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Abstract Discrete element method (DEM) is used to study
the factors affecting agglomeration in three-dimensional
copper particle systems during solid-state sintering. A new
parameter is proposed to characterize agglomeration. The
effects of a series of factors are studied, including particle
size, size distribution, inter-particle tangential viscosity, tem-
perature, initial density and initial distribution of particles
on agglomeration. We find that the systems with smaller
particles, broader particle size distribution, smaller viscos-
ity, higher sintering temperature and smaller initial density
have stronger particle agglomeration and different distribu-
tions of particles induce different agglomerations. This study
should be very useful for understanding the phenomenon of
agglomeration and the micro-structural evolution during sin-
tering and guiding sintering routes to avoid detrimental ag-
glomeration.

Keywords Solid-state sintering · Discrete element simula-
tion · Agglomeration · Densification

1 Introduction

Agglomeration is a result of drastic rearrangement of parti-
cles at the early stage of sintering, during which shrinkage
occurs within many regions and the particles in each region
are drawn inwards towards the geometrical center of the re-
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gion. Thus, agglomerates gradually take place accompany-
ing with the increase of porosity between them [1], which
would lead to retardation of the general shrinkage. Agglom-
eration is widely observed in metal and ceramic solid-state
sintering, especially in nano-particle sintering. Petzow et
al. [2] observed agglomeration during sintering of planar ar-
rays of uniform copper spheres at 950 ◦C. Similar phenom-
ena have been found in irregular arrays of glass spheres [3]
and copper particles [4], a compact of fine tungsten pow-
der [5], fine chromium oxide powder compacts [5] and alu-
mina powder compacts [6]. Kuo et al. [7] found that almost
all the powder of alumina-8vol% zirconia was agglomerated
to various sizes from less 1 μm to more than 10 μm after
calcination at 550 ◦C for 2 hours. Palmero et al. [8] found
a heterogeneous microstructure consisting of agglomerates
of ultrafine alumina particles of about 150–200 nm, which
was sintered at 1 135 ◦C. Agglomeration was also observed
in liquid-phase sintering [9] and in the process of producing
fine-sized ceramic powders [10, 11].

Agglomeration has shown significant influences on sin-
tering process and compaction in experiments [12, 13] and
simulations [14–17]. Ciftcioglu et al. [18] investigated the
effect of agglomerate strength on sintered density experi-
mentally and achieved a conclusion that the sintered den-
sity of yttria powders decreased with increasing agglomerate
strength. Rhodes [12] found that agglomerates limited at-
tainable green density, interfered with the development of
microstructure, impeded initial-stage sintering kinetics, and
limited the potential benefit of fine crystallites in final-stage
sintering. Lange et al. [13] found that dry powder routes
to powder consolidation could produce large agglomerates,
which resulted in large crack-like voids due to differential
sintering. Martin et al. [16] studied the morphology and
strength of agglomerates using computational simulation and
found that the morphology of agglomerates had an obvious
effect on the tap density but their strength was a predominant
factor affecting green density. Kim et al. [17] considered
the rearrangement of agglomerates and found that compacts
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with rearranged agglomerates had higher packing densities
than those without rearrangement.

Though the pioneering works disclose some effects of
agglomeration on sintering and compaction, some funda-
mental problems are still open. What factors influence ag-
glomeration and how? How can we describe agglomeration
in a quantitative way?

It is a much challenging job to establish theoretical
models to study the formation and effects of agglomerates at
the present stage. It is because agglomeration during sinter-
ing may be influenced by many factors, such as the properties
of materials, particle size, size distribution, temperature, and
so on. Furthermore, the strength, shape, size and distribution
of agglomerates also affect the evolution of microstructure
and the final properties of materials. Experimentally, the in-
stantaneous observation of agglomeration in 3D compacts is
so complex and difficult, that the effects of agglomerates are
investigated by introducing them into the system before sin-
tering. In fact, agglomerates are always forming during the
sintering process. Thanks to the new technology of in situ X-
ray micro-tomography, which has been used to observe the
rearrangement of particles during sintering [19–23], we be-
lieve that it will be adopted to study the agglomeration in 3D
compacts in the near future.

