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In this study, the influence of ceramic powders on the electrical and thermal behavior of biphasic conductive
polymer composites when subjected to electrical potential difference is investigated by means of experimental
measurements and modeling. The biphasic materials studied are blends of a thermal conductive polymer phase
(syndiotactic polystyrene filled with aluminum oxide or boron nitride) with an electrical conductive polymer phase
(high-density polyethylene filled with carbon black) in a cocontinuous structure. The thermophysical characteristics
of the biphasic materials were measured as a function of temperature. This thermophysical characterization showed
that the thermal conductivity of conductive polymer composites is doubled when filled with a 20 % volume of ceramic
powder. Ohmic heating experiments were performed on extruded tapes. A two-dimensional finite element model has
been developed to determine the thermal and electrical behavior of these devices. The numerical and experimental
results correlated well, which shows the relevance of adding aluminum oxide or boron nitride in the biphasic
materials studied to enhance thermal conductivity of biphasic conductive polymer composites without modifying the

electrical conductivity.

Nomenclature
= specific heat capacity, J - kg~! - K~!
electric field, V- m™!
thickness of the tape
intensity, A
current density, A - m~
thermal conductivity, W - m~! - K~!
length of the tape, m
height of the tape, m
internal heat source, W - m~
temperature, °C
air temperature, °C
center temperature, °C
surface temperature, °C
time, s
voltage, V
Cartesian coordinates, m
thermal diffusivity, m? - s
density, kg - m™3
electrical resistivity, €2 - cm
electrical conductivity, S - m™
volume fraction, %
= heat flux density, W - m—2
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Subscripts
c = composite
f = filler
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m = matrix
r = radiative
w = wall

Introduction

ONDUCTING polymer composites (CPC) result from

blending insulating polymer and electrically conducting fillers
[carbon black (CB), metal particles] [1,2]. Their formulation can be
adapted to satisfy different characteristics of electrical properties
(resistivity, percolation threshold) with temperature [3], pressure [4],
or solvent [5] solicitations. This gives CPC a sensitivity toward their
environment. These very versatile materials can be used for several
applications, such as self-regulated heating [6,7], electromagnetic
shielding [8,9], or vapor sensing [5,10].

For basic applications, to get cheap and easy processing CPC it is
useful to reduce the percolation threshold, that is, the quantity of
filler beyond which the CPC becomes electrically conductive.
This target can be achieved by using cocontinuous biphasic polymers
(an immiscible blend), in which the fillers are dispersed in only one
phase [11].

Despite the numerous advantages brought about by biphasic CPC,
for self-regulated heating applications [6], their low thermal
conductivity, resulting from the polymer matrix (which is a good
thermal insulator), is a major drawback for reaching high power
density levels [12]. In fact, the current going across the filled polymer
induces power dissipation by the joule effect, which leads to an
important thermal gradient within the material and, in the long run,
can damage the device due to unacceptable stresses. A solution to this
problem is to improve thermal conductivity by adding thermal
conductive fillers in the CPC [13]. However, this addition may also
have consequences on electrical properties.

The high-density polyethylene (HDPE) is used for its excellent
capacity for self-regulation [14]. Effectively, this polymer is known
for its high thermal expansion, which disconnects the conducting
path during the positive temperature coefficient (PTC) transition.
The syndiotactic polystyrene is known for its chemical and thermal
stability. Moreover, this polymer does not significantly alter the
amplitude of the PTC effect and reduce the negative temperature
coefficient (NTC) effect, which is a nondesirable feature because it
corresponds to a decrease in electrical resistivity.

