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Improvement of Soft Tooling Process
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Use of conventional flexible polymeric mould matisriyields to longer solidification time
of (wax/plastic) patterns in soft tooling processereby reducing the rapidity of the
process to a great extent, which is not desirahlgriesent competitive market. In this
work, approach of particle-reinforcement with mownt@terials is introduced to reduce the
cycle time of Soft tooling process and the resgltoooling time is experimentally
investigated in considering a case of manufacturofga typical wax pattern with
aluminium particle filled polyurethane. It is obsed that cooling time is significantly
reduced particularly with higher loading conditiaf aluminium filler. This happens due
to the increase of effective thermal conductivitynmuld material. However, it is also
found that the stiffness of mould becomes simuwiasig high due to increase of effective
modulus of elasticity of mould material. Realizthgse facts, an extensive study is carried
out to find the effect on equivalent thermal prdigsr and modulus of elasticity of
polyurethane composite mould materials with thenfeetement of aluminium and
graphite particles independently through rigorousperimentation and correlation of
experimental findings with the models cited irréitares.
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I ntroduction AT(r) = average temperature increase of hot disk sensor
K. = thermal conductivity of composite, W/m-k
K,  =thermal conductivities of polymer/matrix, W/m-k
K; =thermal conductivities of filler material, W/m-k
ke = Einstein coefficient
V;, ¢ = volumetric fraction of filler in the composite
E = modulus of elasticity, N/nfm

= shear modulus, N/nfm
K =bulk modulus, N/mfn
En, = modulus of elasticity of matrix/polymer, N/fim
E; = modulus of elasticity of filler material, N/mim
E. = modulus of elasticity of composite, N/fmm
Gn = shear modulus of matrix/polymer, N/fim

Among different rapid tooling processes, soft togl{ST) is the
one where polymeric flexible materials are usednfiaking mould
(Rosochowski and Matuszak, 2000). ST process isicptarly
suitable to produce wax patterns in small batclvdguum assisted
or gravity casting method based on RP (rapid pypwtothers
pattern. This wax component is used in investmestittg process
as a pattern to make ceramic slurry and finallyatfietcomponents
are produced by fusing the wax pattern. Developnwnmetal
component through rapid prototyping (RP)-soft toglinvestment
casting process is illustrated in Fig. 1.

Nomenclature

?m Vin= maximum packing fraction of disperse phase

a  =thermal diffusivity, mAisec

k = thermal conductivity, W/m-k

ke  =thermal conductivity in x-direction, W/m-k
k,  =thermal conductivities in z direction, W/m-k
p = density of material

c = specific heat of material

T(x, y, z, t) =temperature at point (x, y, z) dime, t
Q(x, Y, z, t) =amount of heat released at (z,¥) per unit
volume and unit time, Jfs
P, = power output of hot disk sensor per unit time
Qo =heat released per unit length of hot disk sernsugy
source, J/ns
d() = Dirac delta function

a = radius of the largest ring of concentric spitadt disk
sensor, mm

v = half thickness of concentric spiral hot diskser,zm

m = number of concentric rings of spiral hot digksor

L = total length of rings of spiral hot disk sensorm

o = an integration variable

T = characteristic time ratio (dimensionless paraergt
D(r) = dimensionless time function
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shear modulus of filler material, N/nfm
shear modulus of composite, N/fm

Km = bulk modulus of matrix/polymer, N/fim

K: = bulk modulus of filler material, N/nfm

Ke = bulk modulus of composite, N/fim

E' = lower bound of modulus of elasticity, N/fim
EY = upper bound of modulus of elasticity, N/fnm

Kis = Hashin-Shtrikman lower bound of bulk modulusnhf
KY .= Hashin-Shtrikman upper bound of bulk modulusnid

Ghs = Hashin-Shtrikman lower bound of shear modulusat®

Gu-s = Hashin-Shtrikman upper bound of shear modulus)rid
PU = polyurethane

Al =aluminium

RP = rapid prototyping

ST =soft tooling

SLA = stereo-Lithography Apparatus

TC =thermal conductivity

ETC = equivalent thermal conductivity

TPS =transient plane heat source
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Figure 1. Development of metal components through RP-ST-wax pattern -investment casting.