An alternative approach is numerical simulation. Due
to its natural treatment at a particle length scale, recent dis-
crete element method (DEM) [24–27] has shown its capabil-
ity to study the effect of rearrangement not only in macro-
scopic aspects, such as densification rates [24, 26, 28], vis-
cosities [26, 29], anisotropic sintering [30], constrained sin-
tering [31], but also in microscopic aspect of crack evolution
during sintering [26, 32]. This method has also shed some
lights on our understanding of certain problems about ag-
glomerates. Kim et al. [17] investigated the effect of agglom-
erate rearrangement on packing density. Martin et al. [16]
studied the effect of morphology and strength of agglomer-
ates on packing density. As far as we know, Kadusnikov
et al. [14, 15] are the first ones to simulate agglomeration
(“zonal segregation” used in their papers) in sintering by a
sphere-polyhedron model. They find that regular close pack-
ing of identical particles does not produce agglomeration
while for any irregular systems, e.g. random close packing
with pores or with particle size distributions, agglomeration
is certain to happen. They further added that the two-particle
coalescence rate is another major factor affecting agglomer-
ation. For a particle system, there is a critical two-particle
coalescence rate, below which the geometrical irregularities
relax during sintering, while above which fluctuations due to
imperfections accumulate and agglomeration occurs. They
studied the effect of the two-particle coalescence rate on mi-
crostructural evolution. However, the two-particle coales-
cence rate is determined by a series of physicochemical fac-
tors including particle size, temperature, viscosity, diffusion
coefficient and so on. As a preliminary work, effects of those
factors are not discussed in their works.

In this paper, the discrete element method (DEM) sim-
ilar to the original work done by Cundall [33] will be used,
which has been proved to be more appropriate for modeling
particle rearrangement. A new parameter named “the vari-
ance of distances between neighboring particles” is proposed
to characterize the agglomeration. Then the method is used
to study effects of particle size, size distribution, tempera-
ture, inter-particle tangential viscosity, the initial distribution
of particles and the initial volume fraction on the agglomer-
ation in a 3D copper particle sintering system.

2 Numerical simulation method

2.1 Discrete element method (DEM)

DEM is used to simulate the sintering process, in which the
quantities describing a particle consist of a position vector
x i, velocity ẋ i, angular velocity ω i, mass mi and moment
of inertia Ii. At each time step t, the interacting force and
torque between two adjacent contacting particles are F i j and
T i j, where T i j = −(1/2)r i j × F i j with r i j = x i − x j. The
acceleration ẍ i(t), angular acceleration ω̇ i(t + Δt), velocity
ẋ i(t +Δt), angular velocity ω i(t +Δt) and position x i(t +Δt)
can be calculated using the Newton’s second law and a verlet
type algorithm as follows,

ẍ i(t) =
1
mi

∑

j�i

F i j, (1a)

ω̇ i(t) =
1
Ii

∑

j�i

T i j, (1b)

x i(t + Δt) = x i(t) +
(
ẋ i(t) +

1
2

ẍ i(t)Δt
)
Δt, (1c)

ẋ i(t + Δt) = ẋ i(t) +
1
2

(ẍ i(t) + ẍ i(t + Δt))Δt, (1d)

