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3Department of Material Engineering, Iran University of Science and Technology, Tehran, Iran

ABSTRACT: An experimental study of simultaneous sin-
tering of several particles has been carried out using
spherical polymer grains. Considering rotational molding
condition, coalescence of several grains in contact, hap-
pens simultaneously on internal surface of the mould.
Theoretical model based on the effect of surface tension
and viscosity can accurately predict the coalescence of a
pairs of grains. However, it was observed in this study
that coalescence rate changes with presence of neighboring
grains and their position and the theoretical model pro-

posed for two grains, is not able to predict the coalescence
rate of mutli-grains. Based on this finding, we have modi-
fied this model with taking into account the effect of
neighboring particles in the sintering rate of multi-grains.
Obtained modified model is capable of predicting the
multi-grains sintering rate observed in this study.
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INTRODUCTION

Rotational molding is a relative inexpensive method
used originally for fabricating the hollow parts like
toys, storage drums, and other products. Themajor dif-
ficult faced, during its application for manufacturing of
complicated industrial parts, is to control object thick-
ness, surface quality, and presence of air bubbles in the
material. The work done by research community, dur-
ing past many years has improved the process capacity
and still a lot ofwork is being done to understandmate-
rial behavior during actualmolding process.

In rotational molding, polymer is introduced in
powder form into a mold, which rotates biaxially.
This powder is then heated and once it reaches the
melting point, the grains start to melt and to stick to
the mold surface and to each other. The phenom-
enon of adhesion of grains during melting and inter-
diffusion of them is called coalescence. Because of
this inter-diffusion, the inter space distance between
the grains reduces and the coalescence will be fol-
lowed with another physical phenomenon which is
called densification. ‘‘Sintering’’ is the term accepted
in the material science literature for the combined
action of coalescence and densification.

Polymer is used in powder form in many indus-
tries like rotational molding, so sintering is inherent
to this process. Rotational molding is a free stress
and free pressure method, so sintering is a funda-
mental and controlling phenomenon.1–3 The cycle
time of processing depends on sintering. Also final
properties of molded parts depend directly in the
sintering process. Air bubble appearance and weak
mechanical properties of final part are the conse-
quence of unsuitable sintering of powder particles.4

Better understanding of sintering process is highly
important for process control of industries which
use polymer in powder form. Once two grains in
contact reach the melting point, an interface is
formed between them. This interface spreads with
time and finally these two grains combine to form a
single mass of polymer (Fig. 1).
Different studies have investigated the effect of

parameters, such as temperature, viscosity, grain
size, etc., on the coalescence process. The first ana-
lytical model for coalescence of two spherical grains
is proposed by Frenkel.1 According to him, coales-
cence of two particles occurs by viscous flow. In his
model, Frenkel suggested that the deformation rate
is constant during coalescence of two grains. Com-
parison with the experimental results shows that the
Frenkel’s model is only valid for the first stages
of Newtonian flows.5–7 After Frenkel, different re-
searchers8–10 modified his model to adapt it to the
complete coalescence phenomena of Newtonian and
viscous-Newtonian flows. There are also several
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numerical simulations presented by different authors
for viscous flow sintering.11–14 Majority of these
works are about the sintering of ceramics and
metals.2,15,16

As the several works have been done in the sinter-
ing of ceramics and metals, this process is identified
and modeled for these materials. During sintering of
ceramics and metals (materials with high melting
temperature) solid-sate sintering occurs due to diffu-
sion at high temperature. For these materials that
have very high melting points, sintering occurs at
temperatures lower than their melting points.17 Dur-
ing sintering of alloys, the grains growth occurs due
to a decrease in the interfacial surface energy. This
grains growth is a combined result of liquid diffu-
sion, solid diffusion, and vapor diffusion. In these
materials, there is simultaneous solid-state sintering
coupled with the diffusion through the liquid phase.
Solid volume fraction, multiple diffusion mecha-
nisms, and presence of a solid skeleton affect the
rate of grain coarsening.18

The Newtonian flow models that are valid for
ceramics and metals may not accurately represent
polymer sintering.8,19,20 The sintering of polymers
occurs often at temperatures higher than their melt-
ing point (without pressure, semi-crystalline) or their
glass transition temperature (under pressure, amor-
phous). To model polymer sintering, the role of dif-
fusion was studied, but later it was shown that the
activation energy for diffusion of organic material is

very high and as a result diffusion cannot have an
important role in the sintering of polymers.21 The
effect of viscoelasticity on coalescence behavior was
also studied but the proposed models were not in
good agreement with experimental results.3,19,20

