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Abstract

Temperature dependence of the thermal diffusivity in composites of epoxy and polyester resins, loaded with carbonyl
iron particles, has been studied using the photopyroelectric technique. Increments of eight and 2.5 times the thermal
conductivity of the polymers are obtained, as the volume concentration of microparticles is increased from 0% to 40%
for epoxy and from 0% to 20% for polyester matrices, respectively. Additionally, the thermal diffusivity falls systematically
as the temperature is increased from 270 to 400K; the effect is more pronounced for high concentration of micro-
particles in epoxy composites. The glass transition of the composites is explored by implementing a numerical differ-
entiation algorithm. In order to explain the consequences of the loading of the composites on the thermal conductivity, a
modified Lewis-Nielsen model, which includes the presence of crowded regions in the samples, is used to study heat

transfer in a wide range of particle concentrations.

Keywords

Polymeric composites, thermal diffusivity, photopyroelectric calorimetry, Lewis-Nielsen model

Introduction

Many devices required for micro-electronic applications
demand specific physical properties of materials, such as
good electrical and thermal conductivities.'* Moreover,
lightweight is also a mandatory requirement, which
limits the usage of most metals. Accordingly, the possi-
bility of satisfying all of these requirements by using
polymeric composites loaded with metallic micro- and
nanoparticles has been widely studied.>* In particular,
several electronic devices (mobile phones, network areas,
etc.) operate in the low-frequency range microwave radi-
ation, increasing the problem of electromagnetic inter-
ference.* ¢ In order to minimize or completely eliminate
this problem, metallic magnetic particles have been used
as electromagnetic absorbers in polymeric matrices.’
Several studies have shown that carbonyl-iron powder
(CIP) acts as a good electromagnetic wave absorber in
polymers.®® Moreover, it has been shown that when
carbon nanotubes are added to the fillers, the shielding
of the composites to electromagnetic waves is enhanced.*

However, aside from microwave shielding and good
electrical conductivity, thermal properties are also indis-
pensable for the use of composites in real applications.
Enhancement of the thermal conductivity in polymers
has been achieved using several kinds of metallic par-
ticles. For example, it has been reported that adding
copper (25% in volume) and nickel (40% in volume)
to an epoxy resin matrix can enhance 7.9 and five
times the thermal conductivity of the resin, respectively.'
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Similarly, increments of about 5.5 times the thermal con-
ductivity of epoxy resin with 40% volume concentration
of CIP has been obtained. Moreover, the alignment of
CIP particles using an external magnetic field has been
studied as an alternative way to enhance the thermal
conductivity of the polymers along a preferred direction.
However, it has been shown that the enhancement due
to alignment is similar to that of non-aligned particles
for high-volume concentrations.”

The photopyroelectric (PPE) technique is one of the
most sensitive methodologies to retrieve the thermal
diffusivity of thin solid samples down to a few hundred
microns thickness, since it provides excellent signal-to-
noise ratio.'” Furthermore, even though it is a contact
technique, it has been shown to be a good methodology
for the characterization of thermal transport properties
as a function of temperature. This allows high accuracy
identification of phase transitions or critical behavior in
most solids."""* The dependence of the thermal diffu-
sivity as a function of the temperature has been studied
in several amorphous polymers. In particular, it has
been reported that the thermal diffusivity decreases
close to the glass transition and this decrease inversely
depends on the changes of the specific heat.'* This
shows a close relationship between the results obtained
by photothermal techniques and conventional differen-
tial scanning calorimetry (DSC), which is usually
applied for the identification of the glass transition tem-
perature (Tg).ls’16

The effective medium approach (EMA) provides
good estimation of the effective thermal conductivity
in composites with low particle loadings.'”'®
Extensions and generalizations of the EMA have been
done in order to include higher particle loadings taking
into account the thermal interface resistance between
the particles and the matrix, the role of the local
arrangement of the particles as well as their orientation
and agglomeration.>'” 2! On the other hand, it is well
known that high-volume concentrations have to be
used in polymeric composites loaded with microparti-
cles, in order to achieve thermal conductivity values
acceptable for real applications in electrical and elec-
tronic devices.??