ω i(t + Δt) = ω i(t) +
1
2

(ω̇ i(t) + ω̇ i(t + Δt))Δt, (1e)

where Δt is a small value, in which the particle i is assumed
to interact only with its neighbors and can not move over its
neighbors. In the numerical simulation, a real mass mi will
require the time step Δt to be a very small value, which in
turn leads to an expensive simulation time. In order to over-
come the drawback, a special technique is adopted in this
paper [25, 26, 34], in which the mass of a particle is scaled
up by a factor β, the acceleration and velocity can be re-
duced by the same order of magnitude without influencing
the equilibrium position of each particle. Thus, a relatively
large time step can be chosen. However, the factor β should
not be too large as analyzed by Henrich et al. [26]. Martin
et al. [25] used 1013 for β in their simulations. In the present
paper, we choose β = 1012 and Δt = 1 s. Actually, we also
checked simulations with β = 1013 and Δt = 1 s or β = 1012

and Δt = 0.5 s, the same results can be achieved as those
presented in the following sections.
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2.2 Interacting force between adjacent particles

According to Refs. [24, 28, 31, 32], the normal force Ns and
the tangential force Ts acting at the interface of two contact-
ing particles are

Ns =
πa4

s

8Δb

dh
dt
− πγs

[
4Rp

(
1 − cos

ψ

2

)
+ as sin

ψ

2

]
, (2a)

Ts = −η
πa2

s R2
p

8Δb

du
dt
, (2b)

Δb =
Ω

kT
δbDb, (2c)

where Db = D0b exp(−Qb/RT ) is the diffusion coefficient
for vacancy transport in the grain boundary with thickness
δb and activation energy Qb, Ω is the atomic volume, k is the
Boltzmann constant, T is the temperature, h is the indenta-
tion depth between two spherical particles, γs is the surface
energy, Rp is the radius of the particle, ψ is the dihedral angle,
as is the sintering contact radius, which grows according to
the Coble’s model as =

√
2hRp. du/dt is the tangential com-

ponent of relative velocity at the contact and η is the viscous
parameter.

Equation (2) consists of grain boundary diffusion and
surface diffusion, which is originally and strictly obtained by
Bouvard and McMeeking [35] and Parhami and McMeek-
ing [29] from the physics and mechanics view-points. The
first term on the right hand side of Eq. (2a) is the normal
viscous force resisting the relative motion normal to the con-
tact interface of two adjacent particles, which has also been
adopted in Refs. [26, 30, 36, 37]. The second term of Eq. (2a)
denotes the sintering force pulling two adjacent particles to-
gether. The tangential contact force Ts in Eq. (2b) opposes
the tangential component of relative velocity at the contact.

We introduce an equivalent radius R∗=2R1R2/(R1+R2)
to replace Rp in Eqs. (2a) and (2b) for calculating Ns and Ts

between two particles of radii R1 and R2. The treatment has
been suggested by Parhami et al. [38] and is in good accord
with numerical simulations [39].

3 Simulation model and parameters

Three 3D models are used in the present paper. The first one
is a cube containing 1 185 uniform spheres with a boundary
length 20 times of the particle radius corresponding to the
initial volume fraction of 62%, which is used to investigate
effects of the particle size, temperature, initial particle distri-
bution and tangential viscosity on agglomeration. The sec-
ond one is a cube containing 1 200 non-uniform spheres with
the boundary length 20 times of the average particle radius,
which will be used to investigate the effect of particle size
distribution on agglomeration. Three kinds of standard devi-
ations 0.02, 0.06 and 0.08 for the particle size distributions
are considered. The third one is a cube containing 1 200 uni-
form spheres with the boundary length 21.58, 21.30, 20.78

and 20.31 times of the particle radius, respectively, which
denote different volume fractions 50%, 52%, 56% and 60%
of particles.

The value of the viscous parameter is problematic.
Martin et al. [31] argued that the normal viscosity term in
Eq. (2a) should be of the same order or larger than the tan-
gential viscosity term in Eq. (2b) when the normal and tan-
gential relative velocity are of the same order. A large η re-
quires a small time step to ensure convergence of calculation,
which leads to a long CPU time. We find that a large η could
be used in systems with small particles, e.g. 22 μm. η ≤ 2 is
set in the present paper.