In this paper, the enhancement of the thermal conductivity brought
on by adding aluminum oxide (Al,O3) or boron nitride (BN) is
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analyzed through the electrothermal behavior of ohmic heating
elements. In the first part, the thermophysical properties of three
formulations (biphasic material with aluminum oxide or boron
nitride and a reference one, called CPC1, without thermal conductive
filler) were investigated. In the second part, experiments and
numerical studies were realized to examine the electrical and thermal
coupling phenomena on extruded tapes. The three characterized
formulations were shaped like a tape for the purpose of heating
experiments. The use of this geometry (tape measuring 10-cm long,
S5-cm high, and 3-mm thick) facilitates the thermocouple
implantation, in particular at the material core. On the other hand,
this geometry makes the use of a 2-D model necessary because the
temperature field in the material (through the thickness and the
height) depends on the boundary conditions applied. Thus,
FEMLAB® software was used to develop a 2-D finite element model
to take thermal phenomena such as conduction, convection, and
radiation, as well as electrical conduction, into account. To compare
the simulated results with experiments, all thermophysical properties
were used as input parameters in the modeling. Then, extrapolation
to higher power density was performed with the validated model to
show improvement in electrothermal performances by using thermal
conductive fillers.

Materials and Techniques
Materials

The electrically conductive phase was high-density polyethylene
provided by Atofina. The adjusted carbon black content was
obtained by blending with a master batch filled with 23% volume/
volume of CB (Vulcan XC 72-N472 from Cabot) made by Premix
(PRE-ELEC TP 5813).

The thermal conductive phase was QUESTRA syndiotactic
polystyrene from Dow Chemical. Thermal conductive fillers
dispersed in the polystyrene syndiotactic (sPS) matrix: Al,O; [15]
and BN [16] were provided by Sigma—Aldrich and Métaux
Céramiques Systemes Engineering (MCSE) France, respectively.
Some characteristics of the polymers and the fillers used are
summarized in Tables 1 and 2.

Techniques

Each component was dried for 12 h under a vacuum at 90°C before
blending. The blending process was carried out in three stages:

1) The electrically conducting phase was made by a HDPE
blending with master batch HDPE-23% CB in a twin-screw extruder
contrarotating Brabender at 20 or 30 rad - min~'. The temperature
profile from feed to die was 190/195/205°C.

2) Processing of the thermally conducting phase was obtained by
mixing of sPS pellets with ceramic fillers in a single-screw extruder,
Fairex. The mixing speed was 30 rad - min~! and the temperature
profile from feed to die was 275/277/280/280°C.

3) The elaboration of biphasic CPC was made by blending the
electrical phase with the thermal phase in the twin-screw extruder
contrarotating  Brabender. Compounds were blended at
275/280/280°C with a mixing speed of 20 rad - min~'. The die
was a split of 5 x 50 mm to obtain tapes. No anisotropy is expected
to be generated during this process.

The filler content was checked by thermogravimetric analysis
using a Setaram TGA. The average weight of the samples was
approximately 30 mg and the precision of measurements was
estimated to be less than 0.5%.

Table 1 Main characteristics of polymers used

HDPE  HDPE-CB sPS

Glass transition temperature T,, °C —-30 _ 99
Melting temperature T, °C 133 133.6 275
Crystallization temperature 7', ,, °C 107 111.5 e
Crystallinity rate X, % 31 31 51
Density p, g - cm™ at 25°C 0.95 0.93 1.05

The density measurements were carried out using a pycnometer at
room temperature (27°C) in methanol. Given the sample size and
filler shape, CPC are considered homogeneous at the macroscopic
scale. Then, thermal expansion coefficient AL/L of the composite
was measured by a dynamic mechanical analyzer (Model 2980 of
Thermal Analysis (TA) Instruments) and used to determine the
density variation as a function of temperature. The precision of this
measurement was estimated to be better than 2% [12].

The calorimetric measurements were performed with a Mettler
Toledo DSC 822. The calibration was done with indium and zinc.
Aluminum pans with holes were used and the average sample
mass was approximately 15 mg. All samples were first heated
to 300°C for 5 min to get rid of thermal history. To prevent any
sample degradation, the experiments were carried out under nitrogen
flow.