In this work, the thermal diffusivity as a function of
temperature is studied. The samples consist of epoxy and
polyester resins loaded with 2 um CIP particles at several
volume concentrations: 1, 5, 10, 20 and 40% of CIP
microparticles in epoxy resin and 1, 5, 10 and 20% of
CIP for the polyester resin matrix. The thermal diffusiv-
ity, at room temperature, of each sample is determined
using the PPE technique. The temperature dependence
of the thermal diffusivity of the composites is studied
using a PPE calorimeter. The temperature range for
these measurements has been chosen in such a way
that the glass transition for each specimen is observed.

Additionally, a numerical differentiation algorithm
based on the total-variation regularization® % is imple-
mented, which allows to identify the 7, of the studied
specimens by performing numerical derivatives of the
thermal diffusivities as a function of temperature.
Finally, a study is performed regarding the thermal con-
ductivity enhancement, at room temperature, of the
composite samples as a function of the CIP volume con-
centration. The specific heat capacities of the epoxy and
polyester resins is determined by DSC, which in combin-
ation with the measured values of the thermal diffusivity
of the samples and using the law of mixtures, allows the
calculation of the effective thermal conductivity of the
composite samples. The thermal conductivity enhance-
ment achieved is explained using the Lewis-Nielsen
model?>? with a modification of the form factor in
order to take into account crowding effects due to high
concentration of particles in our composites.

Experimental
Materials

Polydisperse carbonyl-iron powder HS (BASF) with an
average particle diameter of 2 pm, see Figure 1(a), has
been used as the filler medium. Two polymeric matrices
have been used: polyester resin (RESINMEX MR-227)
and epoxy resin embedding medium kit (Sigma
Aldrich) consisting of epoxy embedding medium,
2-dodecenylsuccinic anhydride (DDSA), methylnadic
anhydride (MNA), 2.4.6-tris dimethylaminomethyl
phenol (DPM-30).

Polyester/epoxy — CIP composites preparation

Two types of composites loaded with CIP have been
prepared: the first one made with a matrix of polyester
resin and the second one with epoxy resin. For the
polyester resin composites, CIP microparticles (0, 1, 5,
10 and 20% volume concentration) were added to the
polymeric resin and stirred mechanically at 300 r/min

1 2 3 4 5 6
diameter [pum]

Figure 1. (a) Size dispersion of the particles diameters and
(b) SEM image of the carbonyl-iron particles used to make up the
composite samples.

SEM: scanning electron microscope.
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during 20 min until a homogeneous suspension was
obtained. After that, 5% volume concentration of cata-
lyst was added to the mixture and was stirred during
the next 2 min. The mixture was cast on a mold allow-
ing the samples to polymerize for 24 h at room tempera-
ture. Finally, the sample was post-cured at 80°C for 4 h.
The same procedure was used for each volume concen-
tration of CIP.

The epoxy resin matrix is obtained by combining
two mixtures. Mixture-A consists of 38% epoxy
embedding medium and 62% DDSA (volume concen-
tration) and mixture-B consists of 53% epoxy embed-
ding medium and 47% MNA (volume concentration).
Both solutions were stirred for 10min before being
mixed in a 1.15 ratio (A/B) to obtain the epoxy embed-
ding matrix. CIP microparticles (1, 5, 10, 20 and 40%
volume concentration) were added to the epoxy matrix
and stirred mechanically at 300 r/min during 20 min in
order to obtain a homogeneous suspension. Then,
1.5% (volume concentration) of accelerator DPM-30
was added to the mixture and stirred during the next
2 min. The mixture was cast on a mold and polymerized
at 80°C for 4 h. The same processes were used for each
concentration of CIP. Both kinds of composite samples
(polyester- and epoxy-based) were polished to obtain
uniform flat samples (1 cm x 1cm) with a thickness of
300 pm.

