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Abstract In this work, the thermal enhancement in silicone grease-based compounds
as a function of carbon nanofiber (CNF) volume fraction was investigated. The thermal
diffusivity of the samples was determined by a photopyroelectrical technique with
a sample thickness scan. The results show that heat transport on these compounds
strongly depends on the CNF volume fraction, due to the high thermal conductivity of
CNF compared to the matrix; hence, a low loading percentage of the fibers produce
a significant growth in the thermal diffusivity of the composite. The results show that
the thermal diffusivity values of the CNF-silicone composite are comparable with
commercial thermal compounds based on diamond and Ag microparticle fillers. The
thermal conductivity of the samples was calculated, and its enhancement was analyzed
using a modified Lewis–Nielsen model, taking into account the dependence of the
maximum packing fraction and the form factor with the aspect ratio of the CNF. The
influence of the Kapitza thermal resistance was discussed. These materials might find
practical applications in systems in which the CNF improves the ebbing of heat away
from semiconductor devices or in any other application in which heat dissipation is
needed.
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1 Introduction

High-power electronics, high-performance heat sinks, aerospace and aircraft indus-
try, systems for storage and generation of energy are some examples of technological
applications that require the precise control of heat dissipation [1, 2]. There is a grow-
ing demand for the development of new composites with controlled thermal properties.
Thermal pastes are commonly based on polymers such as sodium silicate or silicone
[3]. To enhance its thermal qualities, the polymer matrix is filled with thermally con-
ductive solid particles like silver, diamond, and alumina, among others [4].

Carbon nanofibers (CNF) are novel nanometric materials with an extensive use in
science and engineering because of their exceptional thermal and mechanical physical
characteristics [5, 6]. This carbon allotrope represents the base of novel nanometric
materials, promising in most areas of science and engineering [5, 7]. It has been
shown that when the nanofibers are incorporated into a matrix, the physical properties
of the compound are superior to those of the matrix. The thermal properties of carbon
nanostructures, such as CNF, are of interest for basic scientific knowledge as well as
for technological applications [8–10].

In this work, the thermal behavior improvement of silicone-based compound due
to the effect of CNFs loads is analyzed. The thermal characterization of the silicone
compounds was performed by means of the photopyroelectric methodology, where
a thickness fluid scan is performed through a cylindrical cavity in which CNF com-
pound is placed and measured by height variation. This methodology has become a
regular photothermal methodology to obtain the thermal diffusivity of fluids (gases,
liquids, and soft matter), as a consequence of its accuracy, precision, and practical-
ity [11–16]. The thermal diffusivity of the studied materials was determined, and the
results were compared with other commercial thermal conductive compounds loaded
with microparticles of silver and diamond.

2 Experimental

2.1 Materials

Three kinds of thermal compounds were studied, two commercial and one developed in
the laboratory using fully graphitized carbon nanofibers with 150 nm average diameter
and 50 µm to 200 µm in length (PR-19-XT-HHT, Pyrograf®-III) mixed with a fluid
matrix of silicone grease (sil-glyde from AGS). Using a one-step mix process, samples
with CNFs were dispersed by sonication at 20 kHz for a period of 2 min with a
titanium probe immerse in the grease matrix controlled with an ultrasonic processor.
Composites samples with CNFs at different volume concentrations: 0 %, 0.1 %, 0.25 %,
0.5 %, 1 %, 2 %, and 5 % were obtained. The commercial thermal compounds used to
compare are: Arctic Silver 5® that consists of a mixture of polysynthetic oils loaded
with silver microparticles [17] and IC Diamond®, a thermal compound based on
diamond microparticles [18].
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2.2 Experimental Technique

The scheme of the experimental system used in the measurement of the thermal dif-
fusivity of the samples is shown in Fig. 1. Basically, the measurement device consists
of a cylindrical cavity where the fluid sample is located (see Fig. 1B). The top surface
of the thermal wave cavity is a 500-µm-thick crystalline silicon slice that acts as an
optically opaque and thermally thin material (Fig. 1B, c). It is excited by a modulated
light source from a laser diode (Fig. 1B, a) (ML120G21, 80 mW@658 nm). The beam
radiation intensity was modulated (frequency f �0.5 Hz) using a laser diode driver
(Thorlabs, IP500) controlled by a lock-in amplifier internal sine oscillator (Stanford
Research, SR-830). The laser radiation hits the silicon slice by its outer thermal wave
cavity side; thus, the silicon wafer absorbs some of the energy and a heat flow is
produced; hence, the wafer merely performs as the converter of the laser energy into
heating. The modulated power source generates a periodic flow of heat within the
material to generate a periodic temperature distribution at the same frequency as the
heating laser; thereby the heat wave propagates in the cavity through the fluid sample
(Fig. 1B, d) [19, 20]. The sample thickness is in the thermally thick regime, which
causes an exponential decay in the signal; this is then detected at the other end of
the cavity by a circular PZT ceramic working as a pyroelectric sensor (Fig. 1B, e).
The AC voltage signal is proportional to the surface temperature detector; duly, the
pyroelectric sensor measures the time-dependent temperature variation. The output
voltage signal-to-noise ratio of the pyroelectric sensor was greatly enhanced by a
voltage preamplifier (Stanford Research, model SR-560), and then with a dual phase
DSP lock-in amplifier, the phase, and amplitude of the sensor complex voltage are
evaluated as a function of the cavity length, which is controlled by a translation stage
(with a minimum size step of 10 µm) automated with a mechanically coupled stepper
motor. The cavity length scans were performed for sample thickness that satisfies the