Electrical resistivity as a function of temperature was measured by
a four-point probe technique. Samples (2 x 10 x 80 mm) were
placed in a programmable oven (from 20 to 180°C at 0.5°C - min~")
[6].

The thermal diffusivity was determined by the flash method [17].
A short duration burst of energy delivered by a Nd/glass pulse laser of
10.6 um wavelength with an energy pulse up to 8 J and a pulse
duration of 0.4 ms, heats the surface of the material. The precision of
these measurements was estimated to be close to 5%.

The thermal conductivity values calculated from the diffusivity
were compared with the values obtained by direct measurement
using the guarded hot plate technique at different temperatures: 30,
50, and 70°C[18]. The differences observed in the determination of k
with the two techniques were less than 10%.

Thermophysical Properties
Electrically Conductive Phase

The electrical resistivity and the thermal conductivity of HDPE-
CB as a function of carbon black volume fraction are plotted in Fig. 1.
The electrical percolation threshold is the inflexion point of the curve
describing the switch between an insulating and a conductive
composite. The electrical resistivity exhibits an important resistivity
drop of several decades between the percolation threshold and the
maximum value studied, 23%, whereas the thermal conductivity is
solely doubled with 23% of CB [kyppg being 0.34 W - m~! - K~! and
k. (HDPE-23% CB) is only 0.65 W - m~! - K~!]. More details and
characteristics of the obtained conductive pathway through the
material can be given and discussed in an electrical [6,11] and
thermal [13] point of view either by the Kirkpatrick equation [19] or
by thermal models [13].
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Fig. 1 Electrical resistivity and thermal conductivity of HDPE filled
with CB.
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Insulating Electrical Phase with Thermally Conductive Fillers

Figure 2 presents the value of thermal conductivity as a function of
the filler volume fraction at 300 K. It is remarkable that the composite
filled with BN particles leads to a much higher conductivity rise than

does the Al,O; composite. The thermal conductivity of sPS/BN
is noted to be twice that of the other composite at 30%. A
complete thermal analysis of these composites is given in a previous
work [13].

Biphasic Conductive Polymer Composites

Figure 3 shows the change in electrical resistivity of mono and
biphasic CPC containing the same amount of CB in the electrically
conductive phase during a heating/cooling cycle at 0.5°C - min~".
The blend of the electrically conductive phase with 60% of sPS
(corresponding to the phase inversion ratio in which both phases are
cocontinuous) increases the electrical resistivity to almost two
decades. On the other hand, the PTC effect remains unchanged when
adding sPS and increases with the decrease in CB content, which is
coherent because CB particles are more easily disconnected when the
sample is undergoing thermal dilatation during heating. The heating
occurs over the melting temperature of the electrically conductive
phase (HDPE), leading to a NTC phenomenon due to an increase in
molecular mobility [14]. This undesirable phenomenon is slightly
reduced by the sPS presence and, hence, a decrease in the self-
destruction capability of the system when overheating. The
hysteresis during cooling is explained by the temperature difference
between melting and crystallization.

In this study, three formulations are tested (see Table 3). In all
formulations, the amount of carbon black is arbitrarily set to 23% in
HDPE. The electrically conductive phase is then blended with the so-
called thermally conductive phase, which is around 60% in volume
to insure cocontinuous morphology.

Figure 4 presents the electrical resistivity during a thermal cycle
from room temperature to 180°C at 0.5°C/min. The plots
correspond to the second cycle. The first cycle is used to get rid of the
thermal history. Adding thermal conductive fillers does, however,
have a slight impact on the electrical resistivity, as can be seen in
Fig. 4. The difference in ratio between the sPS and the HDPE phases
may partially explain it at room temperature. At higher temperatures,
we can see that the ceramic particles also influence the crystallization
of the HDPE phase (see Fig. 5) and, hence, a shift of CPC2 and CPC3
cooling to a higher temperature.

