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ABSTRACT: Cooling time in soft tooling process using
conventional mold materials is normally high. Although
increase of effective thermal conductivity of mold material
by inclusion of high thermally conductive fillers reduces
the cooling time, it affects other properties (namely, stiff-
ness of mold box and flow ability of melt mold material),
which play important roles in soft tooling process. There-
fore, to apply composite polymer in soft tooling process as
mold material simultaneous studies of these properties are
important. In this work, extensive experimental studies are
made on the effective thermal conductivity, modulus of
elasticity and viscosity of composite polymeric mold mate-
rials namely Polyurethane and RTV (Room Temperature

Vulcanizing)-2 silicone rubber, with aluminum and graph-
ite particle reinforcements. To find suitable models of the
effective properties of composite mold materials, which
are required to decide the optimum amount of filler con-
tent before actual application, attempts are made to fit the
experimental results using various models reported in the
literature. Finally, different aspects in reducing cooling
time in soft tooling process and further activities are
reported. VC 2011 Wiley Periodicals, Inc. J Appl Polym Sci 124:
2567–2581, 2012
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INTRODUCTION

Several reactive polymeric materials (also called flexi-
ble mold materials) are used for making mold in soft
tooling (ST) process. ST process is particularly suita-
ble for producing wax/plastic patterns (that are used
in investment casting process) in small batches by
vacuum assisted or gravity casting method based on
RP (rapid prototype)/other patterns.1 A method of
developing metal components through rapid proto-
typing (RP)-soft tooling-investment casting process is
illustrated in Figure 1. Because of low thermal con-
ductivity of flexible mold materials, the wax/plastic
patterns takes longer time for solidification because of
their poor heat flow rate through the mold wall. To
increase the heat flow rate, enhancement of thermal
conductivity of mold material is essential, which can

be achieved either by molecular orientation of poly-
mer to synthesize new (highly conductive) polymeric
material or by the addition of conductive fillers into
the mold material. Addition of conductive fillers (par-
ticularly in the form of particles) into the mold mate-
rial is a simple method that may be easily imple-
mented in practical applications.
Significant amount of research work were found

where particulate filler materials were introduced in
polymer to increase its effective thermal conductiv-
ity.2–24 The equivalent thermal conductivity (ETC) of
particulate filled polymer composites was also inves-
tigated with the variation of various morphological
properties of conductive filler particles,25 multimo-
dal particle size mixing26 as well as using hybrid fil-
ler materials.27 Moreover addition of filler particles
in mold material as in one hand, is improving ther-
mal properties, on the other hand, simultaneously
increasing the strength and rigidity (mechanical
properties)28,29 and reducing the flow-ability of the
mold material in molten condition by raising its
effective viscosity.30,31 Higher value of elastic modu-
lus is not desirable in soft tooling as it increases
mold’s stiffness and affects other mold characteris-
tics. Therefore, simultaneous studies of the influen-
ces of filler particles on equivalent thermal, mechani-
cal, and viscous properties of particle reinforced
flexible mold materials are important.
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In this study, we have considered two different
flexible mold materials namely, polyurethane (PU)
and silicone rubber (SR), which are extensively used
in soft tooling process for producing wax/plastic
components. Aluminum and graphite particles are
used as conductive fillers for the present investiga-
tion, as these filler materials are easily obtainable in
the market in particulate form, and also are econom-
ical in industrial applications compared to other con-
ductive filler materials. Analysis of equivalent ther-
mal properties, mainly thermal conductivity, thermal
diffusivity and heat capacity of particle-reinforced
flexible mold materials are carried out, and the
measurements of thermal properties are done based
on transient plane heat source technique. Investiga-
tions on equivalent mechanical properties, namely
modulus of elasticity of composite flexible mold
materials, are performed using tensile testing
machine. The flow-ability of melt suspensions (rein-
forced flexible mold materials) is examined by ana-
lyzing its equivalent viscosity/relative viscosity
using rotational rheometer.

To apply composite mold material in real applica-
tions, it is important to decide the optimum amount
of filler content, which needs suitable models. In this
study a comparative study is carried out to fit the
obtained experimental results using various models
reported in the literature, to find suitable models
describing the effective properties of composite
mold materials. Finally, the effect on cooling time is
experimentally verified with Al particle reinforced
PU mold material in considering a case of manufac-
turing of a typical wax pattern in soft tooling
process.

MATERIALS AND COMPOSITE
MANUFACTURING

Among various mold materials, in this study two
flexible mold materials are chosen, which are exten-
sively used in industries, namely polyurethane (PU)
produced by Smooth-ON, Inc. USA and silicone rub-
ber (SR) (Silicones ELASTOSILVR RT 601 A) manufac-
tured by Wacker-Chemie GMBH, Germany. Both PU
and SR are of two parts (part A and part B) mixing

in the ratio of 1 : 1 and 9 : 1 either in weight or vol-
ume, respectively, and cured at room temperature.
The value of density of the mixed PU is 1.04 g/cm3

and that of mixed SR is1.02 g/cm3. The experimen-
tally measured values of modulus of elasticity of
cured PU and SR are 1631.2 N/mm2 and 723.6 N/
mm2, respectively. The Poisson’s ratio of PU pos-
sesses the value of 0.496 and that of SR is 0.499.
Considering the cured PU and SR behave quasi-iso-
tropic and quasi-homogeneous, calculated values of
shear and bulk modulus of PU are found as 545.187
N/mm2 and 67,966.667 N/mm2, respectively, and
those of SR are 241.361 N/mm2 and 12,0600 N/mm2,
respectively.
The filler materials considered in this work are

aluminum (Al) fine powder and simple (uncoated)
bulk synthetic graphite (Gr) fine powder, having
thermal conductivities 237 W/mK and 209.34 W/
mK respectively. Both the fillers are produced by
M/s LOBA Chemie Pvt. Ltd., India. The value of
modulus of elasticity of Al is considered as 70,000

Figure 1 Development of metal components through RP -ST -Wax pattern -Investment Casting.