Scanning electron microscopy

Figure 1(b) shows a scanning electron microscope
(SEM) image of CIP, obtained using a field emission
scanning electron microscope (JEOL JSM-7600F) in the
back-scattering configuration. Notice the good quality
of the spherical shape of the particles. As can be seen
from Figure 1(a), the particles diameters are in the range
from 1 to 3 um and the mean diameter is 2 pm.

Photopyroelectric calorimetry

The thermal diffusivity of the composites was studied
using a photopyroelectric calorimetry (PPEC), which
consists of a LiTaOj; pyroelectric detector (350 pm
thick) coated with a Ni-Cr thin layer on each surface,
acting as electrodes. A 50-mW laser diode (665nm,
Melles Griot) modulated by a lock-in amplifier (7265
DSP, Signal Recovery) is used as the heating source on
the sample surface, which is coated with a 3 -um graph-
ite layer in order to increase its optical absorption at the
exciting wavelength. The PPE signal is collected by the
same lock-in amplifier in the electric current mode and
saved into a PC for further analysis. A normalization
with respect to the frequency response of the bare
detector is required in order to take into account the
instrumental response. The studied sample is positioned

on the top surface of the PPE detector, applying a thin
layer of thermal grease (Dow Corning, 304 Heat Sink
Compound) between those surfaces, while the back sur-
face of the PPE detector is in contact with a material
of similar thermal effusivity (bismuth was used for all
measurements), in order to increase the accuracy of the
measurements.'’ Both the PPE detector and the studied
sample are introduced in a liquid nitrogen cooled cryo-
stat (Optistat-ND, Oxford Instruments) that allows
measurements in the temperature range from 77K to
550K, at heating—cooling rates varying from 10 to
100 mK per minute, according to requirements.'"*’

The representation of the natural logarithm of the
normalized amplitude Ln(]7}]), and the normalized
phase W,, vs \/7 allows to use the slopes method to
identify the thermal diffusivity of the graphite-coated
(opaque) samples'!

D="— (1)

where / is the thickness of the sample and m is the slope
obtained from Ln(|7},|) or W, vs ﬁ Actually, the mean
value of the thermal diffusivity retrieved from ampli-
tude and phase analysis in each measurement is
reported.

Figure 2 shows the characteristic behavior of
Ln(|7,]) and W, as a function of the modulation fre-
quency, obtained from a sample of epoxy resin loaded
with 40% of CIP particles in volume. For frequencies
below 4 Hz, the sample is in the thermally thin regime.
For larger frequencies, the sample is in the thermally
thick regime (,/nD/f < l) and the signal is propor-
tional to ,/f. This has been used to determine the
thermal diffusivity using the slopes method.'*!"*” For
higher frequencies, the piezoelectric response of the

Ln(IT,l), ¥, [arb. uni., rad.]

10 12
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Figure 2. Typical plots of Ln(|T,|) and ¥, vs /f for a sample of
epoxy resin with 40 % CIP in volume. The linear zone of the
curves is used to retrieve the thermal diffusivity of the sample.
Experimental results for Ln(|T,|) are represented by red triangles
and black dots are used for W, while continuous lines represent
the linear fits. CIP: carbonyl iron powder.
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detector dominates and therefore it deviates from the
linear behavior.?®

For the temperature-dependent measurements only
the evolution of W, is needed at a fixed frequency in the
linear zone.'"!> Accordingly, the phase difference is
defined as A¢(T) = W,(T) — W,(T,er), where W,(T) is
the normalized phase at the temperature 7 and
W, (T,) is the normalized phase at room temperature
T,.s. The thermal diffusivity as a function of the tem-
perature is evaluated with the following expression''

D= @

2
L Ao(T)
N/ Dref I/ tfo

where / is the thickness of the sample, f, is a reference
frequency in the linear zone used for the measurement
during the temperature ramp and D, is the thermal
diffusivity of the sample at room temperature.

Results
Thermal diffusivity measurements

Figure 3 shows the thermal diffusivity of epoxy com-
posites and polyester composites as a function of the
CIP volume concentration. It is worth mentioning that
the thermal diffusivity enhancement is three times for
epoxy composites with 20% CIP volume concentration
and two times for polyester resin loaded with 20% CIP
volume concentration. The uncertainties in the thermal
diffusivities are below 5% in all cases and have been
estimated after five measurements.