condition L > 2
√

α
π f (thermally thick regime), where L is thermal cavity length. The

acquisition of the amplitude and phase of the sensor voltage and the cavity length
scanning were performed by a LabView home-made program.

In the Thermal Wave Resonator Cavity, and for thermally thick samples measured
by transmission, the complex voltage of the pyroelectric sensor comes by the following
equation

V (L , α, f ) � F ( f ) exp
[
−L (i + 1)

√
π f/α

]
(1)

where α is the thermal diffusivity and L is the thickness of the fluid sample, F ( f )
is a transfer function that depends on the modulation frequency of the heating laser.
For a fixed heating laser frequency f and sample thickness scanning, this instrumental
transfer function may not be taken into account in the measurement and calculation
of the thermal diffusivity. The amplitude and phase of Eq. 1 are analyzed separately,
and from both parameters, it is possible to get the thermal diffusivity (α) of the CNF-

silicone compounds. From the amplitude, we get that ln |V | � cV −
√

π f
α
L , which

indicates that the logarithm of the voltage amplitude behaves linearly with respect to
the fluid sample thickness L, where the thermal diffusivity α is directly extracted from
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Fig. 1 (A) Experimental arrangement scheme of the pyroelectric technique, to acquire the thermal diffu-
sivity of the silicone CNF compounds. (B) Pyroelectric technique configuration details: (a) laser diode,
(b) cylindrical thermal wave emitter head containing the silicon wafer (c), (d) sample container and (e)
pyroelectric sensor

the slope of the line. Similarly, from the analysis of the phase, it could be seen that it

follows a linear behavior, written as Φ � cΦ −
√

π f
α
L . It is evident that constants cV

and cΦ are not important in the calculus of the sample thermal diffusivity.
The linear behavior of the natural logarithm of the amplitude and phase depending

on the thickness could be observed in Fig. 2. Therefore, by means of a thickness scan
of the fluid sample under a heating with a constant frequency, and defining the slopes

as mV � mΦ �
√

π f
α

, the thermal diffusivity of the sample is determined by the next
expressions, for both, the signal amplitude and its phase,

α � π f

m2
V

or α � π f

m2
Φ

(2)

The thermal diffusivity values found from the signal phase and its amplitude have small
variations between them, five measurements were done for every sample with different
CNF volume fraction, and two values obtained from each; one for the phase and the
other from the amplitude. The final effective thermal diffusivity was the average of
these ten values for each concentration; the error bars come from the standard deviation
of the mean thermal diffusivity value.

3 Results

Figure 2 shows the linear behavior of the phase and amplitude logarithm of the pyro-
electric sensor voltage, in relation to the thickness of the fluid sample. The lines with
lower slopes indicate that a slight signal diminishing and phase shift are presented,
which means that thermal diffusivity is higher for samples loaded with a low fraction
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Fig. 2 Linear behavior of the phase and amplitude logarithm of the pyroelectric sensor voltage, related to
the thickness of the fluid sample. The parameter � is the thermal diffusion length, defined as � � √

α/π f

of CNF than silicone grease without nanostructures. It is relevant to mention that the
thermal diffusivity could be obtained from the signal amplitude and signal phase, and
the data are consistent between them.

