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l properties of borosilicate glass
composite containing single walled carbon
nanotube bundles
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A single walled carbon nanotube (SWCNT) incorporated borosilicate glass composite was fabricated by a

melt quench technique. The thermal diffusivity, specific heat and the thermal conductivity of the base

glass and the composite were determined together with their temperature profile. Enhancement of the

diffusivity and the conductivity in the composite was found compared to that of the base glass. The

interfacial thermal resistance (Rk) plays a decisive role in the thermal transport properties of the

composite. Furthermore, the effect of phonons was discussed to substantiate the transport mechanism

and the temperature profile of different thermal parameters.
1 Introduction

The problem of thermal transport in composite materials is
driving renewed interest among several researchers in this
decade. Applications include high performance thermal trans-
fer materials and heat dissipation in microelectronics demands
not only efficient thermal management, but also a better
fundamental understanding of the underlying physical mech-
anisms. In recent years, many researchers have fabricated
advanced composite materials lled with SWCNTs keeping in
mind the remarkable thermal properties of the nanotubes such
that the materials can have enhanced thermal parameters than
that of the base matrix. In most of the cases polymers or metals
were chosen as the host materials into which the nanotubes
were incorporated.1,2 Several reports were also available
regarding the thermal-transfer liquids containing carbon
nanotubes in suspended form.3,4 However, very few works were
reported on the thermal properties of the CNT–ceramics or the
CNT–glass composites.5,6 Some of the attempts were failed to
improve the thermal properties of CNT-composites.7,8 Even the
increment was not sufficient in all the successful efforts with
respect to the intrinsic thermal conductivity of the individual
SWCNTs. Previous reports suggest that the thermal boundary
resistance between the ller and the matrix is the prime
responsible factor for these circumstances. In this report, we
describe the thermal properties of the borosilicate glass and the
SWCNT–borosilicate glass composite including thermal diffu-
sivity, specic heat and the thermal conductivity. The behaviors
of all these thermal parameters were studied at room temper-
ature and higher temperature environment. The prime interest
tute, Jadavpur, Kolkata-700 032, India.
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of this study was to analyze the functions of SWCNTs in the
composite so that it can be considered as a prospective material
for thermal interface9 and heat sinking applications.10 The
effects of high temperature on the different thermal parameters
were another signicant intention of this work. In this context,
the thermal boundary resistance and the interaction of
phonons were thoroughly discussed to realize the fundamental
physics behind the thermal transport in the composite
material.
2 Experimental

90% pure SWCNTs were commercially purchased from Arry,
Germany having length �5–20 mm, OD-1–2 nm and thermal
conductivity �4000 W mK�1 0.1 g of SWCNT is taken in a
mixture of aniline and toluene. The mixture was heated and
reuxed to disperse the SWCNTs in the solvent and the solution
became dark brown. Borosilicate glass of following composition
(SiO2-69.2%, B2O3-10%, K2O-8.4%, BaO-3%, Na2O-8.9%,
CeO2-0.53%) was selected as the host matrix for the fabrication
of the glass composites. The glass transition temperature and
soening point of the glass was found to 567 �C and 717 �C
respectively. Pieces of glass (3 to 5 mm dimension) was taken in
a carbon crucible and properly mixed with the denite volume
of the prepared SWCNT solution. The wetted glass is melted by
melt quench technique in an atmospheric controlled furnace at
790–810 �C for 1 hour and then rapidly cooled to room
temperature to avoid the crystal phases in the composite. The
same root was adopted for the synthesis of SWCNT–glass
composite as described in our previous report.11 Aer the
fabrication the thermal diffusivity and the specic heat of the
base glass and the composite were determined through the
Laser ash method (Model no. Flash line-4010, Anter corpora-
tion: USA) where gold coated samples were used. The thermal
This journal is © The Royal Society of Chemistry 2015
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data was measured in an inert atmosphere of Argon gas in the
temperature range 300 to 683 K. Archimedes principle was used
to determine the density (r) of the base glass and the composite.
For this purpose the mass (M) of the specimens (in air) was
determined by a balance. Then, partially water lled volumetric
cylinder was taken and the reading of the water level was
observed before and aer immersion of the material. From the
difference of these readings the volume (V) of the materials was
measured. So, aer determining the mass and the volume of the
specimens, the density was calculated by the formula r ¼ M/V.
The volume fraction of the SWCNTs has been evaluated by
calculating the total volume of the composite and the volume of
SWCNT used and was found to be 0.7% for the fabricated
composite.
Fig. 2 Specific heat vs. temperature plot for borosilicate glass (BSG)
and SWCNT–borosilicate glass composite (BSCNT).
3 Results and discussions
3.1 Thermal diffusivity

Thermal diffusivities (D) of the composite along with the base
glass were plotted with different temperatures in Fig. 1, where it
can be observed that the diffusivities were almost temperature
independent in this range. Further, one can easily examine that
the composite show higher diffusivity than that of their base
glass. Other researchers also reported the similar trend in
different CNT composites.12 Actually, a small part of the inci-
dent heat was absorbed by the nanotubes and the rest was
transferred into the present medium around the tubes.
3.2 Specic heat capacity

Fig. 2 shows the temperature dependent specic heat capacity
(Cp) of the base glass and composite, where small reduction was
observed in Cp for the composite than that of the base glass.
Similar results were obtained in MWCNT/nylon-6 composites13

and SWCNT/polyisoprene composite.14 The above phenomena
clearly indicate that carbon nanotubes suppress the heat
capacity of the host matrix due to the weak van der Waals
Fig. 1 Diffusivity vs. temperature plot for borosilicate glass (BSG) and
SWCNT–borosilicate glass composite (BSCNT).