TABLE I
Information About the Prepared Compounds with

Varying Filler Contents

Composite
Matrix
material

Graphite
powder
(Vol%)

Aluminum
powder
(vol %)

1 Polyurethane 3.1 6.6
2 10.0 9.3
3 15.1 13.1
4 22.1 16.6
5 24.4 19.9
6 29.6 23.1
7 35.0 34.9
8 39.6 39.9
9 – 44.9
10 – 48.6
11 Silicone rubber 5.0 5.0
12 12.8 10.0
13 14.4 15.1
14 20.0 19.9
15 25.2 24.9
16 30.8 30.0
17 34.8 40.0
18 40.2 45.8
19 – 47.5
20 – 50.0
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N/mm2 and that of synthetic graphite fillers is taken
as 25,500 N/mm2. The values of shear and bulk
modulus of aluminum are 26,000 N/mm2 and 76,000
N/mm2 respectively, and those of graphite (poisons
ratio ¼ 0.31) are 9700 N/mm2 and 22,902.7 N/mm2,
respectively. Table I describes information about the
prepared compounds with varying filler contents.

Measurements of granulometric parameters for
both the fillers are made using M420, WILD Heer-
brugg Microscope. The particle size and shape distri-
butions of both filler materials are listed in Table II.
To understand the particle size and shape distribu-
tions, the morphologies of particles of both the filler
materials are illustrated in Figure 2 by showing
enlarge images (taken using Nikon EPIPHOT 200
microscope) of some sample particles taken at ran-
dom. The (arithmetic mean) size of particles is deter-
mined by taking the average of minimum and maxi-
mum lengths of the sample particles. For near
spherical shape, the particle size is equivalent to the
diameter of sphere. For near cylindrical shape, the
size of particle is equal to (length þ diameter)/2. To
find the size distribution of particles, a small amount
of sample is taken at random from the bulk. Then
the number of particles is counted as well as the size
of each particle is measured in an approximate
approach and finally determined the particle size
distributions arithmetically in four different ranges.
The average particle sizes (calculated based on
weighted average method) of aluminum and graph-
ite fillers are found as 12.3 lm and 296 lm, respec-
tively. The maximum packing fractions of graphite
and aluminum particles found experimentally are
0.5216 and 0.6032, respectively. The (maximum)
packing fraction of (particulate) filler is defined by
the ratio of apparent density (qapp) to actual density
(qa) of filler material. To determine the apparent
density of filler, a certain amount of filler (which is
dried in vacuum) is weighted accurately. After that,
the dried filler particles are poured into a vessel
(which is a laboratory test tube with different mark-
ing on its surface indicating the volume label) and
then, the vessel is shaken sufficiently with the help
of laboratory shaking machine until volume of filler
in the vessel becomes constant or the volume of test
tube occupied by the filler becomes minimum. In
this condition, the apparent volume of the filler is

measured from the marking on the test tube surface
and the apparent density is calculated by dividing
the weight of the filler by its apparent volume. We
have carried out the test five times for each of the
fillers with different amount of fillers ranging from
10 to 20 cc. The above-mentioned value of maximum
packing fraction is the average of 5 test results with
standard deviations 0.0146 and 0.0168 for the graph-
ite and aluminum particles, respectively.
Before preparing the composite samples for vari-

ous tests, the weights of part-A and part-B of poly-
mer (PU/SR) and filler are calculated based on the
respective densities of these components for a cer-
tain volume fraction of filler in the composite. Then,

Figure 2 Morphology of filler particles (a) Al fine
powder (b) Graphite particles.

TABLE II
Filler Particle Size and Shape Distributions

Filler type Size distributions Shape distributions

Gr From 0.1 mm
to 0.3 mm

Above 0.3 mm
to 0.5 mm

Above 0.5 mm
to 1.0 mm

Above
1.0 mm

Spherical Cylindrical Irregular

72% 18% 8% 2% 30% 27% 43%
Al From 1 lm

to 10 lm
Above 10 lm
to 30 lm

Above 30 lm
to 50 lm

Above
50 lm

Spherical Cylindrical Irregular

66% 24% 8% 2% 46% 22% 32%
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the part A (liquid polymer) is first mixed with filler
particles in a container using manual stirring. To
assure a uniform mixing, stirring of liquid polymer
and gradual pouring of filler material is done simul-
taneously. Once, the uniform mixing of liquid poly-
mer and filler material is achieved, the hardener
(Part B) is poured into the mixture of liquid polymer
and filler, and stirred it properly for another 5–
10 min. Part B (hardener) for silicone rubber materi-
als is a silane compound, which comprises of a 2-
hydroxy-propionic acid alkyl ester radical. Part A of
Polyurethane consists of Disononylphthalate and
Toluene Diisocyanate, whereas Distillate (petro-
leum), hydrotreated heavy naphthenic, Diethyltolue-
nediamine and Phenylmercuric neodecanoate are the
ingredients of Part B of PU. Curing of polymers
starts after a certain time of mixing both the Part A
and Part B, which is called pot life. The pot life of
SR and PU used in this study are normally with-
standing around 90 min and 30 min, respectively, at
23�C. Before pouring the (melt) mixture material
into mold box, release agent is sprayed thoroughly
on the inside surface of the mold box. Once curing
of the polymer composite is done at room tempera-
ture, it is taken out from mold box by cutting along
a suitable parting line. After rubber has cured at
room temperature, the mold rubber is kept in the
post curing temperature, 65�C in case of PU and 40�

for SR for 4–8 h which will increase its physical
properties and performances. Then, both the parts of
mold box are assembled in the proper position with
the help of adhesive tape. Once, the mold is pre-
pared, liquid wax is poured into the mold box, and
cooling/solidification of liquid wax is (normally)
done in room temperature. Different samples are
prepared by varying the amount of (volume frac-
tion) filler mixed with PU and SR separately. The
amount of filler to be mixed with mold material
(PR/SR) is restricted up to the maximum packing
fraction of filler particles, since it signifies the maxi-
mum loading level of particles to be mixed into a
fluid.