Figure 5 shows that the HDPE crystallization temperature is
shifted to a higher temperature as a function of the nucleating effect
of thermal conductive fillers (4+5°C with Al,O; and +10°C with
BN). This means that the ceramics fillers are partially coated by the
HDPE phase. On the other hand, the melting temperature is similar
for all biphasic CPC.

Figure 6 shows the change in thermal expansion of the materials
tested. CPC1 [sPS 53%/(HDPE-23% CB)] presents a sharp increase
in thermal expansion from 100°C (and, consequently, a decrease in
the density with temperature). This is mainly due to the melting of

Table 2 Filler properties

Filler Aluminum oxide Boron nitride Vulcan XC72

Chemical formula Al,O4 BN CB
Density p,g - cm™3# 4.00 2.30 1.8
Melting temperature 7, °C? 2054 3027 —_—
Thermal conductivity kf, W-m~!'-K!, at 300 K¢ 36 125 6-175 [24]
Specific heat C,, J - kg™' - K~', at 300 K2 776 730 _
Electrical resistivity p,, - cm, at 300 K# 10 2x 10 —
Particle diameter,jum 11 8 30 x 1073
Shape factor [13] 5.6[13] 79 [13] —_

“From producer.

Table 3 Formulations of biphasic CPC

CPC Thermal conductive phase Electrical conductive phase ¢% of thermal conductive phase
CPC1 sPS HDPE-23% CB 55%
CPC2 sPS-28% Al,0; HDPE-23% CB 60%
CPC3 sPS-32% BN HDPE-23% CB 63%
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HDPE crystals. The linear thermal coefficient undergoes a change of
slope from 90 to 160 pm - m~! - K~! at this temperature. The change
of the slope given by the sPS T, (glass transition) is less significant
than that of HDPE melting. When the biphasic contains thermally
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Fig. 6 Thermal expansion of composites from 27 to 110°C.

Table 4 Density of composites at 27°C

Material Density, kg - m3, at 27°C Linear thermal coefficient,
pum-m~' - K™!
CPC1 1086 + 13 92, —2%
CPC2 1578 £ 18 73, 0%
CPC3 1339 £ 12 49, —8%

conductive fillers, the change of slope is less significant: 20% instead
of the previous 78%. At 27°C, the density of each biphasic CPC is
given in Table 4.

The change in specific heat with temperature is presented in Fig. 7.
The glass transition of pristine sPS is clearly visible (curve 3),
whereas in the CPC containing a HDPE phase, the glass transition of
sPS vanishes due to the high melting enthalpy of HDPE crystals
(AH,, of 95 J - g~! against 27.2 J- g~! only for sPS), although the
crystalline rate of HDPE is 31% and 51% for sPS.

The values of thermal conductivity with temperature were
evaluated from the measurement of diffusivity, density, and specific
heat [Eq. (1)]:

k=apC, (1

To check the results, the thermal conductivity measured at 50°C
by a guarded hot plate is punctually compared (Table 5). The
variation in the thermal conductivity as a function of temperature is
presented in Fig. 8. As for the previous properties, p and c,,, the
evolution of the thermal conductivity is restricted by the two
constituent phases sPS and HDPE-23% CB.

The biphasic CPC filled with boron nitride (CPC3) presents a
stable progression unlike the other biphasic CPC that are more like
the HDPE-23% CB. This can be explained by the very low thermal
expansion of CPC filled with BN (Fig. 6). As shown in Table 5, the
thermal conductivities of the biphasic CPC filled with thermal
conductive fillers are both lower than that of the constituent phase.
This odd drop in thermal conductivity can partially be explained by a
coating of the HDPE phase over the thermal conductive fillers, which
leads to a decrease in the particles’ interconnectivity [13].

At this stage of the study, we have shown that it is possible to
process new biphasic CPC. The study of their thermophysical
properties put into evidence the followings points:

1) It is possible to adjust the electrical resistivity apart from the
thermal conductivity by changing the suitable filler content.