The common polymeric flexible mould materials usedsoft
tooling process are polyurethane (PU), silicone baup etc.
However, the conventional mould materials possess phermal
conductivity (TC). Therefore, the solidificatiommté of wax/plastic
pattern produced in ST process is long becauseoof peat flow
rate through the mould wall. As a result, the rapidf soft tooling
process is reduced to a great extent. In ordendoease the heat
flow rate through mould wall, enhancement of thdroteductivity
of mould material is an essential issue which camdthieved either
by molecular orientation of polymeric mould matkiigelf in order
to synthesize new (highly conductive) polymeric ena or by the
reinforcement of high conductive fillers into exigt mould
materials. In the present work, approach of paieinforcement
with existing mould materials is adopted, becawseforcement of
conductive fillers (particularly in the form of pates) into the
mould material is the simplest method that may Iasile
implemented in practical application. Furthermattee degree of
increasing effective thermal conductivity and otheuld properties
can be easily controlled by deciding proper amadritller content
in the polymer. The resulting cooling time in STogess is
experimentally investigated in considering a casenanufacturing
of a typical wax pattern with aluminium filled paisethane.

Through experimentation, it is observed that capltime is
significantly reduced particularly with higher laad condition of
aluminium filler, due to the increase of -effectivihermal
conductivity of mould material. But simultaneoudys also found
that the stiffness of mould becomes high due toeimee of modulus
of elasticity of mould material. High stiffness ofiould is not
desirable in soft tooling process, because relggsattern and wax
component from the mould box becomes difficult. rEfiere, it is
important to carry out an extensive experimentatigtto find the
effect on equivalent thermal properties and modoluslasticity of
polyurethane composites by reinforcing aluminiund agraphite
particles independently with different loading ciiwhs.

A significant amount of research works was foundereh
particulate filler materials were introduced inyokr to increase its
effective thermal conductivity (Agrawal et al., ZDBoudenne et
al., 2004; Miller et al., 2006; Mu, Feng and Di2007; Subodh et
al.,, 2008; Vinod, Varghese and Kuriakose, 2004;dStmom and
Chen, 1970; Kim et al., 2008; Pal, 2007). The eajent thermal
conductivity (ETC) of particulate filled polymer eposites was
also investigated with the variation of various piaslogical
properties of conductive filler particles (Ye, Sherand Weng,
2006), multi-modal particle size mixing (Yung anéin, 2007) as
well as using hybrid filler materials (Lee et &2006). Moreover,
addition of filler particles in mould material ireases the effective
modulus of elasticity of mould materials (Tavmar@97; Rusu,
Sofian and Rusu, 2001; Papanicolaou and Bakos,)1992

In the present work, equivalent thermal and medgni
properties of particle reinforced polyurethane cosiges are
analysed through rigorous experimentation. In &aluit various
predictive models of equivalent thermal condugivand modulus
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of elasticity reported in the literature are triedvalidate based on
the experimental results which will be highly helipin industry for
estimation of time requirement for manufacturingamponent in
ST process.

The rest of the article is organized as follows: $kecond section
describes the materials and morphology of fillettipke. Details of
experimentation with results of cooling time in $focess are
presented in the third section. Measurement praesdadliscussions
on experimental results and validation of modet{§)equivalent
thermal conductivity and modulus of elasticity of and graphite
particle reinforced polyurethane are illustratedhie fourth and fifth
sections, respectively. Finally, concluding remaaks drawn in the
sixth section.

Flexible Mould Material and ParticulateFillers

Flexible mould materials

In the present study on the effect of cooling tim&T process
using particle reinforcement with flexible mould tewals, we have
considered polyurethane (of type PMC 121/50) predudy
Smooth-ON, Inc. USA. The polyurethane (PU) moulderial has
two parts, Part A (liquid polymer) and hardenerfBarBoth Part A
and Part B are mixed in the ratio of 1:1 eithewigight or volume
and normally cured in room temperature. The val@ighermal
conductivity (kp) of cured PU mould material as esimentally
found is 0.1615 W/m-k.

Filler particle

The filler materials, aluminium fine powder and mghée
granules having thermal conductivities 237 and 209W/m-k,
respectively, are taken in this study. Measuremehgganulometric
parameters of both the fillers are made using M4240L.D
Heerbrugg Microscope. The particle size and shagteliitions of
both filler materials are enlisted in Table 1. Tlaethmetic mean)
size of particles is determined by taking the ageraf minimum
and maximum lengths of the particles. For (neahespal shape,
the particle size is equivalent to the diametespfiere. For (near)
cylindrical shape, the size of particle is equal (fength +
diameter)/2. In order to find the size distributimiparticles, a small
amount of sample is taken at random form bulk. V&eehcounted
the number of particles in that amount as well @asuared the size
of each particle in an approximate approach arall§irdetermined
the particle size distributions arithmetically iwuf different ranges.
The average particle sizes (calculated based oghtesl average
method) of aluminium and graphite fillers are 1&gron and 296
micron, respectively. The maximum volume fractiafsgraphite
and aluminium particles found experimentally ar&206 and
0.6032, respectively.
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Table 1. Filler particle size and shape distributions.