EQUIVALENT THERMAL PROPERTIES

Experimental measurements: Procedures
and numerical formulations

Equivalent thermal properties of different compo-
sites are measured based on transient plane heat
source (TPS) hot disk method32 following the stand-
ard, ISO 22007-2: 2008(E). The instrument, TPS 2500
S Thermal Conductivity System associated with the
software, HotDisk Thermal Constant Analyzer
V.5.9.533–35 is used. The TPS 2500 S Thermal Con-
ductivity System utilizes a hot disk sensor in the
shape of a double spiral of nickel wire. The hot
disk sensor (design number: C5501) with m (¼14)

concentric rings is used here for measuring thermal
properties. The sensor element is made of 10 lm
thick nickel wire and the spiral is supported by 30
lm thick Kapton material to protect its particular
shape by providing sufficient mechanical strength,
and also to keep it electrically insulated. The relaxa-
tion time of the probe is less than 10 min, and dura-
tion of 15 min is allowed to reach a constant temper-
ature difference. The sensor used in the
experimentation has a diameter of 2a (where a, the
radius of largest ring equals to 6.403 mm) and the
total thickness (Kapton-nickel-Kapton) of 2v (¼70
lm) was placed between two samples of 50 mm
square and thickness of 5–6 mm. The probing depth
of the sensor used for all the samples is around 6
mm. In hot disk method, measurements of thermal
properties are made based on the average tempera-
ture increase, DTðsÞ at time t in hot disk sensor,
which is expressed at any position (designated as
~r ¼ ðr; h; zÞ) in the sample as

DTðsÞ ¼ 1

Paðmþ 1Þ �
P0

2P3=2amðmþ 1Þk

�
Z s

0

dr
r2

Xm
n¼1

na

m

Xm
l¼1

le
� r=að Þ2þ 1=mð Þ2
� �

4r2
I0

n1

2m2r2

� �
2P

¼ P0

P3=2ak
� 1

m2ðmþ 1Þ2

�
Z s

0

dr
r2

Xm
n¼1

n
Xm
l¼1

le
� ðr=aÞ2 þ ðl=mÞ2
� �

4r2
I0

nl

2m2r2

� �

¼ P0

P3=2ak
DðsÞ; (1)

where k is thermal conductivity of materials and P0

is the power output of the hot disk sensor per unit
time. D(s) is a dimensionless time function. r is an

integration variable that is defined as
ffiffiffiffiffiffiffiffiffiffiffi
aðt�t0Þ

a2

q
, and

the (dimensionless) parameter, sð¼
ffiffiffi
at

p
a Þ is called the

characteristic time ratio, where a (¼k/qc) is the ther-
mal diffusivity, where q and c are the density and
specific heat of the material respectively. A more
detailed derivation of average temperature increase
in hot disk sensor can be found in.36

From eq. (1), it is seen that average temperature
increase in hot disk sensor, DTðsÞ is linearly propor-
tional with the dimensionless time function,D(s) and
exhibited straight-line curve by plotting there values.
The slope of this straight-line curve is equal to P0

P3=2ak
from which the value of k may be evaluated. But,
the straight line curve between DTðsÞ and D(s) may
be obtained for a proper value of s, that depends
again on the value of a (for a given value of a and
time, t). Therefore, it is required to find the proper
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value of a and normally this may be done by making
a series of computational plots of DTðsÞ versus D(s)
for a range of a value. The correct value of a will be
reached once the straight-line plot of DTðsÞ versus
D(s) is obtained. Once the correct value of a is
obtained, the value of k can be determined from the
slope of the straight-line plot of DTðsÞ versus D(s).

Another way to determine the value of k is to
measure the density (q) and the specific heat (c) of
the material separately. Then, the value of k can be
obtained by multiplying the value of a with the den-
sity and specific heat of the material. This method is
generally applied for anisotropic materials. If the
properties along x- and y-axes are the same, but dif-
ferent from those along the z-axis and if the plane of
the hot disk sensor is mapped out by x- and y-axes,
the eq. (1) will be expressed as

DTðsxÞ ¼ P0

P3=2a
ffiffiffiffiffiffiffiffi
kxkz

p DðsxÞ; (2)

where kx and kz are the thermal conductivities in the
x (or y) and z directions respectively, and sx ¼

ffiffiffiffiffi
axt

p
a .

The value of ax can be determined by the above
stated iteration process until a straight-line plot of
DTðsxÞ verses D(sx) is reached and the value kx is
equivalent to aqc. On the other hand, from the slope
of the straight-line plot of DTðsxÞ versus D(sx), the
value of

ffiffiffiffiffiffiffiffi
kxkz

p
can be found out. Therefore, the

value of kz is calculated by dividing the value offfiffiffiffiffiffiffiffi
kxkz

p
by obtained value of kx.

RESULTS AND DISCUSSION

The values of equivalent thermal conductivity (ETC),
thermal diffusivity and volumetric heat capacity of
particulate filled PU and SR composites with Al and
graphite particles for different amount of filling frac-
tion, as obtained through experimentations at room
temperature (23�C), are illustrated in Figure 3. The test
samples prepared for measuring effective properties
are tried to make void free as much as possible. For
this reason, special care has been taken during manu-
facturing of the samples. The values of the results
shown in the figures for each case are the mean of
measurements of more than one sample. However, the
number of samples is varied from five to ten in differ-
ent cases. From the experimental results [Fig. 3(a)], it
is quite evident that thermal conductivities of particu-
late filled PU and SR are increasing (around 10 times)
with increasing amount of filler and the increasing
rate starts drastically more at around 20–30% volume
fraction of filler for some composites. This is due to
the formation of thermally conductive chain(s) in the
composite whose tendency is high in elevated filler
content. In Figure 3(a), another point is noticed that
increasing rate of thermal conductivity is compara-

tively higher for any level of filler content when
graphite filler is used for both the mold materials (PU
and SR). The reason is that large particles, which are
equivalent as the composed of aggregates of filler par-
ticles, are better capable of forming conductive chains
than fine particles. Moreover, the amount of heat scat-
tered around the contact points in case of coarse par-
ticles is smaller than fine particles, since less number
of contact points required to form the same length of
conductive chain.37 Therefore, the effective thermal
conductivity of a particle reinforced flexible (poly-
meric) composite depends on conductivity of the
polymer, the thermal conductivity of the filler mate-
rial, amount of filler content in the composite, and the
size and shape distributions of filler particles as well.
On the other hand, it is worth mentioning that

manufacturing process of composite is also an im-
portant aspect to achieve a maximum value of ETC
of flexible mold material composites. Because there
is much possibility of existence of voids in the mold
due to fault(s) occurred during manufacturing. The
presence of voids will reduce the effective thermal
conductivity of the mold. To demonstrate such kind
of phenomenon, two PU-Al composite samples are
considered whose morphological structures are
shown in Figure 4. It has been found that though
the composite contains higher filler (48.66%), it
exhibits lower ETC (0.94 W/mK) than the ETC (1.25
W/mK) of composite having lower (39.922%) filler
content due to presence of more voids.