Bellehumeur et al.22 proposed a model for coales-
cence of two spherical grains of polymer. Their
model is based on the Frenkel’s model but it takes
into account the change in grains sizes and grains
surfaces during coalescence. They used convicted
Maxwell constitutive equation to introduce visco-
elastic behavior and calculated the viscous dissipa-
tion of polymer to balance it with the work of sur-
face tension. They validated their model with
experimental results using different polymers.
Recently, their work was also validated by Perot
et al.23

Interfacial phenomena and reactions are important
in several processes. These properties (such as sur-
face tension and interfacial surface energy) are con-
trolling parameters of various phenomena such as
wetting and adhesion of liquid on solid surfaces.
Surface properties of polymers affect the final prop-
erties of the composites, as well as multiphase poly-
mer systems.24–26 It was shown that, surface tension
is the driving force of polymers sintering. Coales-
cence of two similar grains (melted polymer grains)
occurs to reduce their total free surface. Smaller sur-
face means lower energy and higher stability. So
measuring of the surface properties of polymers (in
liquid and solid state) has a great importance in
polymer industries. In general there is a variety of
experimental techniques for determination of surface
tension.
Almost all of the polymers sintering studies have

considered the sintering of two grains. But in reality,
during rotational molding (and also other processing
methods), more than two grains are in contact and
they fuse together simultaneously. To our best
knowledge, there is no investigation done on the

Figure 1 Schematic of the coalescence of two grains (1)
Initiation, (2) and (3) Neck’s growth, (4) end of coal-
escence. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

Figure 2 Powder particles of (a) PP and (b) PVDF. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]



coalescence of polymer multi-grains and the effect of
neighboring grains in the sintering rate.

In this article, we studied the coalescence of multi-
grains. We modified Bellehumeur’s proposed model
by adding a geometrical factor which takes into
account the effect of neighboring grains and their
positions on the coalescence rate. This modified
model is validated by experimental results obtained
by using two different polymers.

MATERIALS AND METHODS

Two different polymers were used during this work:
Poly propylene (PP), supplied by ICOPOLYMERS
and polyvinylidene fluoride (PVDF), supplied by
Solvay company of Belgium. Both of them were
used in powder comprising spherical particles
(Fig. 2). The sizes of PP and PVDF grains range
from 100 to 600 lm and 20 to 100 lm, respectively.
Dynamic viscosities of these polymers were mea-
sured by an ARES rheometer (from TA Instruments
Company) using parallel plates with a gap of 1 mm
under nitrogen to avoid degradation. Thermal prop-
erties were determined by Differential Scanning Cal-
orimetry (DSC) Q10 with TA instrumentV

C

.
The particles of the same grain size were sepa-

rated, using a set of sieves with different opening
size, to investigate the coalescence of unique size
particles. Surface tensions of these polymers were
measured at different temperatures by using a
drop shape analysis system DSA100 from KRÜSSV

C

.
Table I presents the different properties of the used
polymers.

Sintering experiments were performed using a
heat chamber fabricated by Mettler Company con-
trolled with a central processor. A digital camera
(JAI) attached to an optical microscope (Olympus)
was used to record the sintering phenomena at a
rate of one photo per second. Using unique size par-
ticles, different samples having different number of
grains at different positions were prepared. After
introducing these samples into the heat chamber,
heating phase was started.
The heating of the grains was performed in two

stages. During the first stage, the grains were heated
up to until 5�C below their melting point at a heat-
ing rate of 10�C/min. To obtain an isothermal condi-
tion and to avoid temperature gradient in the grains,
in the second stage, heating was done at a slower
rate of 1�C/min till reaching sintering temperature.
Once reaching sintering temperature, isotherm con-
dition was maintained by a central processor. The
neck formed between the particles was measured at
different times intervals using EllixV

C

image analysis
software. Sintering rate is calculated as the ratio of
the half of neck size and the grain radius at defined
time intervals. The coalescence of two grains is con-
sidered to be complete when this ratio is equal to 1.
To validate the experimental procedure, the same

experimental was repeated by heating the grains
separately up to their sintering temperature. The
grains were heated separately until sintering temper-
ature (Fig. 3). At this temperature the grains are
already melted. These melted grains were kept at
sintering temperature for 10 sec to obtain uniform
temperature in the grains. The grains were then