2) Adding thermally conductive fillers does not increase the
electrical resistivity or even alter the PTC effect. In fact, it was shown
that this addition slightly improves the electrical conductivity.
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Fig. 7 Specific heat of composites from 10 to 110°C.
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Table 5 Experimental thermal conductivity of CPC at 50°C

Material CPCl CPC2 CPC3
Thermal conductive phase 0.18 0.65 0.74
Electrical conductive phase 0.63 0.63 0.63
CPC [from Eq. (1)] 0.33 0.55 0.60
CPC (guarded hot plate) 0.31 0.57 0.59

3) A nucleating effect was measured not only on the sPS phase but
also on the HDPE phase. This demonstrates the presence of thermally
conductive filler dispersed in the HDPE phase.

4) A decrease in the thermal conductivity compared with that in the
constituent phases was also noticed. This is explained by the
presence of thermally conductive fillers dispersed in the HDPE
phase, which decreases the interconnectivity of particles.

The knowledge of the thermophysical properties with temperature
is exploited in the next part of this paper to simulate the
electrothermal behavior of extruded tapes used as heating elements.

Study of Electrothermal Behavior of Conductive
Polymer Composites Tapes

The electrothermal behavior of CPC extruded tapes subjected to a
potential difference is studied. The electrical current crossing does
lead to an overheating by the joule effect. However, the voltage is
slow enough to allow heat dissipation by free convection.
Experiments and numerical studies were realized to examine the
electrical and thermal coupling phenomena. These studies give a
better understanding of the influence of thermal and electrical
conductivities on CPC behavior used as a heating element.

The tested configuration is presented in Fig. 9. The CPC is
subjected to direct current by two electrodes set at the ends of the
sample tape (Fig. 9). The power generated by the joule effect in the
CPC is dissipated in surroundings by free convection and long
infrared radiation. The tapes are laid vertically to get symmetry of
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heat exchanges. The size of elements is about 10-cm long, 5-cm high,
and 3-mm thick.

Modeling

To model the electrothermal behavior of the CPC tape, the
geometry and the boundary conditions are required to develop a 3-D
model, which takes the electrical and thermal conduction in the CPC
and the electrical and thermal boundary conditions into account. To
reduce the complexity of the problem (2-D model), we have initially
checked the uniformity of the current density field along the tape
length. Indeed, the electrode settings have an influence on the heat
source generated (in particular, the current density). To evaluate this
influence, simulations have been carried out on a lengthwise slice of
tape with different copper electrode settings (Fig. 10).

A 2-D model is then developed to evaluate the thermal field in the
tape. The temperature field in the material is a function of the x and y
axes. It depends on the boundary conditions applied. A correlation
giving the convective heat coefficient for a vertical plane surface
whose temperature evolves according to the height does not exist in
the scientific literature. In this study, the temperature or the flux
density along the z axis is not constant. It is necessary, then, to
develop a model of the flow around the band to evaluate the field of
temperature and the convective heat exchange between the band and
the fluid. The heat exchanges are supposed two-dimensional (y, z)
and, due to symmetry, only a half-thickness is modeled (Fig. 11).

A mathematical model representing the electrothermal behavior of
the studied system has been developed with FEMLAB. This software
uses the finite element method [20]. The domain was discretized in
triangular elements and a quadratic interpolation was used for each
output. For each model, the mesh was tested to obtain the same
solution with a minimum of elements. Thus, the grid contained about
100 elements for the study of electrical boundary conditions and up
to several thousand elements for the study of thermal boundary
conditions.

Electrical and Thermal Conduction Equations in Conductive Polymer
Composites

Electrical conduction in a material supposed homogeneous and
isotropic is governed by the Laplace equation, in which o is the
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n
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Fig. 11 Complete scheme of the tape section with air flowing out.
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electrical conductivity [21]:
- V. (oVV)=0 2)

The phenomena of thermal conduction are given by the heat
equation

pC, %—f = V- (kVT) + oF? 3)

The electrothermal coupling takes place in the term {{(oE?)), which
represents the internal heat source generated by the joule effect.