Equivalent thermal conductivity model

Figures 5(a,b) show the effort to describe the experi-
mental results of ETC of the four kinds of composite
using by several empirical/semiempirical models,
namely the model proposed by Agari-Uno [38],
Maxwell-Eucken [39], Cheng-Vackon [40], Ziebland
relation discussed by Butta and Migliares in [41],
Bruggeman [42], Lewis-Nielsen [43] and Torquato
[44]. In the Figure 5, the experimental values of ETC
of particle reinforced mold composites are shown as
data points whereas the models are represented by
the lines with different styles and symbols corre-
sponding to different models. It is observed that
Lewis-Nielsen model43 [which is defined by empiri-
cal expression as shown in eq. (3)] provides closer
estimations (average % error, 28.48) than other em-
pirical models in all four composites.

kc ¼
1þ ABVf

1� BVf
u
� kp; (3)

where B ¼
kf
kp
�1

kf
kp
þA

and u ¼ 1þ 1�um

u2
m

� �
� Vf

kc, kp, and kf represent the equivalent thermal con-
ductivities of composite, polymer, and filler, respec-
tively, and Vf is the volumetric fraction of filler in
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the composite. The constant A depends on the shape
and orientation of dispersed particles in the compos-
ite, and is defined by A ¼ kE�1 (where kE is the Ein-
stein coefficient). um is the maximum packing frac-
tion of disperse phase (for randomly distributed
spherical particles, um ¼ 0.637). The value of A is

equal to 1.5 for randomly distributed spherical
particles, while in case of randomly distributed
aggregates of spherical particles, A ¼ 3.
Moreover, a better fit is observed with the semi-

empirical model of Agari-Uno38 [expressed by eq.
(4)] whose controlling parameters are determined

Figure 4 Morphological structure of PU and aluminum composites with volume fraction levels: (a) 39.922% (b) 48.664%.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 3 Equivalent thermal properties of PU and SR composites with aluminum and graphite particles: (a) thermal con-
ductivity (b) thermal diffusivity (c) volumetric heat capacity.
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based on the experimental data. The average %
errors of Agari-Uno model are found as 2.35, 10.12,
8.9, and 16.82 by individually fitting the composite
systems mentioned in Figures 5(a,b), respectively.
However, it was found that the average % error of
Agari-Uno model by fitting all the data of four com-
posite systems is considerably high, (19.29%) though
still lower than Lewis-Nielsen model.

ln kc ¼ VfC2lnkf þ ð1� Vf ÞlnðC1kpÞ; (4)

where C1, the factor of the effect on crystallinity and
crystal size of polymer, does not depend on particle
size. C2 is the factor of ease in forming conductive
chains of particles, which is affected by filler particle
size.

In looking at the Agari-Uno models, it was found
that values of C1 (0.933594, 1.0, 1.0, and 1.0) are
nearer/equal to 1.0 and the values C2 are 0.625,
0.852295, 0.4944, and 0.690013 for the suspension
systems, Figures 5(a,b), respectively. Value of C1

close to 1.0 indicates that effect of crystallinity and

crystal size of polymer on the changing thermal con-
ductivity of polymer (matrix material) is negligible
due to the inclusion of filler. Such kind of effect is
observed in flexible mold material composites with
both the graphite and Al particles. The value of C2

close to 1.0 indicates more ease in forming conduc-
tive chains of filler particles in composite. In the
present composites, it is observed that the value of
C2 is greater for large particle size filler (graphite)
than the smaller one (Al), which agrees well with
the results of Boudenne et al.3

EQUIVALENT MODULUS OF ELASTICITY

Experimental measurements: procedures

Modulus of elasticity of a material may be tested
using different standard test methods, namely
tensile testing, four-point loading test,45 ultrasonic
measurement,46 etc. Here the tensile testing method
is adopted to find the equivalent Young’s modulus
of flexible mold material composites. The experimen-

Figure 5 (a) Thermal conductivities of composites (i) PU-Al (ii) PU-Graphite: experimental values and various model
predictions. (b) Thermal conductivities of composites (i) SR-Al (ii) SR-Graphite: experimental values and various model
predictions. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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tations are carried out based on the standard, ASTM
D 3039M-08. According to this standard, a constant
rectangular cross section shaped specimen of thick-
ness, 2.5 mm 6 4%, 25 mm 6 1% of width and 270
mm of length in the form of sheet is prepared. Ten-
sile tests are performed on an Instron testing
machine (made of DARTEC). An extensometer
(Made of MTS, Model No. 634.25F-24, Serial No.
10288577A) is used to measure the strain. The values
of displacement, force and strain are recorded
through data acquisition system at a constant inter-
val of 0.01 s. After plotting the data of stress versus
strain, a linear curve is found which indicates the
elastic region of the stress–strain diagram of the ma-
terial. The slope of this linear curve is evaluated,
which represents the tensile modulus of elasticity of
composite mold.

Results and discussion

To find the equivalent modulus of elasticity of dif-
ferent particle reinforced polymeric mold material
composites (SR and PU), we have considered six test
samples for each case and the average of the results
obtained in the six test cases is shown in the Figure
6. From the experimental results (as illustrated in
Fig. 6), the increase of modulus of elasticity is
observed in all kinds of flexible composite mold re-
inforced with conductive filler particles. However, it
is noticed that the degree of enhancement of modu-
lus of elasticity differs in different composite sys-
tems. Furthermore, increasing the rate of modulus of
elasticity of each composite system is not uniform
with increasing the loading of filler particles, partic-
ularly in PU composite systems.