The thermal diffusivity of thermally conductive compounds made from the mixing
of graphitized CNF and silicone grease as a function of the CNF volume fraction is
presented in Fig. 3. Thermal diffusivity increases with the volume fraction of CNF,
as could be expected due to the high thermal conductivity of CNF with respect to
the silicone matrix and also due to its high aspect ratio. In Fig. 4, a comparison
between the thermal diffusivity as a function of mass fraction of the commercial
thermally conductive compounds and the one we developed with CNF is shown, where
Arctic Silver 5® has 88 % silver microparticles concentration [15], with a measured
6.40±0.17×10−3 cm2·s−1 effective thermal diffusivity, and IC Diamond® containing
diamond microparticles concentration of 92 % [16], with a thermal diffusivity value of
4.16±0.07×10−2 cm2·s−1. It is possible to observe a very similar thermal diffusivity
value among them, despite the fact that there is a difference of almost one order of
magnitude in the mass fraction of loads, between the commercial pastes and the one
prepared with the CNF on silicone grease at its maximum fiber load. Specifically, the
thermal diffusivity of the CNF-silicone compounds exceeded the value measured for
the Arctic Silver 5 paste, and the data behavior of the prepared sample suggest that
for higher CNF concentrations, equivalent to IC Diamond sample mass fraction, the
thermal diffusivity could reach higher values. Unfortunately, it was not possible to
obtain reliable measurements for samples with CNF volume fractions above 0.05, due
to a significant viscosity increase and hence a lack of fluency in the compound. Fluidity
in the sample is essential for the good performance of the pyroelectric technique used
in this work, where the thickness sample scans must be implemented.

In classical effective models, the increase in conductivity and thermal diffusivity,
as a function of filler concentration behaves linearly in the case of low concentrations
[21]. However, Fig. 3 shows a singular increase in thermal diffusivity as the mass
fraction of CNF increases. Currently, there are several theoretical models that pre-
dict the effective thermal conductivity of composite materials; the simplest and most
usual models generally consider the volume fraction of the filler and the thermal con-
ductivity of the components. However, more complex theoretical models such as the
one proposed by Lewis and Nielsen [22], take into account the orientation, shape and
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Fig. 3 Thermal diffusivity as a
function of mass fraction of the
commercial thermally
conductive compounds and
samples of silicone grease
loaded with CNF. The dashed
line is a visual aid that denotes
the tendency of the experimental
values

Fig. 4 Normalized thermal
conductivity of samples as a
function of filler volume
fraction. The line is for the
theoretical fitting using Eq. 6 for
the modified Lewis–Nielsen
model

maximum packing fraction (φmax) of fillers. Particularly for this work, where long
filler particles (CNFs) have 104 times higher thermal conductivity than the silicone
matrix, the effective thermal conductivity of the composite should have a significant
growth when filler concentration achieves values near φmax, since the average num-
ber of contacts that each particle has with its neighbors (defined as the coordination
number 〈C〉), significantly increased [23, 24]. Those links work as pathways for ther-
mal or electrical transport through the particles that shape a network; to take thermal
advantage of this tridimensional grid, the particles must have a high aspect ratio,
high thermal conductivity and a low interfacial thermal resistance between them and
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between the matrix. The thermal resistance between interfaces is known as the Kapitza
thermal resistance (RK) [25]; this parameter is essential in the thermal transport of
compounds with nanoscale fillers since the thermal resistance is inversely proportional
to filler size, which is the radius in the case of nanotubes and nanofibers. An intuitive
manner to see the importance of the interface resistance is through the concept of
Kapitza radius, defined as Ak � km

G , where km is the matrix thermal conductivity
(0.17 W·m−1·K−1, for the silicone used in this work), and G is the conductance of

the interface
(
G � 1

RK

)
, thus, if the Kapitza radius is near the nanotube or nanofiber

radius, the interfacial resistance will negatively influence the effective thermal con-
ductivity of the composite. According to literature [26], the thermal conductance of a
liquid–solid interface in the case of carbon nanotubes is G � 12 MW·m−2·K−1. In the
case of the present work, due to carbon nanofibers are graphitized, it is reasonable to
consider that liquid–solid conductance of CNFs is the same as the one of carbon nan-
otubes, the Kapitza radius for this interface conductance is Ak � 14 nm. As the carbon
nanofibers radius used in this work is a � 75 nm, the normalized Kapitza thermal
resistance αk � Ak

a is αk � 0.19, this means that the interfacial thermal resistance
does not significantly affect the effective thermal conductivity of the CNF-silicone
composite. Such is the contrary case of carbon nanotube fillers with radius around
14 nm, which is the reason that although nanotubes form a connected tridimensional
grid, the composite effective thermal conductivity will remain low because the Kapitza
thermal resistance predominantly determines the conductivity.