Arup Kumar Nandi and Shubhabrata Datta

Filler type | Size distributions Shape distributions
From0.1 mmto | Above 0.3 mmto | Above 0.5 mm to . s

Graphite | 0.3 mm 0.5 mm 1.0 mm Above 1.0 mm Spherical|  Cylindrical Irregular
72% 18% 8% 2% 30% 27% 43%
From 1um to Above 10um to Above 30um to . Lo

Al 10 um 30um 50um Above 50 um Spherical| Cylindrical Irregular|
66% 24% 8% 2% 46% 22% 32%

Experimentation of Cooling Timein ST Process

The effect of cooling time in soft tooling procassing particle
reinforced mould material is experimentally invgated. In this
experimental study, we have considered PU as muatérial and Al
particle is taken as filler material. We have corepahe cooling time
required using Al filled PU composite mould matkemath that of
using only PU for producing a cubical shaped (fbfemm x 50 mm
x 50 mm) wax component. The experimentation iSegduout with the
amounts of Al filler content in PU mould material 23.8% of volume
fraction.

Wax material

In the present study, Investment casting wax (Ay-<skipplied
by Blayson Olefines Ltd, UK, is used. The wax cstssiof natural
wax, synthetic wax and natural resins. The melpomt of wax is
55°C-70°C and the boiling point/flash point is geeahan 200°C.
The melt wax possesses viscosity of 0.6 Pas ahdrb00°C.

Preparation of mould and manufacturing of wax component

A cubical shaped RP component made using Sterbodiiaphy
Apparatus (SLA) is used as a pattern for makingtiwild. The
pattern is finished to a desired quality as requf@ the final wax
component. The RP pattern is suspended by Teflahimoan
enclosed box (using thin sheet preferably madeeofgex material)
and necessary arrangement is made to provide pass#iye mould
box for pouring the molten wax into the mould b@ke weights of
part-A and part-B of liquid PU and Al filler arelcalated based on
the respective densities of these components foer&in volume
fraction of filler in the composite. Part A (liquidolymer) is first
mixed with filler particles in a container. To assua uniform
mixing, stirring of liquid polymer and gradual pig of filler
particles is done simultaneously. Once the unifarixing of liquid
polymer and filler particles is achieved, the haetgPart B) will be
poured into the mixture of liquid polymer and filleand stirred
properly for some time to attain the particle remsed mould
material. Before pouring the mould material intoutabbox, release
agent is sprayed thoroughly inside the mould baxthe box, the
(liquid) mixture of Al particle reinforced PU is poed all around the
pattern. After that, the box with composite mouldtemial is placed
inside the vacuum casting machine to eliminate #ages of
entrapped air in the mould, later it is allowed dore in room
temperature. Gradually, it sets with time and bes®na solid
rubbery mass with the pattern inside. Now the mdudd is cut
along a suitable parting line and the RP patterneisoved from
within the mould box. Two thermocouple wires arageld on the
upper part of the mould box for measuring the tewaoees. Then,
both the parts of mould box are assembled in tlo@esr position
with the help of adhesive tape (as shown in Figtjce the mould

Thermo
couple Il

Figure 2. Mould box prepared with Al filled PU.

Experimental setup

Once the liquid wax solidifies, both the parts adutd box are
disassembled by removing the adhesive tape and vibg
component is taken out. After cleaning the mould, bbbecomes
ready for another casting. It was noticed that sheface of wax
component solidifies faster than the core (insifehe component.
Depending on the size/shape of component, a cedapth of
solidification from the surface may be sufficiemt that the wax
component can be taken out from the mould box withany
damage. Many times, industrial people follow suebhnique for
shortening the processing time to increase theymtodty. Thus, in
this experimental study, the measurements of testyer are taken
at two distinct positions of the wax componenthatcentre and at a
depth of 5 mm from the surface of the componentaddeement of
temperatures is taken through the thermocouplesyéis shown in
Fig. 2). The readings of temperatures are collettezh interval of
1 sec through data acquisition system.

Results and discussions

The behaviours of cooling rate of the cubical sklapex
component where the mould wall thickness is kep8@&snm and
the outside temperature of mould box is the ambiordition
(25°C) are demonstrated here. The variation of &atpres with
time at the location of 5 mm deep from the surfacd the core of
wax component using PU mould material are plottedrig. 3. In
Fig. 4, variations of temperatures at the sametipasi of wax
component using Al particle reinforced PU mould enal are
shown. In both Fig. 3 and Fig. 4, it is noticedtthaitially, cooling
rate near to surface of component is much fastn that at the
core. This is because heat near the surface ofpatigrn dissipated
only through the mould wall. Whereas heat at thee cof wax
pattern flows through the mould wall as well adi(sfied) wax and
the thermal conductivity of wax is quite lower thdme mould
material. After a long time, both the temperatugesdually come to
the atmospheric one. The temperature of liquid dasng pouring
in both the moulds made of PU and Al particle reinéd PU was
kept almost the same as 85°C. Figure 3 demonstitzaeso reach