TABLE I
Material Properties

Polymer
Chemical
structure

Tm

(�C)
Zero-shear

viscosity (Pa s)
Surface tension

(mN/m)
Sizes of

grains (lm)
Shape of
grains

PVDF A[CH2CF2]nA 176 2486 (at 220�C) 34.1 (at 218.6�C) 20–100 Spherical
PP A[CH2CHCH3]A 167 3608 (at 190�C) 22.4 (at 191.7�C) 100–600 Spherical

Figure 3 Coalescence of already melted grains; (a) melted grains are not yet in contact, (b) coalescence of two grains in
contact. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]



brought in contact and their sintering rate was mea-
sured. This sintering rate was compared with that
obtained from the previous experiment procedure.

BELLEHUMEUR’S MODEL

Bellehumeur’s model as Frenkel’s first model is
based on the balance of the work of surface tension
and the viscous dissipation.

In this model, Bellehumeur et al. calculated the
work of surface tension as:

Ws ¼ �C
dS

dt
(1)

Where, S is the total surface of the grains and C is the
surface tension coefficient. In this model, it is consid-
ered that the work of surface tension depends on the
rate of surface reduction rather than on the surface
curvature. The change of surface tension with respect
to time, during the sintering process is given by:

dS

dt
¼ dS

dh
dh
dt

¼ � 8pa202
1=3 cosðhÞ sinðhÞ

ð1þ cosðhÞÞ4=3ð2� cosðhÞÞ5=3
h0 (2)

By replacing eq. (2) in eq. (1), they obtained:

Ws ¼ C
8pa202

1=3 cosðhÞ sinðhÞ
ð1þ cosðhÞÞ4=3ð2� cosðhÞÞ5=3

h0 (3)

The work of viscous forces for purely viscous
model can be expressed as:

Wv ¼
ZZZ

v

ðs : DÞdV (4)

As explained previously, to take into account the
effect of viscoelasticity of polymers in their sintering
model, Bellehumeur et al used convicted Maxwell
model that can be written as1:

k s
z}|{þs ¼ 2gD (5)

where k is the polymer relaxation time and s
z}|{

rep-
resents a general form of the invariant derivative of
the extra-stress tensor:

s
z}|{ ¼ Ds

Dt
� x:sþ s:x� aðD:sþ s:DÞ (6)

Where Ds/Dt is the substantial derivative of the
extra-stress tensor and x is the rotational tensor.27

The flow field in the sintering system is defined to be
extensional and the rotational tensor in eq. (6) is
equal to zero. As the rate of sintering in the processes
in rotational molding is very slow22 the quasi-steady
state flow is assumed as a first approximation:

sþ kaðD:sþ sDÞ ¼ 2gD (7)

The principal components of the extra-stress ten-
sor are defined as:

syy ¼ �4g _e
1� 4ak _e

(8)

sxx ¼ szz ¼ 2g _e
1þ 2ak _e

(9)

By replacing these components in the eq. (4), the
energy dissipated in the sintering system is calcu-
lated as:

Wv ¼
ZZZ

v

s : DdV ¼ 32pa30g _e
2

ð1� 4ak _eÞð1þ 2ak _eÞ (10)

Figure 4 Different stages of PVDF particles coalescence.

Figure 5 Comparison of the experimental results of coa-
lescence rate of PVDF with Bellehumeur’s model at 220�C
(diameter of grains, d ¼ 1002 m). [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]



By equating the energy dissipated in sintering sys-
tem as described by eq. (10), with the calculated
work of surface tension [eq. (3)], a non-linear differ-
ential equation is obtained to evaluate the sintering
of two grains:

8ðakk1h0Þ2 þ 2akk1 þ ga0
C

k21
k2

� �
h0 � 1 ¼ 0 (11)

where

k1 ¼ sinðhÞ
ð1þ cosðhÞÞð2� cosðhÞÞ (12)

k2 ¼ 2�5=3 cosðhÞ sinðhÞ
ð1þ cosðhÞÞ4=3ð2� cosðhÞÞ5=3

(13)

The solution of eq. (18) can be calculated numeri-
cally and sintering rate is given by:

x

a
¼ sinðhÞ (14)

RESULTS AND COMPARISON WITH
MODEL PREDICTIONS

Sintering experiments were performed under differ-
ent conditions, and the results were compared with
Bellehumeur’s model. Figure 4 shows different
stages of coalescence of two PDVF grains.
To verify the theoretical model and to validate our

experimental setup, in the first stage, coalescence of
two grains were studied. As temperature gradient

Figure 6 Comparison of the experimental results of
coalescence rate of PP with Bellehumeur’s model at 190�C
(diameter of grains, d ¼ 5002 m). [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 7 Simultaneous coalescence of three grains of PP at 190�C (diameter of grains, d ¼ 5002 m). [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]



inside a grain particle plays an important role in co-
alescence phenomenon, pre-melted PP grains were
used. No preheating was performed for PVDF grains
as their grain sizes are very small.