Figure 4 shows the temperature evolution of the
thermal diffusivity for epoxy (Figure 4(a)) and polyester
(Figure 4(b)) resin samples loaded with different CIP
volume concentrations. Measurements were performed
in a PPE calorimeter using a temperature ramp from
260 to 415K for epoxy samples and 230K to 380 K for

T T T T T T T T
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Figure 3. Thermal diffusivity, at room temperature, as a func-
tion of CIP volume concentration obtained with the PPE tech-
nique. Epoxy-CIP composites are represented by black dots and
polyester-CIP by red dots.

CIP: carbonyl iron powder; PPE: photopyroelectric.

polyester samples. The temperature was increased uni-
formly at a constant rate during 24 h. The modulation
frequency of the laser beam was set to 2.37 Hz in order
to stay in the linear zone of the model (see Figure 2).
Notice that the thermal diffusivity decreases as the tem-
perature rises no matter the concentration of CIP.
However, as the concentration of particles increases,
the thermal diffusivity is larger in all the temperature
range studied. Notice that the rate of change of the
thermal diffusivity is not monotone, but it is higher
around the T,. For the polyester composites, the glass
transition zone is wider than for the epoxy ones,
making it more difficult to identify the 7.

Glass transition temperature identification

The T, of polymers is an important parameter for indus-
trial applications. Consequently, alternative methodolo-
gies to the well-known DSC have been explored in
literature. However, in some cases it is difficult to deter-
mine the T, accurately.”” ! In particular, the analysis of
the temperature dependence of the thermal diffusivity
and its slope has been studied for the determination of
the glass transition.'*** Nevertheless, this approach did
not provide acceptable results since the noise involved in
the experimental data is highly amplified by finite differ-
ence methods, making it almost impossible to determine
the numerical derivative. Hence, in this work the total-
variation regularization (TVR) method®-* is used to
obtain the numerical derivative of the thermal diffusivity
data shown in Figure 4. This method allows to compute
the derivative of a function D on [0, L] as the minimizer
of the Tikhonov-TV functional®®

F(u) = oTV(u) + % l|Au — D7) (3)

where TV(u) stands for the total-variation (TV) of u,
i.e. it is a regularization term that penalizes irregularity
in u, the second summation is a data fidelity term which
penalizes discrepancy between Au and Dz o is a

(@) 0.6

D [mm?*]
o (=]
o ~

T [K]

Figure 4. Evolution of the thermal diffusivity as a function of
temperature for composite samples of (a) epoxy resin and

(b) polyester resin loaded with CIP at several volume concen-
trations.

CIP: carbonyl iron powder.
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regularization parameter which controls the balance
between the two terms. Thus, equation (3) yields a regu-
larization scheme for operator equation Au= D, D
being the thermal diffusivity as a function of tempera-
ture, A the anti-derivative operator and u = d0D7/dT
stands for the derivative of D4, which is the main inter-
est. It is important to say that the TVR method not
only suppresses noise but also allows for the computa-
tion of discontinuous derivatives, since it does not sup-
press jump discontinuities unlike most regularization
schemes. The numerical implementation to minimize
equation (3) has been done following the gradient des-
cent approach.**

The results of u for the different CIP volume concen-
trations studied are shown in Figure 5 (a and b), for the
epoxy- and polyester-based composites, respectively.
In most cases, the T, can be identified, as the minimum
of the derivative of the thermal diffusivity with respect
to temperature. It is important to mention that only
8 to 12 iterations were necessary to obtain the numer-
ical derivatives and the time consumption was about
20s for each kind of composite, using a computer
with 3 GB RAM memory and 1.3 GHz processor.

Figure 5(c) shows the 7, as a function of the CIP
volume concentrations studied. Epoxy-CIP composites
are represented by black dots and polyester-CIP com-
posites by red dots. For the latter composites, the
derivatives of the thermal diffusivity results in wider
Gaussian curves, this is because the glass transition
develops over a broader range of temperatures than
for the epoxy-CIP composites. It is important to men-
tion that the values obtained for the 7, of the pure
polyester (334K) and pure epoxy (337K) are in good

agreement with previous results in literature®->!: 333 K
and 335K, respectively.