is prepared, liquid wax is poured into the moulddanthe temperature, for instance 40°C at a depth afn from the

cooling/solidification of liquid wax is done in raotemperature.
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surface of wax component, it takes around 80 miradse of PU
mould, whereas only 25 min is required in case aftige
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reinforced PU. Thus, it is revealed that the caplime is reduced
significantly in soft tooling process using pamickinforcement
with mould materials. This happens due to the mmeeof effective
thermal conductivity of mould material. However, shiles the
thermal conductivity of mould material, the coolirtgne also
depends on the temperature difference between rthielei and
outside of the mould box, and thickness of the whovall.
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Figure 3. Cooling rate of wax pattern using PU mould of (d=) 30 mm wall
thickness at room temperature.
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Figure 4. Cooling rate of wax pattern using Al particle reinforced PU
mould of (d=) 30 mm wall thickness at room temperature.

The minimum thickness of mould box is decided basedhe
shape and size of the wax component to be manuéact®n the
other hand, cooling/solidification of wax carrieditoin ambient
temperature is the most desirable technique insimgwdue to no
additional expenditure. Therefore, the only comatale parameter in
ST process is the thermal conductivity of mould eriat which
practitioners can improve in order to solidify thex component
with a minimum time.

However, it has been found that though the cootlinge is
significantly reduced by conductive filler reinferoent with mould
material, the stiffness of mould is becoming highis is happening
due to the increase of modulus of elasticity of ldawmaterial as a
result of particle reinforcement. High stiffness ofould is not
desirable in soft tooling process because relegsatgrn and wax
component from the mould box becomes difficult. Btorer, the
values of effective thermal conductivity and modudd elasticity of a
particle reinforced polymeric mould material depemdthe type of
filler material. By realizing it, in the followingection, an extensive
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experimentation is carried out to find the effecteguivalent thermal
conductivity and modulus of elasticity of polyuratte composites
due to reinforcement of filler particles, namelyjunainium and
graphite with different loading conditions. The sixig models of
equivalent thermal conductivity and modulus of tdi#y of
composites are also tried to validate based on ettgerimental
findings which will be helpful to decide the optimuamount of filler
content to be reinforced with mould material.

Equivalent Thermal Properties of Particle-Reinforced
PU Mould Materials

Experimental measurements. Procedures

Thermal properties of different composites are mes based
on transient plane heat source (TPS) hot disk me{Bustafsson,
1991) following the standard ISO 22007-2: 2008{g have used
the instrument TPS 2500 S Thermal Conductivity &ysassociated
with the software HotDisk Thermal Constant Analy3é5.9.5
(solids, liquids, powders and paste). The TPS 2500 hermal
Conductivity System utilizes a hot disk sensor lie shape of a
double spiral of nickel wire. The hot disk sensdegign number:
C5501) with 14 concentric rings is used here foasaeing thermal
properties. The sensor element is made ofirhOthick nickel wire
and the spiral is supported by 30n thick Kapton material to
protect its particular shape by providing mechangteength and
also keeping it electrically insulated. The reléomttime of the
probe is less than 10 ms, and the required timedoh a constant
temperature difference is kept as 15 min. The sensed in the
experiments has a diameter @ @ is the radius of the largest ring,
6.403 mm) and total thickness (Kapton-nickel-Kaptof 2v (=70
um) and was placed between two samples of 50 mmrecarzd
thickness 5-6 mm. The probing depth of the sensed dor all the
samples is around 6 mm. In hot disk method, measemts of
thermal properties are made based on the averagpetature
increase in hot disk sensor. In the following, dation of average
temperature increase in hot disk sensor and thehauetof
computing thermal properties are made.

The differential equation of heat conduction in i@otropic
material whose thermal conductivity is independafintemperature
is given by (Carslaw and Jaeger, 2000)

Q_ar

pn @)

a’T +

where a (=kipc) is the thermal diffusivity,k is the thermal
conductivity,p andc are the density and specific heat of material,
respectively pc is called volumetric specific heat of the material

x,y,z,t) is the temperature at poink (y, 2 and time,t.

(ix, Y, z,t) (3/nf-s) is the amount of heat releasedxay(z, t) per

unit volume and unit time.
The fundamental solution of Eq. (1), assuming tiesdt source
R 29

switched at timé =0, is
E[(:(zf)]dgz »
4a(t-t'
pelankyzov |-t}

In cylindrical coordinates, any position in the gden is

T(Fyt):To"' (2)

r= (r,e,e) , any position in the source Es.:(r',e';') and
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(F—Ejz =p?+?-2rt'codf-6)+(z2).