The variation of the thermophysical properties of CPC
(0,k,p,C,) as a function of temperature was integrated into the
polynomial equations.

Thermal Equations in Fluid

In this study, the flow around the CPC remains laminar and is
governed by the continuity, Navier—Stokes, and energy equations.
The fluid is supposed incompressible and Newtonian.

Continuity equation:

V.U=0 “
Navier-Stokes equations:

pU-VYU—yV?U+ Vp=F with F, =—pgB(T —Ty)
F,=0 5)

Energy equation:
V- (kVT - pC,TU) =0 (6)

In these equations, U represents the air velocity field (m - s71), pis the
density, 7 is the dynamic viscosity (Pa - s), p is the pressure (Pa), g is
the gravitational acceleration (m -s~2), and B is the coefficient of
thermal expansion (K~'). The air thermophysical properties are
assumed as polynomial functions of temperature.

Interface and Boundary Conditions

Atthe interface CPC fluid, the radiative flux density ¢ is taken into
account in the model by Necati Ozisik, M.[22]:

o=c0, (T4 — 1)) ™

where o, is the Stefan-Boltzmann constant W - m~2 - K™, ¢ is the
emissivity of the CPC, T is the surface temperature of the CPC, and
Twan 1s the experimental wall temperature.

At the walls, the velocity is set to zero and the temperature is
imposed to the experimental wall temperature. On the vertical
symmetric axis, all the perpendicular gradients (temperature,
velocity, and pressure) are null.

Influence of Electrodes

No matter what the setting or size of the electrodes is, the
interelectrode distance is 100 mm and the electrical contact between
the electrode and the CPC is supposed perfect. Moreover, along the
tape surface a constant thermal exchange coefficient of 20 W - m~2 -
K~ is applied.

Because of symmetrical reasons, a half-thickness of the band is
modeled. The mesh is given in Fig. 10, in which the electrode is 5-
mm long and 1-mm thick. The results obtained are presented for the
two different settings tested. Each line represents an isocurrent level.
The isocurrent range is the same in each setting. We can see that the
current density is relatively homogeneous along the x axis after 5 mm
away from the electrode. Then, a vertical slice (y, z) at the middle
length can be used for the study of thermal boundary conditions.

T

TO‘IS ms’

a) b) ©)
Fig. 12 CPC2/2-D model: a) mesh, b) contour of temperature, and
¢) velocity vectors in stationary state for P =764 kW - m~>.

Two-Dimensional Model

The heat exchanges are supposed two-dimensional (y, z), and due
to symmetry, only a half-thickness is modeled (Fig. 11). The domain
is discretized in 6000 triangular elements. A fine mesh has been used
to correctly model the thermal boundary layer that develops itself at
the tape surface. Figure 12 presents an example of mesh, a contour
map of temperature, and the velocity vectors. We can note that the
velocity and the temperature (and so the convective heat coefficient)
are very different according to the z axis.

Experiments

The experimental approach developed in this work is based on the
previous studies carried out with CPC tapes filled with carbon black
and carbon fibers [6,12,23]. This study is focused on a vertical
section placed along the half-length tape.

The tests are carried out with extruded tape of 10 cm in length,
which is sufficient to neglect the influence of the electrodes (see
Fig. 10). The section size was imposed by the extruder die, which
gives the tape about a 50-mm width and a 3-mm thickness. The
technique chosen for the electrode settings is the same for all tapes.
The copper electrodes were warmed before being pressed to the tape
ends to reduce electrical contact resistances.