In PU composite system, increase of modulus of
elasticity is more-or-less similar in nature with both
the reinforcements (Al and Graphite) especially
when the filler concentration label is below 40%.
But, a sudden rise of modulus of elasticity is
observed in PU composite filled with Al filler at
above 40% volume fraction unlike to that filled with
graphite particles. This may be due to the fact that
Al particles are securely embedded with polymer
matrix since the size of particles is comparatively
smaller than graphite particles. This phenomenon is
specifically observed when the filler content is more
than 40%. Whereas adhesion between PU and
graphite particles is not so critical compared with
polymer matrix and metallic filler composite sys-
tems. On the other hand, a comparatively uniform
increasing rate is observed in SR composites filled
with both types of filler (Al and graphite).

Composites of PU and SR reinforced with Al par-
ticles possess quite similar behavior in increasing
modulus of elasticity at the volume fraction ranging
from 10 to 40%. For any reinforcement condition, SR

composite filled with Al particles deserves lower
values of modulus of elasticity over the PU compos-
ite filled with Al, because cured SR possesses lower
modulus of elasticity than that of PU. On the other
hand, reinforcement of graphite particles does not
show much difference in modulus of elasticity for
both kinds of flexible mold materials. Thus, the
effective modulus of elasticity of particle-filled flexi-
ble (polymeric) mold material composite also
depends on the modulus of elasticity of polymer,
modulus of elasticity of filler material, and the vol-
ume/weight fraction of filler particle in the
composite.

Equivalent modulus of elasticity model

The experimental results of equivalent modulus of
elasticity of particulate filled polyurethane and sili-
cone rubber composites (as illustrated in Fig. 6) are
tried to explain using various existing empirical
models cited in the literature. The most commonly
used models for predicting equivalent modulus of
elasticity of a composite material in a straightfor-
ward way from its numerical expressions are the
followings.
Model proposed by Paul47:

EC ¼
E2
m þ EmEf � E2

m

� �
V

2=3
f

Em þ ðEf � EmÞV2=3
f 1� V

1=3
f

� � ; (5)

where Em, Ef, and Ec are the modulus of elasticity of
the matrix, particle and composite material, respec-
tively, and Vf is volume fraction of filler material.

Figure 6 Equivalent modulus of elasticity of PU and SR
composites with aluminum and graphite particles.
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Model proposed by Ravichandran48:

E1
C ¼

CEmEfþE2
m

� �
1þ Cð Þ2�E2

m þ EfEm

CEfþEm

� �
1þ Cð Þ2

; (6)

Eu
C ¼

EfEm þ E2
m 1þ Cð Þ2�E2

m

j k
1þ Cð Þ

Ef � Em

� �
Cþ Em 1þ Cð Þ3 ; (7)

where C ¼ 1
Vf

h i1=3
�1

Model proposed by Wu49:

1

EC
¼ 1

Em
�

1
Em

� 1
Ef

� �2

k 1
Em

þ Vm

Vf Em

� �
2
64

3
75Vm þ Vf

Ef
; (8)

where Vm (¼1�Vf) is volume fraction of matrix ma-
terial and k is the parameter, which remains fixed
for any relative concentration of a given composite
material. Through experimental study, it has been
found that the value of k quite closes to unity for
Em

Ef
� 1.
Besides the above models, there are many empiri-

cal expressions proposed by various researchers
namely Hashin-Shtrikman bounds,50 Halpin-Tsai
models,51,52 Walpole bounds,53,54 methods based on
mean-field (such as Voigt model,55 Reuss model,56

Mori-Tanaka’s models,57 etc.), self-consistent method
based models,58 models based on differential
method,59 Lielens models60) from which the equiva-
lent modulus of elasticity [or its upper bound (UB)
and lower bound (LB)] of a particulate filled com-
posite can be determined based on the conventional
expression [eq. (9)] of isotropic material property by
assuming the composite to be (quasi) isotropic and
(quasi) homogeneous.

E ¼ 9KG

3K þ G
; (9)

where E, G, and K are the modulus of elasticity,
shear modulus and bulk modulus of composite
material, respectively.

If the Lielens model is formulated based on a nor-
malization of the upper and lower bounds suggested
by Hashim-Shtrikman, it can be written as

KC ¼ 1
1�f

KL
H�S

þ f

KU
H�S

; (10)

GC ¼ 1
1�f

GL
H�S

þ f

GU
H�S

; (11)

where f ¼ VfþV2
f

2 , and KL
H�S, K

U
H�S, G

L
H�S and GU

H�S are
the Hashin-Shtrikman lower and upper bounds of

bulk modulus and shear modulus, respectively,
which are expressed by the following empirical
expressions.

KL
H�S ¼ Km þ Vf

1
Kf�Km

þ 3Vm

3Kmþ4Gm

; (12)

KU
H�S ¼ Kf þ Vm

1
Km�Kf

þ 3Vf

3Kfþ4Gm

; (13)

GL
H�S ¼ Gm þ Vf

1
Gf�Gm

þ 6ðKmþ2GmÞVm

5Gmð3Kmþ4GmÞ
; (14)

GU
H�S ¼ Gf þ Vm

1
Gm�Gf

þ 6ðKfþ2Gf ÞVf

5Gf ð3Kfþ4Gf Þ
: (15)

In Figure 7(a,b), the equivalent modulus of elastic-
ity of four kinds of particle reinforced polymer com-
posite obtained using various models are illustrated.
In the Figure 7(a,b), the models are identified by the
line style with a symbol positioned on the line. On
the other hand the experimental values of equivalent
modulus of elasticity are identified as stars (data
points). Through rigorous comparative study among
the experimental results with that obtained from
various models, it is found that model proposed by
Lielens, provides close agreement with experimental
data compared to other models, particularly up to a
volume fraction of 0.4 of the particulates. The reason
is that the Lielens’s model is formulated based on
the normalization of the upper and lower bounds
suggested by Hashim-Srikman [defined in eqs. (10)
and (11)]. Moreover, from the Figure 7(a,b), it has
been observed that most of the experimental data of
all the four suspension systems lie in the region
enclosed by the Hashim-Strikman upper and lower
bounds. The model seems to be efficient enough to
predict the modulus of elasticity of the PMCs with
varying matrix as well as reinforcement particles.
On the other hand, there are some models showed
close agreements with the experimental results with
only low particle reinforcements, such as models
proposed by Wu, Kerner and Paul, as well as model
developed based on differential method.