Usually, sintering process can be divided into three
stages, in which grain growth is significant at the final stage
of sintering when the relative density of the system is larger
than 0.87 [40]. However, it is no longer reasonable to model
the sintering body as a packing of spherical particles above
this relative density. The relative density of sintering body in
the present simulations does not exceed 0.87 and the effect of
grain growth is not included [20]. Other physical parameters
used in the simulations are listed in Table 1.

Table 1 Parameters used in the discrete element simulation of
copper sintering (from Ref. [28])

δbD0b/(μm3 · s−1) γs/(J ·m−2) Ω/nm3 Qb/(kJ ·mol−1) ψ/(◦)

5 120 1.72 0.011 8 105 146

Figure 1 shows the visualization of a sintering sys-
tem for the first model with particle size 22 μm, tempera-
ture 1 050 ◦C, and tangential viscosity 0.001. Each parti-
cle is colored by its coordination number. Figure 1a de-
picts the initial state and Fig. 1b the state with densification
(D − D0)/D0 = 0.34, where D0 and D are the initial and the
current relative densities, respectively.

Fig. 1 a Snapshots of the initial state and b intermediate state with
(D − D0)/D0 = 0.34 for a typically free sintering simulations us-
ing DEM. Different color indicates the coordination number of each
particle
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3.1 The “deviation angle” θ

The “deviation angle” θ is the one between the displacement
vector — going from the initial position of the particle cen-
ter to its current position at a given sintering time — and the
vector from the initial position of the particle center to the
center of the whole system. This definition has also been
adopted by Olmos et al. [20].

3.2 Variance of distances between neighboring particles

A new parameter “variance” is proposed to denote the vari-
ance of distances between neighboring particles. This pa-
rameter, which characterizes the uniformity of the distribu-
tion of particles in the system, can quantitatively measure the
degree of agglomeration. The meaning of “degree of particle
agglomeration” in this paper is equivalent to that of “degree
of uniformity of the distribution of particles”.

To calculate this parameter, neighbors of each parti-
cle will be detected first at the beginning of simulations
and will not change later. A threshold value rc is intro-
duced to find the neighbors of a particle. A particle Pj

(Pj � Pi, j = 1, 2, · · · , M) being the neighbor of a parti-
cle Pi (i = 1, 2, · · · ,N) requires ri j < rc, where ri j is the
distance between Pi and Pj. All the distances ri j consist of
an array and its variance could be used to measure the de-
gree of agglomeration. A larger “variance” corresponds to a
more agglomerated system. rc is chosen as 3Rp in the present
paper so as to find a reasonable neighboring region for each
particle.

In order to show intuitively the physical meaning of this
parameter, simulation of a 2D system with 500 copper par-
ticles of radius 40 μm is conducted under the condition of
1 050 ◦C sintering temperature with an inter-particle tangen-
tial viscosity of 0.01. Agglomeration develops with sintering
as shown in the insets of Fig. 2, in which the non-uniformity
of the distribution of particles increases and leads to an in-
creasing “variance”.

Fig. 2 The “variance” as a function of the time step for a 2D system
with 500 copper particles of radius 40μm under sintering tempera-
ture 1 050 ◦C and inter-particle tangential viscosity 0.01

4 Revision of the DEM in Olmos et al. [19]

In this paper, the force law in Eq. (2) is the same as that used
by Olmos et al. [19]. In Ref. [19] the movement of each
particle consisted of two steps: the first one was an affine
transformation of particles and the second one was a rear-
rangement process leading to mechanical equilibrium. As
they stated, “The first step may be too strong and may limit
further rearrangement.” In our simulations, the first step in
Olmos et al. [19] is completely given up and the movement
of each particle is naturally produced by the interactions of
contacting particles.