The temperature response was provided by K-type thermocouples
set at the center and at the surface of the tape (Fig. 13). These
thermocouples were embedded at half-height (Fig. 13). On each side
of the tape, thermocouples measured the surrounding air
temperature. The temperature, voltage, and intensity were read as a
function of time by an acquisition system. The experimental
uncertainty was essentially coming from the measurement of
temperature (+1.5°C), voltage (£0.5 V), and intensity (+2 mA),
and the location of thermocouples in situ (50 pum in depth and
£500 pm in height).

Before the experiment, tapes were heated at 150°C for 1 h in an
oven. The oven temperature was then slowly decreased below the
CPC crystallization temperature to control and homogenize the
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Fig. 13 Tape instrumentation.

crystalline structure. The exact sizes and the electrical resistances of
the three tapes are summarized in Table 6.

Results and Discussion
Experimental Tests

The tapes are subjected to regular voltage steps. The protocol is
common for each material: three increasing and then decreasing steps
of 10 V between 0 and 30 V. The time step, from 10 to 30 min, is
sufficiently long to allow steady state to occur. The maximum
potential difference applied was chosen to get a maximum
temperature of 110°C using the tape with the lowest electrical
resistance (CPC2), corresponding to an acceptable temperature for
the long run.

Figure 14 presents the temperature and intensity responses for
CPCI1. The surface and air temperature plots correspond to the means
measurement performed on each tape side. The self-regulation
phenomenon is put into evidence by intensity peaks occurring at the
beginning of each voltage step. In steady state, at 30 V corresponding
to an exchange heat flux of about 0.8 kW -m™2, the measured
temperature reaches 93°C at the center and 91°C at the surface,
giving a difference of 2°C over 1.46 mm of thickness.

Figure 15 emphasizes the change of the experimental temperature
gradient as a function of the heat flux density. The temperature
gradient is measured at half-height and corresponds to the
temperature difference between the center and the surface. The
experimental errors occurring are numerous: thermocouple position;
smoothness, evenness, and straightness of the tape surface; and tape
and measurement uncertainty. Despite all these experimental errors,
the results are quite linear and coherent. The slopes of the straight
lines in Fig. 15 are inversely proportional to the CPC thermal
conductivity (the tape with the highest thermal conductivity, CPC3,
is thus the one with the lowest slope).

The evolution of the electrical resistivity of the tapes according to
the temperature can also be calculated from the measurements
carried out throughout these experiments (Fig. 16). At 30°C, the CPC
filled with boron nitride is equivalent to CPC1 (9.3 0.9 S-m™!),
whereas the CPC with aluminum oxide has a slightly higher
electrical conductivity:10.3 4= 0.9 S - m™'. This change and level of
electrical conductivity is coherent with previous measurements
carried out on smaller samples (Fig. 4).

Experimental and Numerical Comparison

First, we compare, in steady state, the numerical and experimental
results for the CPC2 material. In this case, a part of the tape
temperature exceeds 100°C.

Figure 17 gives the vertical temperature profiles at the center and at
the tape surface obtained from the 2-D model for a voltage of 30 V.
An important variation of the temperature according to the z axis can

Table 6 Size and electrical resistance of tapes

Tape Length L, Height/,  Thickness e, Electrical resistance
mm mm mm at 30°C, Q

CPC1 101 40 2.9 94

CPC2 100 47 32 64

CPC3 102 47 25 82
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Fig. 15 Temperature gradient as a function of heat flux density
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Fig. 17 CPC2/2-D model: simulated and experimental temperatures
along the height at the center and at the tape surface at 30 V.

be noted. In this figure, the experimental temperatures are also
plotted by taking their location into account. The comparison
between experimental and simulated results shows an acceptable gap
concerning the uncertainties of the material properties and the
experiments.