As it is shown in Figure 5, the experimental
results for this polymer confirm well with those pre-
dicted by the model.

In the case of PP, the comparison between the
experimental coalescence rate of grains, with that
obtained from the theoretical model (Fig. 6), shows
also that this later may accurately predicts the coa-
lescence rate of this polymer.

After the validation of theoretical model with the
experimental results, in the second stage, sintering
of multi-grains was studied, starting with interaction
of three grains (Fig. 7). Coalescence rate of three
grains was compared with that of two grains having

the same size and heated under the same experi-
mental conditions (Fig. 8). It can be seen that the co-
alescence rate of three grains is higher than that of
two grains proving that the neighboring grains have
an effect on coalescence rate.
As one can see in Figure 8, Bellehumeur’s model is

limited to two grains and can not predict the coales-
cence rate of three grains. So to adapt the model to coa-
lescence of multi-grains, one should take into account
the neighboring grains effect. To clarify this effect on
the coalescence rate, two factors should be studied:

• Neighboring grains number.
• Neighboring grains position.

To investigate the effect of the positions of the neigh-
boring grains, the experiment was repeated with dif-
ferent neighboring grain positions with respect to each
other. In two dimensions, the maximum number of the
neighboring particles of a grain is limited (Fig. 9). This
number depends on the diameter of grains.
In the case of three grains, the position of two

neighboring grains is measured by the angle formed

Figure 8 Comparison of sintering rate of two and
three grains at 190�C (d ¼ 5002 m). [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 9 Maximum number of the neighbor particles of a
grain. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

Figure 10 Four different positions of three grains in contact. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]



between their centers with respect to the centre of
the third grain. Four different positions (60, 90, 120,
and 180) were considered that are shown in Figure
10. The coalescence rate for these four positions was
measured and is shown in Figure 11.

Coalescence progress percentage after 15 sec was
compared in Table II for different grains positions
(showed in Fig. 10).

Presented results in Table II show that coalescence
rate increase with decreasing /. One can see also,
for / ¼ 180� (the distance between neighboring
grains is maximum) coalescence rate is almost equal
to the coalescence rate of two grains. In the other
hand, at / ¼ 180�, the effect of neighboring grain on
the coalescence rate is negligible.

MODEL MODIFICATION

The results obtained from three grains in different
positions were compared with the sintering rate of
two grains. It was observed that as the distance
between the grains reduced (that means U de-
creased) the rate of coalescence increased. Taking
the ratio of each of these coalescence rates with the
coalescence rate of two grains yields an exponential
curve shown in Figure 12. Based on this observation

we propose a geometric parameter (F) to compensate
the sintering rate of three grains architecture for dif-
ferent positions.
The work done by surface tension, given by eq.

(3), was valid for two grains but it does not accu-
rately model the phenomenon for the case of multi-
grains. In the case of two grains, grains surface
change is the only parameter that affects the work of
surface tension [eq. (1)]. Results obtained during this
work show that in the case of multi-grains, the work
done by surface tension changes with the position of
the neighboring grains (system’s geometry). To com-
pensate the effect of a neighbouring grain, it is judi-
cious to incorporate a geometrical parameter F
which is a function of the contact angle / between
the grains. F is the coefficient of work of surface ten-
sion that modifies this work in function of system’s
geometry. On the other hand, with introducing this
coefficient in eq. (1) [resulting eq. (15)], one takes

Figure 11 Comparison of the rate of coalescence of,
two grains and three grains with three different positions
(U ¼ 60�, 90�, and 180�) at 190�C (d ¼ 5002 m). [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

TABLE II
Coalescence Progress of Three Grains with Different
Positions (Fig. 10) and Comparison with Coalescence
Progress of Two Grains at t 5 15 s (Results Obtained

from Fig. 11)

Number of grains 3 3 3 2

t (s) 15 15 15 15
/� 60 90 180 –
Coalescence progress % 52 47 39 38

Figure 13 Comparison of the experimental results of
multi-grains coalescence with the Belleheumer’s modified
model. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

Figure 12 Sintering rate change’s coefficient with pres-
ence of neighboring grains as a function of the angle
between the contacts. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]



into account the role of system’s geometry (the posi-
tion of neighboring grains) in the calculations of
work of surface tension. This parameter that changes
by system’s geometry (distance between the grains
contacts), modifies the work of surface tension
according to different geometries.