Figure 3 shows the average value of rearrangement pa-
rameter, i.e., the mean deviation angle θ̄ of all particles in the
system, as a function of the densification (D − D0)/D0. The
experimental curve labeled as “experiment by Olmos [19]”
in Fig. 3 was obtained by Olmos et al. [19, 20] using in
situ X-ray micro-tomography. In their experiments, a close-
packed copper powder with radius in the range of 0–63 μm
was adopted with an initial relative density of 0.645 and the
sintering temperature was 1 050 ◦C. DEM simulations were
also carried out by them, and the results are labeled as “DEM
by Olmos [19]” in Fig. 3. “DEM-22”, “DEM-30”, “DEM-
40” and “DEM-50” refer to the present simulations for parti-
cle radius of 22 μm, 30 μm, 40 μm and 50 μm with the same
temperature 1 050 ◦C and the same inter-particle tangential
viscosity 0.001 as used in Ref. [19]. Experimental results
show a very strong rearrangement of particles at the begin-
ning of sintering and the mean deviation angle decreases
continuously to a constant value 18◦ with an increasing den-
sification. Comparing the experimental results to both our
simulation ones and those obtained by Olmos et al. [19]
proves that our numerical method is more reasonable to pre-
dict the particle rearrangement than that in Olmos et al. [19].

Fig. 3 The average value of the rearrangement parameter θ as a
function of densification during copper particles sintering at tem-
perature 1 050 ◦C
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5 Numerical results and discussions

The parameter “variance” proposed in Sect. 3.2 is used to
characterize the degree of agglomeration in this sub-section.
The effects of particle size, particle size distribution, temper-
ature, initial volume fraction, initial distribution of particles
and inter-particle viscosity on agglomeration are analyzed.

Figure 4 shows the effect of particle size on agglomera-
tion, in which six kinds of cases are considered with the same
initial distribution of particles but different particle sizes, i.e.
22 μm, 30 μm, 40 μm, 50 μm, 60 μm and 70 μm. The sinter-
ing temperature is set to 1 050 ◦C and a small tangential vis-
cosity 0.001 is adopted. Because of the same initial distribu-
tion of particles, the values of the initial “variance” for the six
cases are nearly identical. The “variance” is nonzero at the
beginning of simulations due to the random packing which
induces a slightly non-uniform distribution of particles. At a
given densification, the system with relatively small particles
has a high agglomeration degree. The “variance” increases
with the densification of sintering systems and a maximum
“variance” exists if the particle size is smaller than 50 μm.
When the particle size is larger than 50 μm, the effect of par-
ticle size on the “variance” is very weak. With increasing
densification, the system with large particles becomes more
and more uniform in contrast to the initial state, which leads
to a decreasing “variance”. In a word, systems consisting of
relatively smaller particles are more liable to agglomeration,
which is consistent with the generally experimental finding.

Fig. 4 The “variance” as a function of densification for sys-
tems with particle sizes of 22 μm, 30 μm, 40 μm, 50 μm, 60 μm and
70 μm

Figure 5 shows the effect of viscosity on the agglomer-
ation for a system with particles of radius 22 μm and sinter-
ing temperature 1 050 ◦C. For a given densification, particles
in the system with a larger inter-particle tangential viscosity
distribute more uniformly, which corresponds to a smaller
“variance”. Since larger tangential viscosity parameter η re-

sults in a more difficult particle rearrangement, the particle
agglomeration is also constrained. One should note that the
forepart of some curves in Fig. 5 seems abnormal. This is
because Fig. 5 shows the “variance” as a function of den-
sification (D − D0)/D0, not a function of the sintering time.
Figure 6 shows the “variance” as a function of time step.
The initial values of “variance” of all curves in Fig. 6 are
the same due to an identically initial distribution of parti-
cles. From Fig. 6, one can also see that a system with small
inter-particle tangential viscosity tends to become more non-
uniform compared with large tangential viscosity case. For
cases with larger viscosity, “variance” will decrease with fur-
ther densification as the sintering time goes on.

