. At this stage, small deformation starts to ap-
pear, and smaller compaction pressure is needed for case II
which indicates that the contact friction forces in case II are
still smaller than those in case I. ,erefore, as discussed
above, the denser initial packing structure can aid the
packing densification.
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Figure 7: Contact normal force distributions in TiC-316L composite compacts with different particle size ratios of 316L and TiC when TiC
%� 10wt.% after compaction.
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4. Conclusions

Numerical modelling on the uniaxial die compaction of TiC-
316L stainless steel composite powders was conducted using the
multiparticle finite element method (MPFEM) in 2D. ,e

effects of TiC-316L particle size ratio, TiC content, and the initial
packing structure on the compaction process were investigated.
Moreover, macro- and microproperty characterization, particle
behavior, and densification mechanism analyses were con-
ducted. ,e findings are summarized as follows:
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(1) Different particle size ratios of TiC-316L composites
(R316L/RTiC) and contents of hard TiC particles have
significant impacts on the compaction process.
When the TiC content and compaction pressure are
fixed, the increase of R316L/RTiC results in the lower
relative density and more serious and inhomoge-
neous stress distribution in the final compact. Similar
trend has been observed in the effect of TiC content
on the compaction with fixed particle size ratio. If the
TiC content is increased in the composite compact,
the pressure required for a dense compact increases
as well.

(2) ,e force chains formed by the network of TiC
particles can impede the compaction densification
process, which can be ascribed to the stress shielding
of underneath particles from deformation for adja-
cent pore filling. With the increase of R316L/RTiC and
TiC content, more complicated force chains are
formed in the compact, and the densification be-
comes harder.

(3) At the initial stage of compaction, particle rear-
rangement, elastic deformation, and small-scale
plastic deformation of 316L particles are the
dominant densification mechanisms, but their in-
fluences on densification are limited. With the in-
crease of compaction pressure, the densification
mechanism lies in the large plastic deformation of
316L particles which can effectively fill most of
residual pores. Compared with 316L particles, no
obvious plastic deformation of TiC particles can be
observed due to their high Young’s modulus.
,erefore, large stresses are mainly concentrated
inside TiC particles.

(4) A denser initial packing structure can improve
densification process, and the effects are mainly
reflected from the initial stage of compaction as
smaller compaction pressure is needed to achieve the
same relative density compared with the looser initial
packing structure. Meanwhile, the more homoge-
neous stress distribution in the final compact can
also improve the resultant compact performance.

(5) ,e contact friction forces in the looser initial
structure are larger than those in the denser initial
structure in the initial stage of compaction. Particles
in initial packing can rotate immediately as the
structure becomes much denser and more local
ordered at this stage, which indicates that the denser
initial packing structure can accelerate the com-
paction. Moreover, the average particle rotation
angle in the denser initial structure is smaller than
that in the looser initial structure.
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