EQUIVALENT VISCOSITY OF MELTS
PARTICLE REINFORCED FLEXIBLE

MOLD MATERIALS

Viscosity measurements and
preparation of samples

The polymer processes of flexible mold materials are
shear-dominated in majority; therefore the viscosities
of particulate-filled flexible mold materials are meas-
ured using shear deformation measuring devices.
The viscosity of polymer (as a non-Newtonian
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viscosity) depends on both, the rate of deformation
and temperature. In most soft tooling processes, the
mold materials are poured into the mold box gener-
ally at room temperature and the occurrence of de-
formation is not significant (i.e., only the strain rate
generated during normal flow of polymer melt).
Therefore, it was concentrated only to the equivalent
viscosity of the particulate-filled polymer at room
temperature at zero strain rates. Practically, the vis-
cosity of mold material should be low enough so
that it can fill up the entire mold box in a short
time. As viscosity of polymer melt decreases with
increase of temperature and strain rate, it will be an
added advantage for the soft tooling process. Fur-
thermore, the viscosity of a polymer is also affected
by the degree of cure of the polymer and it increases
as the molecular weight of the reacting polymer
increases. However, in the present application of
soft tooling process, the problem of flowability of
composite polymer is of concern only during the
pouring of mold material into the mold box. Gener-
ally, the task of filling mold material in the box is
carried out within the pot life of the polymer (i.e.,
before the formation of gel). Therefore, the effect of
curing is not considered in the equivalent viscosity
of particulate filled flexible mold material.

Viscosity of the material was measured with stress
controlled rotational rheometer (TA Instruments AR
G2). Measurements were done with 20.0-mm plate
geometry at room temperature. Zero shear viscosity
values were recorded from creep curve at shear rate
varied between 0.1 and 0.001 for 1 h. The gap size
was used between 1.8 mm and 6.5 mm depending
on the amount of filler in the melt composite. The
optimum gap size was estimated based on the study
reported by Barnes.61 For the measurements, the liq-
uid polymer and the filler were mixed properly,
hardener was added and the material was poured
into the measuring plate instantaneously.

Experimental results and discussion

The used gap sizes and shear rates were optimized
based on flow curve measured from 0.01 1/s to 10
1/s. At the lowest shear rate (0.01 1/s) the measure-
ment is performed close to the limit of sensitivity.
Therefore some scattering occurs. The flow curves as
shown in Figure 8 are chosen as an example,
because the parameters used in creep measurements
of corresponding matrix-filler composite are the
most representative regarding the whole set of meas-
urements. In Figure 8, it can be seen that shear-

Figure 7 (a) Equivalent modulus of elasticity of composites (i) PU-Al (ii) PU-Graphite: experimental values and variousmodels.
(b) Equivalent modulus of elasticity of composites (i) SR-Al (ii) SR-Graphite: experimental values and various models. [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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thinning behavior of polyurethane fluid starts at the
speed of shear rate around 1.0 1/s. The same kind
of behavior was seen in all of the materials (data not
shown), except those which do not exhibit yielding
behavior (e.g., SR with 20% Gr). On the basis of the
results, it is found that using shear rate up to 0.1 1/s
does not break down the structure of the material.
Thus, the shear rate 0.1 1/s or less may describe
zero shear viscosity. Therefore the creep measure-
ments were done at 0.01 1/s or 0.1 1/s shear rate.
The value of shear rate, 0.1 s�1 was chosen for lower
viscosity samples to minimize scattering, whereas
0.01 1/s shear rate was chosen for the samples of
higher viscosity to minimize possible decrease in
viscosity due to shear thinning. The values of gap
sizes and shear rates used for various suspensions
during equivalent viscosity measurements are
reported in Table III. Table III also lists the average
measured values of equivalent viscosities of more
than one sample (three to four samples) of melt PU/
SR filled with Al/graphite filler for different volume
fraction of filler.

The viscosity measurements are performed at
23�C and all the viscosities reported in this study
are the values at very low shear rates, in which the
samples show Newtonian behavior. Since, the flexi-
ble mold materials are the kind of reactive thermo-
setting resin, where the viscosity increases by pro-
gression of the curing reactions (reaction conversion)
and at a specified conversion, called gel conversion,
the viscosity approaches infinity.

The experimental viscosity values with higher
loading of particles are found to be extremely high.
Practically, it was impossible to get uniformly mixed
material at such a high packing levels. The particles
were not fully attached to polymer molecules, and
some air gaps were present between the matrix and
the particles. Since the amount of polymer was not
high enough to fill the gap between the particles in

composite, there no viscose behavior in the material
existed, which exhibit infinite viscosity value.

Equivalent viscosity model

Prediction of suspension viscosity has been the sub-
ject of many investigations for around a century,
and the literature on particulate suspensions is truly
immense. In the application of soft tooling processes,
the concentration level of filler particles in the ma-
trix is not strict to a fixed range; rather it varies
from low concentrations to high concentrations to
achieve the desired properties of mold materials.
Practically, the filler particles available in the market
are not uniform and belonged to a particular shape.
The primary aim of this investigation is to find a
suitable (generalized) model to make better predic-
tion of equivalent viscosity for irregular particle
filled flexible mold material for using in soft tooling
processes through an extensive survey on different

Figure 8 Flow curve of polyurethane and silicone rubber
suspensions with aluminum and graphite filler.