Fig. 5 The “variance” as a function of densification for systems
with particle size 22 μm and different inter-particle tangential vis-
cosity (0.001, 0.01, 0.05, 0.1, 0.4, 0.8 and 2)

Fig. 6 The “variance” as a function of time step for systems with
particle size 22 μm and different inter-particle tangential viscosities
(0.001, 0.01, 0.05, 0.1, 0.4, 0.8 and 2)
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Figure 7 shows the effect of viscosity η on agglomera-
tion for a system with particles of radius 50 μm and tempera-
ture 1 050 ◦C. The result for η = 0 is also shown in Fig. 7 for
comparison. From Fig. 7, one can see that viscosity inhibits
the formation of agglomerates, which corresponds to a more
uniform distribution of particles and a decreasing “variance”.
Comparing the results in Fig. 5 for a system with small par-
ticles and those in Fig. 7 for a system with large particles, it
shows that the viscosity in the latter inhibits the formation of
agglomerates more significantly than that in the former.

Fig. 7 The “variance” as a function of densification for systems
with particle size 50 μm and different inter-particle tangential vis-
cosities (0, 0.001, 0.01, 0.1 and 0.2)

Figure 8 shows the effect of viscosity η on the densi-
fication of a system with particles of radius 22 μm at sin-
tering temperature 1 050 ◦C. It is surprising to find that at
the same sintering time, the densification increases with the
increase of viscosity from 0.01 to 0.2, but decreases when
the viscosity increases from 0.2 to 2. This can be explained
from the agglomeration point of view. Drastic particle rear-
rangement due to the adoption of a small viscosity induces
strong agglomeration which is detrimental to the shrinkage
of the whole system. Hence, a small viscosity can restrain
the particle agglomeration and enhance the densification of
the system. But a large tangential viscosity strongly restrains
the movement of particles and finally induces retardation of
the shrinkage of the system. This result shows that particle
rearrangement is not always beneficial for the densification
of the whole system, because strong particle rearrangements
would induce drastic particle agglomerations which lead to
the occurrence of large pores between different agglomer-
ates. This is different from the result of Henrich et al. [26],
in which they found that the densification rate was greatly en-
hanced by particle rearrangement with a small viscosity. In
their simulations, two artificial techniques, i.e. a small iso-
static pressure and an extended interaction radius, are used
to initiate the rearrangement when they find the particles do
not feel open gaps. In our opinion, the formation of open

gaps is a physical process and it is inappropriate to annihi-
late them using any non-physical method. The formation of
open gaps could well be attributed to strong agglomeration.
One possible reason for the annihilation of open gaps is the
sintering of agglomerates which is not the focus of this pa-
per and the movement of agglomerates is not included in the
present simulations.

Fig. 8 The densification as a function of the time step for systems
with particle radius 22 μm and different inter-particle tangential vis-
cosities (0.01, 0.1, 0.2 and 2)

Temperature is an easy-controlling parameter in sinter-
ing experiments. Figure 9 shows the influence of tempera-
ture on the agglomeration of a system with particles of radius
22 μm, in which the tangential viscosity is taken as 0.001.
With a fixed densification, the system under higher temper-
ature will exhibit more agglomerates, which corresponds to
a large value of “variance”. This is because particles would
rearrange more drastically under a higher temperature condi-
tion as shown in Fig. 10. Figure 10 shows the average value

Fig. 9 The “variance” as a function of densification for systems
with particle radius 22 μm, tangential viscosity 0.001 and sintering
temperature of 850 ◦C, 950 ◦C and 1 050 ◦C
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Fig. 10 The average value of rearrangement parameter θ as a func-
tion of densification for systems at sintering temperatures of 850 ◦C,
950 ◦C and 1 050 ◦C

of rearrangement parameter θ as a function of densification.
For a given densification, θ̄ increases with increasing sinter-
ing temperature, which means the degree of agglomeration
can be adjusted by tuning the sintering temperature.