Ws ¼ �Fð/ÞC dS

dt
(15)

In the case of three grains, F was calculated for
different grain positions, shown in Figure 12. Based
on these results, we identified F as:

F ¼ 1

2
þ expð/=2Þ (16)

where F is the coefficient of curvature, / is the angle
between two contacts (Fig. 12). Introducing this co-
efficient into the eq. (3) yields:

Ws ¼ C
1

2
þ expð/=2Þ

� �2 8pa202
1=3 cosðhÞ sinðhÞ

ð1þ cosðhÞÞ4=3ð2� cosðhÞÞ5=3
h0

(17)

By equating the energy dissipated in sintering sys-
tem as described by eq. (10), with the calculated
work of surface tension for multi-grains [eq. (17)], a
non-linear differential equation is obtained to evalu-
ate the sintering of neighboring grains positioned at
different angles:

8ðakk1h0Þ2 þ 2akk1 þ ga0
Cð12 þ expð/=2ÞÞ2

k21
k2

!
h0 � 1 ¼ 0

(18)

where

k1 ¼ sinðhÞ
ð1þ cosðhÞÞð2� cosðhÞÞ (19)

k2 ¼ 2�5=3 cosðhÞ sinðhÞ
ð1þ cosðhÞÞ4=3ð2� cosðhÞÞ5=3

(20)

Obtained model was verified by experiment
results. Figure 13 shows the coalescence rate of three
grains, calculated experimentally and numerically
for three different positions. It can be seen that the
proposed model coincides well with the experimen-
tal results.
In order to investigate the effect of non-neighbor-

ing grains, the coalescence experiment was repeated
with 5 grains and 6 grains. The position of these
grains is shown in Figure 14, where grain number 5
is the non-neighboring grain for grain number 3.
The coalescence rate of grain number 3 (with its
neighbor at right) for both of experiments is shown
in Figure 15. It can be seen clearly that there is not a

Figure 14 Neighbouring and non-neighbouring grains of grains 3. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

Figure 15 The effect of presence of non-neighboring
grain on the sintering rate at 190�C (d ¼ 4502 m). [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]



considerable difference between the sintering rates
of the grain, proving that the non-neighboring grain
has a negligible effect on the coalescence rate of a
grain.

CONCLUSIONS

Sintering is very sensible to operating conditions.
Small temperature changes or gradients during sin-
tering can change its rate. A comparison of experi-
mental data with the sintering model suggested by
Bellehumeur was made. This model calculates the
rate of coalescence of particles with balance the
work of surface tension and dissipation work.
Obtained results show that it can predict success-
fully the rate of coalescence of two grains. But in the
case of coalescence of multi-grains, there is a consid-
erable difference between grains coalescence rate
and model’s prediction.

Surface tension is the driving force of purely vis-
cous sintering and viscoelastic sintering. Bellehu-
meur considered that this force depends only on the
surface reduction. But obtained experimental results
during this work show that, it depends not only on
the variation of surface of grains but also the pres-
ence and position of neighboring grains. Presence of
neighboring grains affects the curvature of coalesc-
ing system and changes the sintering rate. The
amount of this effect depends on the distance be-
tween the contacts. Decreasing the distance between
the contacts, increases their effects in the sintering
rate of the other. As in rotational molding condition,
one particle is in contact with several other particles,
it is important to take into account this factor in the
sintering rate calculus.

The effect of non-neighboring grains also studied
during this work. It is important to determine the
effect of non-neighboring grains, because in the
mass of grains, on grains can have limited number
of neighboring grains, but also several non neighbor-
ing ones. Obtained results showed that the effect of
non-neighboring grains in the sintering rate is
negligible.

We modified Bellehumeur’s model by taking into
account the effect of neighboring grains and their
positions. Comparison of numerical results obtained

by modified model and experimental results
obtained during this work show a good accord
between them. This modified model can be helpful
to study the densification of powders, where sinter-
ing of several grains happens simultaneously.
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