For continuous single ring source with radimsn the z'= 0
plane, the heat source strength can be expressed as

Q=Qud(r ~a)(2)u(t')

o( )
! [ f(x)o(x—p)= f(p)) and u(t) (where u(t)=

ult) = 1 for t'20) is the Heaviside unit step functio@, is the
heat released per unit length of ring source.

A hot disk sensor is considered to have m numbacemtric
rings of heat source that are equally spaced (@ssta, 1991).
Assuming the source is continuous and it is swilcbe att' =0
the strength of heat source can be defined as

@)

in  which is the Dirac delta function (where

+a

0 for t'<0 and

la ,
Q=Q2q —Ejd(z)u(t ) )
wherea is the radius of the largest ring and that ofghmllest ring
is a2, and the total length (heating filament) rifg {s g znﬁ

m n=1 m
(i.e., (m+1)a). Thus, the total heat released by the sensomiatt
is obtained as

H = ijiQ(g', t)avat
:EQ Sor —'%]5(2’)r'dr'1n de’ij: diiu(t’)dt’

=1 dm+1)Q,t )
= Pot (6)

whereP, is the power output of the hot disk sensor pet tirie.
Now, the temperature increase caused by hot diskosecan be
obtained by carrying out the integration in Eq. &2y with the help

of Eq. (4):
(M) =T, = &{f{r _Ej e g
pCi=o m
T et 5 , u(t)
X [ €aafi- t)za_ ng T
5 Tanat-oT
| rb{:) it ! 2 rla
Qo z_ L‘m(ﬁ)J L GWCOS(B ) dg
iEm [4|‘| alt-t)f2 o
_2 aQOZ'e [ z{la_] ﬁ}t dt’ I [ rla ] @
pem = [4|‘| alt-t)p7 “ 2malt-t)

2] on
where |0(x)=2i | stedezzi [ sinigy is the first kind

modified Bessel function of thé"G@rder.
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In a hot disk measurement, as the temperature ehaear the
surface of the sensor is concerned, 0, and by considering the
power output of the hot disk sensor per unit tifg (nstead ofQy,
Eq. (7) may be written as

la
r (mf]

t dt
Po Z|e aft—t)

porfm+1), [n o i- t)]%

rla

AT(r,t) = lO[Zma =T

j 8)

Equation (8) may be rewritten by introducing somewn
parameters as follows
2) ©)

. . . . ) alt-t
whereo is an integration variable defined 1@ and the
a

(dimensionless) parameter, ( - \/H) is called the characteristic
a

(baFvf) l
|

4g° 0
2mag

time ratio.

Thus the temperature increase at any point onehgos surface
(i.e., zplane) is described by the Eq. (9). But to detaemthe
temperature increase of the sensor itself, it guired to determine
the average temperature increase over the lengtheo€oncentric
rings. Therefore, the average temperature increbske sensor is
defined as

(10)

By replacing the expressions dﬂ(r,r) (from Eqg. (9)) and-
(as cited above) in Eq. (10&f(r) may be expressed as

m

O i) e | m € @ Ly
N
-_Fo , Z” e .
rl%ak (m+:|_)2 o nmt = ‘mo

(11)

where k is thermal conductivity of materials.D(r) is a
dimensionless time function.

From Eq. (11), it can be seen that average temperaicrease
in hot disk sensor,AT(r) is linearly proportional to the
dimensionless time functio®(r) and exhibit straight-line curve by
plotting their values. The slope of this straighelcurve is equal to
from which the value of k may be evaluated. Bu¢ th
ﬂ%a
straight line curve betweenf(r) and D(r) may be obtained for a

proper value ofr that is again dependent on the valuendfor a
given value ofa and timet). Therefore, it is required to find the
proper value ofa and, normally, this may be done by making a
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series of computational plots oﬁ(r) versus D(r) for a range of

values. The correct value afwill be reached once the straight-line

plot of AT (z) versusD(z) is obtained. Once the correct valuenof

Composite sample preparation

The same procedure as described in “Preparationoofid and
manufacturing of wax component” subsection is eaetbpbere to

is obtained, the value &f can be determined from the slope of theprepare the composite samples for thermal propesgsurements. As

straight-line plot ofAf(r) versusD(r).
Another way to determine the value bfis to measure the

density p) and the specific heat) of the material separately.