TABLE III
Used Gap Sizes and Shear Strains in Viscosity

Measurements

Sample
Filler
(%)

Gap
size (mm)

Strain
(1/s)

Zero shear
viscosity (Pas)

Polyurethane
with aluminum

0 2.0 0.1 3.5195
10 1.8 0.1 6.1498
20 1.9 0.1 9.8171
30 2.6 0.1 13.94
35 2.2 0.1 44.911
40 2.6 0.1 79.814
45 3.4 0.1 245.26
50 3.6 0.1 727.96
60 6.5 0.01 23,687.0

Polyurethane
with graphite

10 2.5 0.1 6.9168
15 2.5 0.1 13.547
20 2.5 0.1 35.761
25 2.9 0.1 119.087
30 4.0 0.1 398.11
35 5.0 0.01 7327.4
40 5.5 0.01 40,430.0
45 6.5 0.001 301,000.0

Silicone with
aluminum

0 2.0 0.1 5.2928
10 2.0 0.1 6.7751
20 2.0 0.1 12.247
30 2.8 0.1 34.966
35 2.8 0.1 74.159
40 4.0 0.1 260.41
45 4.0 0.01 2186.3
50 4.0 0.01 13,340.2
60 4.0 0.01 45,945.0

Silicone with
graphite

10 1.5 0.1 11.468
15 1.6 0.1 20.303
20 2.0 0.1 48.394
25 2.8 0.01 176.86
27.5 2.8 0.01 433.42
30 3.0 0.01 1539.1
35 5.0 0.01 8477.1
40 6.0 0.01 29,844.0
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existing equivalent viscosity models reported in the
literatures.

Figure 9 illustrates the experimental results of rel-
ative viscosities of suspensions (containing silicone
rubber and polyurethane filled) with volume frac-
tions of graphite and Al particles as well as the pre-
dictive results obtained by various models. In the
Figure 9, the experimental values of relative viscos-
ity of particle reinforced melt mold composites are
shown as points, whereas the models are repre-
sented by the lines with different symbols indicating
different models. The controllable parameters of
each model in the present work are determined
using a well-established population based global
optimization technique, Genetic Algorithm (GA). In
GA-based optimization method, the GA-parameters
(namely population size, crossover probability, and
mutation probability) are kept same to find the opti-
mum values of controllable parameter(s) for all
models to assure better comparisons. The percentage
deviations of model estimations from the experimen-
tal results for both the suspension systems of flexible

mold materials with Al and Graphite fillers are
found as enlisted in Table IV. By comparing the ex-
perimental data of SR and PU suspensions with the
results of various models, it is found that the gener-
alized model of Arefinia and Shojaei64 [defined in
eq. (16), where the values of a and b are 0.3 and 2,
respectively, and u is the volume fraction of filler
particle in the suspension] holds the supremacy
among other models in case of suspension with Al.
On the other hand, Kriger and Dougherty model
[expressed in eq. (17)]63 shows better explanation to
the experimental data over other models. Therefore,
it is showed that the generalized model is not able
to explain all the measured experimental data of
suspension of particle-reinforced flexible mold mate-
rials, particularly when the filler particle size is quite
large. From Figure 9, it is seen that for low concen-
tration of filler (less than 10%), the generalized
model fits well with the experimental data of both
the Al and graphite filled suspensions. By using the
experimental data of suspension with Al particles to
estimate the values of controllable parameters (a and
b) of eq. (12), interestingly, it has been found that
using GA-based optimization method, the obtained
values of a (¼0.316) and b (¼2.045) are very close to
the values of controllable parameters of the general-
ized model of Arefinia and Shojaei, yielding to an
average error 43.56%. However, though the perform-
ance of Arefinia and Shojaei model is seen quite
well in both the SR and PU composites filled with
Al particles, it is not so in the composites with
graphite particles (showing an average percentage
error 70.56) which are of larger sizes compared to Al
particles. This suggests that the generalized model
of Arefinia and Shojaei has some limitations in the
extent of filler particle size. Basically, the controlla-
ble parameters (a and b) in Arefinia and Shojaei
model64 whose values are 0.3 and 2.0, are deter-
mined based on the experimental data of suspen-
sions namely (hydroxyl terminated polybutadiene)
HTPB/Al, HTPB/AP (ammonium perchlorate) and
PBN/Al where the maximum value of (avg.) par-
ticles size was limited to 144 lm.

Figure 9 Comparison of various relative viscosity models
with experimental data.

TABLE IV
Average Percentage Deviations of Model Estimation from

Experimental Results for Various Models

Sl. No. Model

Average percentage deviation
of estimations for suspensions
of flexible mould material

Graphite Aluminum

1 Maron-Pierce’s model57 69.916 80.338
2 Chong et al. model58 58.852 53.376
3 Krieger-Dougherty’s model59 41.911 46.001
4 Arefinia-Shojaei’s model60 70.560 43.988
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gr ¼ 1� u
um

� �a u
um

� �
�b

; (16)

gr ¼ 1� u
um

� ��Aum:

(17)

EXPERIMENTATION OF COOLING
TIME IN ST PROCESS

In this experimental study, PU is considered as the
mold material, and Al particle is taken as filler mate-
rial. The cooling time required is compared in the
case of using Al-filled PU composite mold material
with that of using only PU for producing a cubical
shaped (size: 50 mm � 50 mm � 50 mm) wax com-
ponent. The experimentation is carried out with the
amounts of Al filler content in PU mold material is
23.8% of volume fraction. In this study, Investment
casting wax (A7-11) supplied by Blayson Olefines
Ltd, UK is used. The wax consists of natural wax,
synthetic wax and natural resins. The melting point
of wax is 55–70�C and the boiling point/flash point
is greater than 200�C. The melt wax possesses vis-
cosity of 0.6 Pas at around 100�C. A cubical shaped
RP component made using StereoLithography Appa-
ratus (SLA) is used as a pattern for making the
mold. Two thermocouple wires are placed on the
upper part of the mold box for measuring the tem-
peratures. The cooling/solidification of liquid wax is
carried out at room temperature.