To complete this analysis, the simulated temperature and the
current density profiles along the y axis (thickness) are plotted in
Fig. 18. To confirm the simulations, the current is calculated from the
current density by the expression

1:2/szzf“nvw 8)
S S L

and compared with the measurements. In this case, the simulated
result (383 mA) is very close to the measured intensity 379 mA.
Figure 19 presents the experimental and simulated responses
obtained during the 20-30 V step. The simulated temperatures
correspond to values obtained at z = 23.5 mm. The measurements
and the simulated results (temperatures and current) correlate well
during both heating and cooling. The study of sensitivity shows thata
change of 5% of the electrical conductivity induces a modification of
about 4% of the current density profile and the temperature.
Regarding the thermal conductivity, we obtain a small impact inside
the material and almost none at the surface. The same study
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Fig. 19 CPC2: experimental data and simulation comparison during
the 20-30 V step (z = 23.5 mm).

performed on the other two materials (CPC1 and CPC3) leads to
comparable observations.

Simulation of Flux Density Influence

The tests carried out in free convection conditions do not permit
one to study the impact of higher flux density (>1 kW - m~2). Thus, a
stationary 1-D model has been used [7'(y)]. In the simulations, the
global heat exchange coefficient (convection and radiation) is
constant during calculation and is gradually increased when the
internal inputs increase to keep the tape center below 100°C, an
acceptable temperature for these polymers. This extrapolation is
represented in Fig. 20, in which the difference of temperature
between the center and the surface tape (AT) is plotted as a function
of the dissipated heat flux. These results are given for each material
and for two thicknesses (2 and 3 mm). These plots are linear because
the thermal conductivity of the materials is constant in the
temperature range involved during these simulations and their
thermal expansions (relatively low) are not taken into account either.

This figure highlights an important issue of this study. For
instance, for a power density of 20 kW - m~2, the difference of
temperature for the CPCI tape of 3 mm (k=0.33 W-m~!.K™)
would be about 46°C. In these conditions, high mechanical stresses
are involved, which could, in the long run, damage the system. To
decrease this destructive temperature difference, this graph shows
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Fig. 18 CPC2/2-D model: a) temperature, and b) current density profiles through the thickness at 30 V.
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Fig. 20 Thermal difference in the material as a function of the heat flux
density for two thicknesses (2 and 3 mm).

that two solutions are conceivable: increase the thermal conductivity
and/or reduce the thickness of the material.

Conclusions

In this paper, biphasic conductive polymer composites for heating
applications have been investigated. Their polymer matrices, which
are good thermal insulators, are usually a major drawback for
reaching high power density levels when used as heating elements.
The improvement of the thermal conductivity was thus our first
concern in this study.

The first part of this paper dealt with the biphasic material study
containing polystyrene syndiotactic and high-density polyethylene.
We showed that it is possible to adjust the electrical resistivity apart
from the thermal conductivity to obtain new CPC, with good
electrical and thermal conductivity, in the condition of optimizing a
formulation according to the applications concerned. The electrical
phase was obtained by carbon black filled in HDPE. In this system,
the electrical percolation threshold was 11% v/v. For the thermal
conductive phase (with sPS), these studies demonstrated that the
thermal conductivity is strongly increased with a filler amount of up
to 30% v/v of microparticles of boron nitride or aluminum oxide.
Three polymer composites were created and their material properties
analyzed. The addition of the ceramic powder (20%) to the polymer
composites enhanced the thermal conductivity of the CPC (x2)
without significantly modifying the electrical conductivity of the
composites.

Additionally, computational models and experiments were used to
examine and characterize the electrical and thermal behavior of these
CPC tapes. The experiments were carried out in free convection in air
with power density exchanged lower than 1 kW - m~2. We have
shown that the simulated thermal and electrical responses correlated
well among experiments. This allowed their behavior to be predicted
for a higher level of power density, used as a heating element system.
The results show the importance of adding thermally conductive
fillers to the tape to decrease the thermal gradients inside the tapes
and consequently reduce thermally induced mechanical stresses.
Therefore, when a CPC device needs high power dissipation, adding
a thermally conductive filler such as boron nitride is interesting.
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