Then, the value ok can be obtained by multiplying the valuekof
by the density and specific heat of the materidlisTmethod is
generally applied for anisotropic materials. If thperties along
x- andy- axes are the same, but different from those atbeg-
axis and if the plane of the hot disk sensor is peapout byx- and
y- axes, Eq. (11) will be expressed as

(12)

AT D(ex)

Tx)= 3 Po
n

afkykz

wherek, andk, are the thermal conductivities in thgory) andz

Ikt
directions respectively anck— :&. The value ofk, can be
X a

determined by the above stated iteration proceskaistraight-line
plot of Af(z-) Versus D(Z-) is reached and the valug is
X X

per the standard, ISO 22007-2: 2008(E), the cortgpasimples are
made in the size of 50 mm square and thicknesspisds 5-6 mm.

Experimental results and discussions

The equivalent thermal conductivity (ETC), therrdéfusivities
and volumetric heat capacity of particulate filled) composites
with Al and graphite particles for different amounf filling
fractions as obtained through experimentation®ainrtemperature
(23°C) are illustrated in Fig. 5. From the expentad results, it is
quite evident that thermal conductivities of partite filled PU and
SR are increasing (around 10 times) with increaaimgunt of filler
and the increasing rate starts more drasticallaratind 20-30%
volume fraction of filler for some composites. Thssdue to the
formation of thermal conductive chain in compositeose tendency
is high in elevated filler content. In Fig. 5, anet point noticed is
that increasing rate of thermal conductivity is amatively higher
for any level of filler content when graphite filles used for both
the mould materials. The reason is: large partickdsch are
equivalent as the composed of aggregates of filketicles are more
capable of forming conductive chains than fine ipkas. Moreover,

equivalent to apc. On the other hand, from the slope of thehe amount of heat scattered around the contacigp@ case of

straight-line plot ofAﬂz- ) versusD(T ) the value of (k Kk can
X! X xI\z

be found out. Therefore, the valuekpis calculated by dividing the
value of (k k by obtained value d,.
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coarse particles is smaller than in fine particksce less number of
contact points are required to form the same lem§thonductive
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Figure 5. Equivalent thermal properties of PU composites with aluminium and graphite particles: (a) thermal conductivity, (b) thermal

diffusivity and (c) volumetric heat capacity.
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Figure 6. Morphological structure of PU and aluminium composites with
volume fraction levels: a) 39.922% and b) 48.664%.

On the other hand, it is worth mentioning that nfaoturing
process of composite is an important aspect toeseh maximum
value of ETC of flexible mould material composit@scause there
is more possibility of the presence of voids in tdodue to fault(s)
in manufacturing, which will reduce effective thedntonductivity.
This phenomenon is observed in the results of Pldgkhposites
(Fig. 5(a)). It is found that though the compositmntains higher
filler (48.66%), it exhibits lower ETC than that Jiag lower
(39.922%) filler due to presence of more voidss@an in Fig. 6).

Validation of Existing M odels Based on Experimental Results

The experimental results of ETC of the compositagehbeen
explained by several empirical/semi-empirical medehamely
Maxwell-Eucken (Maxwell, 1954), Bruggeman (Bruggem#935),
Lewis-Nielsen (Lewis and Nielsen, 1970), Cheng-\tatKCheng
and Vachon, 1969), Ziebland (Butta and Migliar&8i96), Torquato
(Torquato, 1985) and Agari-Uno (Agari and Uno, 198&& shown
in Fig. 7. It is observed that Lewis-Nielsen mo¢ehich is defined
by empirical expression as shown in Eq. (13)) piesi closer
estimations (average % error = 29.21) than othegirizal models
in all four composites.

_L1+ABV

= 13
ko= gy g ko (13)

k

AL -9,
whereg- e and¢ =1+ —— |xv;

ﬁ-{-A (/’m

Kp

ke, ko, andk; represent the equivalent thermal conductivities
composite, polymer, and filler, respectively, ahds the volumetric

fraction of filler in the composite. The constantd&pends on the

shape and orientation of disperse particles inctiraposite, and is
defined by A= kE -1 (wherekg is the Einstein coefficientipm is

the maximum packing fraction of disperse phase (frdomly
distributed spherical particleg,, = 0.637). The value oA is equal
to 1.5 for randomly distributed spherical particlesiile in case of
randomly distributed aggregates of spherical pagié = 3.

Moreover, a better fit is observed with the semp@ioal model
of Agari-Uno (expressed by Eg. (14)) whose conitiglbarameters
are determined based on the experimental data.aVieeage %
errors of Agari-Uno model are found as 2.35 and120by
individually fitting the composite systems of PU-AInd PU-
Graphite, respectively. However, it was found ttie average %
error of Agari-Uno model by fitting all the data tflo composite
systems is considerably high (16.95%), though stier than
Lewis-Nielsen model.
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Nk, =V, CzInk +{1-V ()In(C.k,) (14)
whereC,, the factor of the effect on crystallinity and staf size of
polymer, does not depend on particle sgis the factor of ease in
forming conductive chains of particles, which ideafed by filler
particle size.
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Figure 7. Thermal conductivities of composites (a) PU-Al and (b) PU-
Graphite: experimental values and various model predictions.