Once the negative influence of the thermal interface resistance is discarded, the
analysis of the thermal conductivity behavior is accomplished by taking into account
the essential parameters of the composite filler, which are the particle shape, the aspect
ratio, and the maximum packing fraction. From the last parameter, φmax � 〈C〉D

2L ,
where D and L are the diameter and length of the filler particles respectively, Wouterse
et al. [24] showed that for high aspect ratio (λ) particles, the coordination number value
is 〈C〉 � 10. For the high aspect ratio CNFs used in this work (Pyrograph PR-19-XT-
HHT, D � 150 nm, and L is between 50 and 200 µm), the maximum packing fraction
is given by φmax � 10 D

2L � 5
λ

; therefore, the theoretical maximum packing fraction is
between 1.5 % and 3.8 %. The experimental data are analyzed using the Lewis–Nielsen
model, given by

k

km
� 1 + ABφF

1 − BψφF
(3)

B �
kF
km

− 1
kF
km

+ A
(4)

ψ � 1 +

(
1 − φmax

φ2
max

)
φF (5)

where k is the thermal conductivity of the sample, kF and km are the thermal conduc-
tivities of the filler and matrix, respectively. This ratio is known as normalized thermal
conductivity. φF is the volume fraction of the filler and its form factor A depends on
the shape, particle orientation and aspect ratio of the dispersed fibers. The form factor
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for randomly oriented fibers is related to their aspect ratio λ in such a way that for
fibers with λ � 2, A � 1.58; λ � 4, A � 2.08; λ � 6, A � 2.8; λ � 10, A � 4.93
and for λ � 15, A � 8.38 [22]. It can be inferred that A for randomly oriented fibers
is a function of the λ and could be simplified as A � λ

2 . Similarly, according to Ref.
[24], the maximum volumetric fraction can be written as φmax � 10

2λ
� 5

λ
. Then,

equation [3–5] could be written as a function of λ in the next form:

k

km
� 1 + λBφF/2

1 − BψφF
(6)

B �
kF
km

− 1
kF
km

+ λ/2
(7)

ψ � 1 + λ

(
λ − 5

25

)
φF (8)

Instead of the thermal diffusivity being related to CNF mass fraction, the composite
thermal conductivity as a function of volume fraction is needed to make use of the
modified Lewis–Nielsen model, the thermal conductivity was calculated with the ther-
mal diffusivity values through the equation k � αρCp. The volume fraction φF was
determined using the densities of CNF, silicone grease and CNFs mass fraction f . Fig-
ure 4 shows the normalized thermal conductivity and the fitting through the modified
Lewis–Nielsen model, the CNFs aspect ratio that produces the best fitting within the
experimental values, is λ � 81.9, hence φmax � 0.061.

The range of the CNF aspect ratio from the diameter and length given by the pro-
ducer (Pyrograph, Inc.) is λ � [333, 1333], with this aspect ratio values, the theoretical
φmax of the CNFs is in the range φmax � [0.015, 0.038]. Clearly, the aspect ratio and
maximum packing fraction of the CNF from the datasheet given by the producer are
highly different from the calculated using the Lewis–Nielsen model for the thermal
conductivity of the studied CNFs composites. The reduction in λ and therefore the
increasing in φmax could be a consequence of the CNF sonication mixing process
into the silicone matrix, as is reported in literature [27]

The feasibility to get a compound based on particles with high electrical and thermal
conductivity in relation to the matrix, allows that final compound has an increase
in these properties by increasing its volumetric fraction. However, a very different
behavior has been found between the electrical and thermal conductivity as a function
of the concentration for compounds [28]; in fact, many investigations related to the
study of thermal conductivity in this type of systems denote the absence of a behavior
related to percolation. However, in this work, it is possible to see a remarkable increase
in the diffusivity and thermal conductivity, which can be explained due to the wide
difference between the thermal conductivity of the CNF and the matrix, along with
an experimental volumetric concentration close to the maximum packing fraction
predicted by the Lewis–Nielsen model, in which it would have the formation of a
continuous network of nanostructures coupled with a lack of an important thermal
interface resistance for the used CNFs.
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4 Conclusions

The photopyroelectric technique used in this work is an effective method to measure
the thermal diffusivity of thermally conductive fluid compounds. The results confirm
that CNFs even at a low concentration of 5 % in volume (around 9 % in mass) induces
a remarkable enhancement (near an order of magnitude) of the effective thermal dif-
fusivity of the conductive compound in comparison with the commercial compounds
that mostly used spherical-like particles. Furthermore, the thermal diffusivity of the
samples of silicone grease loaded with CNFs could be compared to the thermal diffu-
sivity of the commercial thermally conductive compounds loaded with a much higher
silver particles concentration and also with the advantage of a very appreciable lower
viscosity. The thermal conductivity of the CNF, its high aspect ratio, and low inter-
face thermal resistance are conditions that enable the substantial enhancement in the
effective thermal conductivity of this kind of composites.
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