Results and discussions

The behaviors of cooling rate of the cubical shaped
wax component where the mold wall thickness is
kept as 30 mm and the outside temperature of mold

box is the ambient condition (25�C) are demon-
strated here. The variations of temperature with
time at the location of 5 mm deep from the surface
and the core of wax component using PU mold ma-
terial are plotted in Figure 10. In Figure 11, varia-
tions of temperature at the same positions of wax
component using Al particle reinforced PU mold
material are shown. In the experimental study of
cooling time in Soft Tooling process, the temperature
measurements were carried out through data acqui-
sition system using thermocouple wires. The data
acquisition system starts to take reading of tempera-
ture before pouring the molten wax into the mold
cavity. For this reason, the first vertical line (from
left) is seen in both the Figures 10–11. Moreover,
during experimentation, measurement of tempera-
ture and pouring of molten wax into the mold cavity
were carried out simultaneously. As a result, some-
times disturbances of recording of temperature
through thermocouple may have occurred. Some of
the vertical lines found in Figure 11 represent such
disturbances of temperature measurement. In both
the Figures 10 and 11, it is noticed that initially,
cooling rate near to the surface of component is
much faster than that at the core. This is because,
heat near the surface of wax pattern dissipated only
through the mold wall. Whereas heat at the core of
wax pattern flows through the mold wall as well as
(solidified) wax and the thermal conductivity of wax
is quite lower than the mold material. After certain
time, both the temperatures gradually come to the
atmospheric one. The temperature of liquid wax
during pouring in both the molds made of PU and
Al particle reinforced PU is kept almost same as
85�C. Figure 10 demonstrates that to reach the tem-
perature, for instance 40�C at a depth of 5 mm from
the surface of wax component, it takes around 80
min in case of PU mold, where as only 25 min is

Figure 10 Cooling rate of wax pattern using PU mold of
30 mm wall thickness at room temperature. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 11 Cooling rate of wax pattern using Al particle
reinforced PU mold of 30 mm wall thickness at room tem-
perature. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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required in case of particle reinforced PU. Thus, it is
revealed that the cooling time is reduced signifi-
cantly in soft tooling process using particle-reinforce-
ment with mold materials. This happens due to the
increase of effective thermal conductivity of mold
material. However, besides the thermal conductivity
of mold material, the cooling time also depends on
the temperature difference between the inside and
outside of mold box, and thickness of mold wall.

DIFFERENT ASPECTS IN REDUCING
COOLING TIME IN ST PROCESS AND

FURTHER ACTIVITIES ON THIS
RESEARCH WORK

The process (as illustrated in Fig. 1) involves making
of the master pattern (namely Rapid Prototype
model) using any rapid prototyping techniques (say,
StereoLithography Apparatus, SLA). This pattern is
finished to a desired quality which is used in ST
process. As discussed earlier, the mold material
should be highly thermally conductive to reduce the
cooling time. But, as the thermal conductivities of
conventional flexible (polymeric) mold materials are
very low, the approach of inclusion of thermally
conductive fillers into mold material increases the
cooling rate by increasing effective thermal conduc-
tivity of mold material. However, from the above ex-
perimental studies it is observed that though inclu-
sion of fillers into mold material enhances the
effective thermal conductivity of the mold as a result
the cooling time in soft tooling process is reduced it
also increased the effective modulus of elasticity as
well as the equivalent viscosity of the molten mold
material. The stiffness of mold box becomes high
with increasing the modulus of elasticity of mold
material, which also depends on the size and shape
of the wax component to be manufactured. High
stiffness of mold box creates many difficulties
namely removing the pattern from the mold box.
Therefore, the modulus of elasticity of mold material
should not be higher than a limiting value corre-
sponding to the wax component. Even though, as
low as possible the value of modulus of elasticity
will be better in ST process. On the other hand,
increase of effective viscosity reduces the flow-ability
of the melt mold material. In ST process, pouring of
melt (polymeric) mold material into mold box
should be carried in such a way that the mold mate-
rial fills up the entire mold box cavity before the for-
mation of gel, i.e., within the pot life of the polymer.
Low viscosity value of the melt polymer can fulfill
this objective easily. Therefore, the viscosity of the
mold material should be near to the limiting value.
Here also, the limiting value of effective viscosity
depends on the size and shape of the wax compo-
nent to be manufactured.

In the above experimental studies, it suggests that
the amount of filler content (volume fraction), size,
and shape factor of filler particle play important
roles in the effective thermal conductivity and mod-
ulus of elasticity of particle reinforced flexible mold
materials. Furthermore, the equivalent viscosity of
(melt) particle reinforced flexible mold materials
depends on the volume fraction of filler particle as
well as the maximum packing fraction of reinforced
particles which is also related to the size and shape
distributions of filler particles. Therefore, to achieve
best results (i.e., lowest time requirement in solidifi-
cation of wax/plastic with obtaining other process-
ing advantages) in ST tooling process, the effective
thermal conductivity of mold material should be
high enough, associated with the effective modulus
of elasticity. Further equivalent viscosity of mold
material should have the acceptable values for a
given configuration of wax/plastic pattern. In other
way, effective thermal conductivity should be a
maximum value while the values of modulus of
elasticity and viscosity should be as low as possible.
It can be achieved by finding the optimized values
of the controlling parameters, namely volume frac-
tion, size and shape factor of filler particle for a
given particle reinforced flexible mold material com-
posite system. In case of a given size and shape dis-
tributions of filler particles, the only controlling pa-
rameter, volume fraction of filler needs to be
optimized. Since, in this optimization process there
are three primary objectives (maximization of ther-
mal conductivity, minimization of modulus of elas-
ticity and minimization of viscosity) and these objec-
tives are contradictory with each others, it can be
solved by suitable multi-objective optimization tool.
The authors are presently working on this issue.

CONCLUDING REMARKS

To reduce the cooling time in ST process, the effec-
tive thermal conductivity of mold material is
increased by introducing conductive filler particles
into mold material. Since the presence of conductive
filler affects other mold properties, in this work the
equivalent thermal properties, equivalent modulus
of elasticity and equivalent viscosity of particle rein-
forced flexible mold materials (PU and SR) with Al
and graphite powder are experimentally analyzed.
The experimental results of these properties of parti-
cle reinforced flexible mold materials are explained
with the related existing models reported in litera-
ture. It has been found that with increase in the
effective thermal conductivity, the equivalent modu-
lus of elasticity and viscosity are also increasing,
those are primarily dependent upon the parameters
namely type of flexible mold material, type of filler
material, the amount of filler content in the
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composite and the size and shape distributions of
the filler particles. To obtain best results in ST tool-
ing process (i.e., lowest time requirement in solidifi-
cation of wax/plastic with obtaining other process-
ing advantages), it is proposed that the above
controlling parameters are to be optimized using
suitable multi-objective optimization tool based on
the models of equivalent thermal conductivity, mod-
ulus of elasticity and viscosity of particle reinforced
flexible mold material.

The authors would like to thank the reviewers for their valu-
able and helpful comments that lead to a significant
improvement of the article.
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