In looking at the Agari-Uno models, it was foundthvalues of
C; (0.933594 and 1.0) are nearer/equal to 1.0 angaghesC, are
0.625 and 0.852295 for the suspension systems, IPaké PU-
graphite, respectively. Value @; close to 1.0 indicates that effect

ABCM
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of crystallinity and crystal size of polymer on tbleanging thermal comparatively smaller than graphite particles. Tptienomenon is
conductivity of polymer (matrix material) is neghte due to the specifically observed when the filler content is rendhan 40%.
inclusion of filler. Such kind of effect is obsedsén flexible mould Whereas, adhesion between PU and graphite partislemt as
material composites with both the graphite and Aitiples. The critical as compared to polymer matrix and metdililer composite
value ofC, close to 1.0 indicates more ease in forming cotideic systems. The effective modulus of elasticity of tighe filled
chains of filler particles in composite. In the geat composites, it is flexible (polymeric) mould material composite aldepends on the
observed that the value @} is greater for large particle size filler modulus of elasticity of the polymer, modulus cdsticity of filler

(graphite) than the smaller one (Al) which agreedl with the
results of Boudenne et al. (2004).

Equivalent Modulus of Elasticity of Particle-Reinforced
PU Mould Materials

Experimental measurements. Procedures

Modulus of elasticity of a material may be testethg different
standard test methods, namely tensile testing;gourt loading test
(Gere, 1984), ultrasonic measurement (Moore, 20@7), The
tensile testing method we have adopted here totfirdequivalent
Young's modulus of flexible mould material compesits based on
the standard ASTM D 3039M-08. According to thisnskard, a
constant rectangular cross-section shaped speafraitkness, 2.5
mm £4%, 25 mm +1% of width and 270 mm of lengttthe form
of sheet is prepared using the method as desdcirili&teparation of
mould and manufacturing of wax component”. Tenddsts are
performed on an Instron testing machine (made oRDEC). The
testing machine is equipped with a recording sysfiead sensor)
for measuring the applied force within +2% and mpable of
measuring elongation of the test specimen in mininimcrements
of 10%. The machine has two grips, one of whiclkedenected to
the load sensor. The grips (constant pneumaticestfjed type) are
tighten automatically and exert a uniform presgofemaximum 10
bar) across the gripping surfaces which is increpsis the tension
increases in order to prevent slippage and to fafaiure of the
specimen in the straight middle section. At the eh@ach grip, a
positioning device is placed in order to insertchpmen to the same
depth in the grip and to make the specimen aligngtth the
direction of pull. An extensometer (Made of MTS, d&b No.
634.25F-24, Serial No. 10288577A) is used to meatw strain of
test specimen. The extensometer was calibrated lsyMTS. The
extensometer was attached to the specimen at timéspaf 50 mm
apart (extensometer gauge length) symmetricallpethe mid-span
and mid-width location. During experimentation,aue of constant
head-speed of 5 mm/min is applied and the forcdiexppgo the
specimen until a maximum value of elongation, 158adure of
the specimen whichever is occurred earlier. Théuesm of
displacement, force and strain are recorded thralagh acquisition
system at a constant interval of 0.01 sec. Aftettjplg the data of
stress vs. strain, a linear curve is found whidlicates the elastic
region of the stress-strain diagram of the matefibe slope of this
linear curve is evaluated, which represents thsileermodulus of
elasticity of composite moulds.

Experimental results and discussions

From the experimental results as illustrated in Bigncrease of
modulus of elasticity is observed in all kinds &éxible mould
materials reinforced with conductive filler parésl In PU
composite system, increase of modulus of elastisitymore-or-less
similar in nature for both the reinforcements, AldaGraphite,
especially when the filler concentration label &dw 40%. But a
sudden rise of modulus of elasticity is observethvAl filler at
above 40% volume fraction, unlikely to that filledth graphite
particles. This may be due to the fact that Al ipkes are securely
embedded with polymer matrix since the size of ipl@g is
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material, and the volume/weight fraction of fillparticle in the
composite.
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Figure 8. Equivalent modulus of elasticity of PU composites with
aluminium and graphite particles.