Discussion

As a particular case, the effective thermal conductivity
K at room temperature of each specimen has been stu-
died, using the well-known relation®® K = (pO),D,
where D is its effective thermal diffusivity and (oC),
its effective volumetric heat capacity obtained accord-
ing to the law of mixtures.>**> The effective thermal
conductivity can be written as

K= [CCIP;OCIP(P + leom(l - @)]D (4)

¢ being the volume concentration of CIP particles. The
density of the CIP particles (pcp) is 7.87 gem > and p,,
stands for the density of the polymeric matrix. The
density of epoxy and polyester resins is 1.22 gem ™
and 1.16 gem , respectively. These values are provided
by the manufacturer. The specific heat capacity of the
CIP is 0.45Jg~ "K', which is lower than 1.4Jg~'K™'
and 2.1Jg 'K~ obtained for epoxy and polyester
resins, respectively. The specific heat capacities were
measured using a differential scanning calorimeter
DSC-50 (Mettler-Toledo) employing sapphire as refer-
ence for the specific heat capacity identification.
In order to guarantee reproducibility on the C, studied
and to avoid possible thermal gradients inside the sam-
ples, all studied specimens were 300 um thick.

Figure 6(a) shows the results of the effective thermal
conductivity (at room temperature) for the two kinds of
composites studied as a function of CIP volume con-
centration. The uncertainties were calculated following
the error propagation theory.’® The thermal conduct-
ivity for both epoxy and polyester composites increases
as the CIP content does. This is in agreement with pre-
vious results.” Moreover, the thermal conductivity of
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Figure 5. Numerical derivatives of the thermal diffusivities of
(2) epoxy composites and (b) polyester composites, as a function
of temperature. (c) Glass transition temperatures identified for
the studied specimens: epoxy- and polyester-based composites.
Dashed lines represent the literature values for pure epoxy and
polyester.

Figure 6. (a) Effective thermal conductivity of epoxy (black
dots) and polyester (red dots) composites as a function of the
volume concentration of CIP particles. (b) Normalized thermal
conductivity (K/K;,) of epoxy-CIP (black dots) and polyester-CIP
(red dots) composites. Dots represent the experimental results
and continuous lines correspond to the fittings using the Lewis-
Nielsen model.

CIP: carbonyl iron powder.
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epoxy composites reaches a value of 1.4 Wm~'K~! for
the maximum concentration used (40% CIP in
volume), which is acceptable for real applications,
since the threshold thermal conductivity value is
1.0Wm'K™' for heat sinks in electronic devices.?
However, for the polyester composites at the maximum
CIP concentration studied (20% in volume), the ther-
mal conductivity is about 0.5Wm 'K™', which is
below the mentioned threshold limit. Nevertheless,
good increments in the thermal conductivity with
respect to the polymeric matrices were obtained for
both kinds of composites.

In order to analyze the measured thermal conductiv-
ities, the Lewis-Nielsen model®® has been applied

1+ ABy

Korm = mp (5)

where the normalized thermal conductivity Ky, =
K/K,, is the ratio between the effective thermal con-
ductivity of the polymer composite (K) and the thermal
conductivity of the polymer matrix (K,,), the B factor is
given by

— Kp/Km -1 (6)
K,/K, + 4
I - n
w:1+< 2"”>¢ 0
m

K, being the thermal conductivity of the CIP particles
and W a function which takes into account the effect of
the maximum packing fraction of particles (¢,,) in the
thermal conductivity of the composite. In equations (5)
and (6), 4 is referred to as the “form factor” and takes
into account the shape (aspect ratio) of the particle
fillers as well as their orientation with respect to the
heat flux. For spherical inclusions, it can take values
between 1.5 and 5.5.>”2% Moreover, when high-volume
concentrations are used in the composite samples, inter-
actions between neighboring particles must be taken
into account. These interactions can lead to agglomer-
ation of particles that consequently modify the form
factor. Lewis and Nielsen considered that these clusters
of particles have their own packing fraction (goj < (pm)
composed of the filler particles and part of the matrix
trapped inside the agglomerate.®