The effect of initial distribution of particles on agglom-
eration is shown in Fig. 11. Three samples produced by the
random packing are considered with the same particle size
of 40 μm, the tangential viscosity of 0.001, the temperature
of 1 050 ◦C and the initial volume fraction of 62%. The ini-
tial values of “variance” are different, which means different
distributions of particles caused by the random packing. As
densification increases, the “variance” of each system takes
different value but with a similar variation tendence. It means
that the initial distributions of particles show significant ef-
fect on the agglomeration but without changing the tendency
of the results.

Fig. 11 The “variance” as a function of densification for systems
with different initial distributions of particles

Figure 12 shows the effect of particle size distribution
on agglomeration, in which the second model mentioned in
Sect. 3 is adopted. Simulations are conducted under 1 050 ◦C
and the inter-particle tangential viscosity is taken as 0.4. The
mean size of particles is 22μm with three different standard
deviations, 0.02, 0.06 and 0.08. For each case, three samples
produced by the random packing are investigated and the re-
sults shown in Fig. 12 for each case are average ones. From
Fig. 12, one can see that a system with a large standard devi-
ation of particle size will have a large “variance” for a given
densification. In other words, the broader the distribution of
particle size, the stronger the agglomeration.

Fig. 12 The “variance” as a function of densification for systems
with different standard deviations of particle size distributions

The third model mentioned in Sect. 3 is used to in-
vestigate the effect of initial volume fraction on agglomer-
ation. The simulation system consists of uniform particles
with radius of 22 μm. The sintering temperature is 1 050 ◦C
and the inter-particle tangential viscosity is 0.2. Figure 13
shows the “variance” as a function of the densification for
different cases with volume fractions of 50% , 52%, 56%
and 60%. The initial average coordination numbers for the
systems with the above different volume fractions are about
3.50, 3.70, 4.12 and 4.54, respectively. In order to eliminate
the influence of the distribution of particles, average results
are adopted from three samples for each case as shown in
Fig. 13. The initial value of “variance” for the system with
50% volume fraction is a little larger than that of the other
three cases with a larger volume fraction, which is due to the
more non-uniform distribution of particles in the system with
a small volume fraction. For a given densification, the sys-
tem with a small initial volume fraction will exhibit stronger
agglomeration.

As a whole, six factors have been studied in the present
work, which can be divided into two categories. The first
group consists of particle size, particle size distribution and
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Fig. 13 The “variance” as a function of densification for systems
with different initial volume fractions

temperature, which affect the sintering rate of two contacting
particles through the force law given in Eq. (2). It should be
noted that if the radii of two contacting particles are differ-
ent, the equivalent radius R∗ should be used. Another group
includes inter-particle viscosity, initial volume fraction and
initial distribution of particles, which determine the regulat-
ing ability of particles in a system. The degree of agglomer-
ation of a system is determined by two factors: the sintering
rate of two contacting particles and the regulating ability of
the movement of particles. When the sintering rate is high
while the regulating ability is weak, agglomeration happens.
This opinion is consistent with that suggested by Kadusnikov
et al. [14, 15].

6 Conclusions

Particle agglomeration is widely observed in sintering exper-
iments. Because of some realistic difficulties in experimental
and theoretical researches, few works on particle agglomer-
ation have been done to explore its effect on sintering, but its
influence on the microstructural evolution and macroscopic
properties of the sintered products is important. In this paper,
we propose a new parameter “variance” to denote the change
of distances between neighboring particles, which is used to
describe the degree of agglomeration in a three-dimensional
solid-state sintering system. The effects of a series of factors
on agglomeration are investigated, including particle size,
size distribution, inter-particle tangential viscosity, temper-
ature, initial distribution of particles and initial volume frac-
tion. It is found that when the other factors are given, ag-
glomeration is apt to occur in systems with smaller parti-
cles, broader particle size distribution, higher temperature,
smaller tangential viscosity or smaller initial volume frac-
tion. Different initial distributions of particles induce differ-
ent agglomerations. This study should be useful for under-
standing the role of agglomeration and the micro-structural

evolution during sintering, as well as the design of sintering
products with specific mechanical properties.
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