Validation of existing models based on experimental results

The experimental results of equivalent moduluslaétecity of
the particulate filled polyurethane and siliconblvar composites, as
illustrated in Fig. 8, are explained using vari@xssting empirical
models available in the literature. The most comimosed models
for predicting equivalent modulus of elasticity af composite
material in a straightforward way, from its numati@xpressions
are the following:

Model proposed by Paul (Paul, 1960):

E2+(EnE-E2NVH
Ent(E-EmVH{-VE)

E.= (15)

where E,, E; and E; are the modulus of elasticity of the matrix,
particle and composite, respectively.
M odel proposed by Ravichandran (Ravichandran, 1994):

e (CEE +ERM+Cf B+ EEn
° (CE( +En)0+Cf

(16)
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o _|EEn+ERI+CF - E2f1+C)

= 7
(E:-Enjc+E, 1+Cf
%
Wherec{i} .
Vi
Model proposed by Wu (Wu, 1965):
2
11 B B m+ﬁ (18)
EC Em 1 i_'_ Vm f
Em Vf Em

whereV,, (= 1V;) is volume fraction of matrix material. is the
parameter, which remains fixed for any relative aamiration of a
given composite material. Through experimental wtutdhas been

found that the value dfis quite close to unity fon% <<1.
f

Besides the above models, there are many empé@kgakessions
proposed by various researchers, namely Hashink8fa@n bounds
(Hashin and Shtrikman, 1963), Halpin-Tsai modelalfih, 1969;
Halpin and Kardos, 1976), Walpole bounds (Walpal®66a;
Walpole, 1966b), methods based on mean-filed (saghVoigt
model (Voigt, 1889), Reuss model (Reuss, 1929),iWlanaka’s
models (Benveniste, 1987), etc.), self-consisterdthod based
models (Kroner, 1958), models based on differentizthod
(McLaughlin, 1977), Lielens models (Lielens et d998) from
which the equivalent modulus of elasticity (orugsper bound (UB)
& lower bound (LB)) of a particulate filled comptesican be
determined based on the conventional expressiogs (B)) of
isotropic material properties by assuming the casitpoto be
(quasi) isotropic and (quasi) homogeneous.

9KG
E= (19)
3K +G

whereE, G andK are the modulus of elasticity, shear modulus

and bulk modulus, respectively.

If the Lielens model is formulated based on a ndization of
the upper and lower bounds suggested by Hashink8fan, it can
be written as

= = 20
Ke=7=7 ; (20)
+
K" K%-s
H-S
1
P 21
Ge=qo7 7 (21)
+
G" Gli-s
H-S
+ 2
wheref =Y V1 and Khs, Kis, Ghs and GY_sare the

Hashin-Shtrikman lower and upper bounds of bulk uhesl and
shear modulus, respectively, which are expressethéyollowing
empirical expressions:
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Figure 9. Equivalent modulus of elasticity of composites (i) PU-Al and (ii)
PU-Graphite: experimental values and various models.

In Fig. 9, the equivalent modulus of elasticity pérticle
reinforced PU composites obtained using various efsodare
illustrated. Through rigorous comparative study agothe
experimental results with that obtained from vasiauodels, it is
found that the model proposed by Lielens, with radination of the
upper and lower bounds suggested by Hashim-Shtrik(dafined
in Eq. (20) and Eq. (21)), provides close agreemewith
experimental data compare to other models, paatibulup to a
volume fraction of 0.3 of the particulates. Frong.F9(i) to Fig.
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9(ii), it has been observed that most of the expenital data of all
the suspension systems lie in the region enclogethé Hashim-
Shtrikman upper and lower bounds. The model seerhg efficient
enough to predict the modulus of elasticity of #ld composites
with varying matrix as well as reinforcement pdetc

Conclusions

In the present work, an experimental study is edrgut to find
the equivalent thermal properties and effective uhasl of elasticity
of particle reinforced PU mould material using lligk technique
and tensile testing method, respectively. The nreasents of
thermal properties using hot disk technique and uhsd of
elasticity using tensile testing method are premnA significant
increase of thermal conductivity as well as modutiglasticity of
PU composite mould material (reinforced with Al agdaphite
particulate fillers) is observed. As a result,astbeen found that the
cooling time in soft tooling process is much redlcedut
simultaneously increase of stiffness of mould bexobserved.
Therefore, determination of an optimum amount dérficontent
with mould material is important. Presence of voids the
composite due to manufacturing fault(s) reduces éffective
thermal conductivity considerably. By comparing #perimental
results of equivalent thermal conductivity of PUrgamsites with the
existing models, it is observed that data driverdehdy Agari-Uno
and numerical model by Lewis-Nielsen provide betstimations
than other models. On the other hand, model prapbgeLielens
shows better trade-off with experimental findings emuivalent
modulus of elasticity of particle reinforced PU quared to other
models.
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