In this work, the form factor is modified by the pres-
ence of a low fraction of agglomerates in the composites

A = Aopa ®)
where A is the value of the form factor in the dilute limit

(low concentrations). ¢, is referred to as the crowding
factor®™*! and is defined by ¢, = (Z,Ai | (pj> /@, where @;

is the packing fraction of the j-th agglomerate (¢; < @)
and M is the number of agglomerate regions in the com-
posite. In the case were there is no agglomeration of
particles, Z;}Z 1 ¢; =¢ and the form factor returns to
the dilute limit value 4, ie. ¢, = 1. On the other
hand, the maximum agglomeration allowed is obtained
for M =1 and ¢, = ¢,,, which establishes the upper limit
of the crowding factor ¢, = ¢,,/¢. This value can be >1
for any particle volume concentration.

The above definition of the crowding factor implies a
strong dependence on the morphology of each compos-
ite, thus it would be very difficult to determine an ana-
lytical functional form. Accordingly, a simplified
effective agglomerate packing fraction ¢, is considered,
such that ¢, = flg.; ). In order to obtain its functional
form, an additional restriction is imposed to the crowd-
ing factor: it should reach its maximum allowed value
asymptotically. All above conditions are satisfied by

m m 5 C
(pa=1+‘0——‘p—exp(—i) )
¢ @ Pm

where ¢, represents the average packing fraction of all
agglomerates present in the composite. This assump-
tion provides accurate results in the dilute limit of
agglomerates (¢./¢, < 1). In this limit, equation (9)
simplifies to a linear form: ¢, ~ 1 + 5¢./¢.

Figure 6(b) shows the fittings between the thermal
conductivity predicted by the Lewis-Nielsen model
(continuous lines) with the modified form factor given
by equations (8) and (9) and the experimental
data obtained for the epoxy-CIP and polyester-CIP
composites. There is good agreement between the
Lewis-Nielsen model and the experimental results.
The thermal conductivity of the CIP particles is
50.2Wm~'K~!',>** while for epoxy and polyester
resins it is 0.18 Wm ' K=" and 0.20 Wm ™' K™, respect-
ively. These values were obtained from measurements
of thermal diffusivity and heat capacity. The maximum
packing fraction was set to ¢, = 64% according to lit-
erature values.”*! Two free parameters 4, and ¢, have
been considered in the fittings. The obtained values are
Ay =155, o =29% and A4y=3.6, ¢.=0.1% for
epoxy-CIP and polyester-CIP composites, respectively.
Both form factor values (A4j) are in good agreement
with literature®”*® and the packing fractions ¢. are in
the dilute limit, as expected.

It is important to mention that the effective thermal
conductivity has been increased eight times at the max-
imum volume concentration (40%) of CIP particles for
epoxy-CIP composites, while 2.5 times for polyester-
CIP composites at the maximum volume concentration
(20%) of CIP particles. If we consider the same CIP
volume concentration (20%), the epoxy composites still
show a higher increment in the thermal conductivity
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(four times) compared to the polyester composites (2.5
times). On the other hand, the analysis presented on the
thermal conductivity at room temperature could be per-
formed at each measured temperature or at those tem-
peratures of interest for practical applications as long
as the heat capacity is measured at the same heating or
cooling rate than the thermal diffusivity.

Conclusions

The temperature dependence of the thermal diffusivity
for epoxy- and polyester-based composites loaded with
several volume concentrations of CIP was studied using
the PPE technique. It was shown that the 7}, could be
obtained by measuring the thermal diffusivity as a func-
tion of temperature (using small heating rates). The
implementation of a total variation regularization
method enabled the extraction of the 7, with high
accuracy. Additionally, a modification to the Lewis-
Nielsen model was proposed that takes into account
agglomeration effects of the filler particles. The calcu-
lations performed with the modified model are in agree-
ment with the measured thermal conductivities of the
composites at room temperature.
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