This journal is © The Royal Society of Chemistry 2015
interaction between the nanotubes and the base materials.
Moreover, acute observation at the high temperature region
reveals that the difference in Cp for the base glass and their
composite was signicantly reduced in this range. Actually
specic heat of CNTs raises sharper with the increase in
temperature than that of the base glass.15

3.3 Thermal conductivity

Thermal conductivity (K) was calculated by the following
equation aer determining the thermal diffusivity (D) and the
specic heat capacity (Cp)

K ¼ DrCP (1)

of the materials by the laser ash method. On the other hand r

denotes the density of the specimens determined through the
Archimedes principle and was found to be 2.23 and 2.16 g cm�3

for the base glass and the composite respectively. Temperature
prole of the thermal conductivities for the base glass and the
composite were shown in Fig. 3 where linear rise of the thermal
conductivity was observed for both the specimens. Similar
increment of the thermal conductivity was found in other
reports dealing with CNT–polymer16 and in CNT based nano-
uid.17 Furthermore, it illuminates from Fig. 3 that the liner ts
of the thermal conductivity were not parallel and the slopes
were found to be 0.00107 and 0.00272 for the base glass and the
composite respectively. It implies that at room temperature the
difference in the thermal conductivity between borosilicate
glass and the composite was small, but as temperature rises the
difference became more pronounced. However, about 33%
increment of the thermal conductivity was observed in the
composite than that of the base glass at 683 K.

3.4 Effect of thermal boundary resistance in thermal
conductivity

Meticulous research on the thermal transport in CNT compos-
ites reveals the fact that thermal boundary resistance (known as
Kapitza resistance) plays a signicant role to determine the
RSC Adv., 2015, 5, 51116–51121 | 51117
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Fig. 3 Thermal conductivity vs. temperature plot for borosilicate glass
and SWCNT–borosilicate glass composite.

Fig. 5 HRTEM image of SWCNT–borosilicate glass composite
showing the straight and curved portion of individual nanotubes inside
a bundle.
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effective thermal conductivity of the composites. In this concern
one can think about CNT–CNT and CNT-matrix interfacial
resistance. However, CNT–CNT interfacial resistance is domi-
nant in those composites where nanotube bundles were aligned
in a certain direction.18 Conversely, for the random distribution
of nanotube bundles CNT-matrix interfacial resistance is
dominated in transport process. So, considering the Kapitza
resistance (Rk) at the interface between nanotubes and the base
material, different models19–22 have been proposed to explain
the fundamental physical mechanisms for the thermal trans-
port in composite materials. Among those approaches, Effective
Medium Theory was particularly useful for the composites
containing random distribution of CNTs. In this context the
surface morphology of SWCNT–borosilicate glass composite is
shown in the FESEM image (Fig. 4). Simple inspection of the
gure clearly illuminates that the nanotubes were embedded in
the glassy envelope in the form of bundles and distributed
throughout the composite with completely random manner.
Fig. 4 FESEM image of SWCNT–borosilicate glass composite showing
random distribution of SWCNT bundles throughout the composite.

51118 | RSC Adv., 2015, 5, 51116–51121
One can also observed the entanglement of the SWCNT
bundles all through the glass host which further build the basis
of the tube–tube thermal resistance in the thermal transport
through the composite. In this scenario the actual condition of
the individual nanotubes was very much signicant for details
scrutiny of this phenomenon. For this reason the SWCNT
bundles were further analyzed by the HRTEM image (Fig. 5)
where one can see the straight and the non-straight segments of
an individual nanotube.

Considering the random distribution and the non-
straightness of CNTs, Deng et al.23 recommended a model
based on the effective medium approach. By this model one can
determine the effective thermal conductivity (Ke) of a composite
material taking into consideration the thermal conductivity of
the base material (Km), volume fraction of CNT in the composite
(f), the straightness ratio (h) and the aspect ratio (p) of the
nanotubes. The model introduces a special function H for the
inuence of h and p as shown in eqn (2). Here, Kcs

33 represents
the modied form of transverse thermal conductivity (Kc

33) and
arises from the tube end thermal resistance.24 Eqn (3) indicates
the relation between Kcs

33 and Kc
33. Moreover, the straightness

ratio can be evaluated by eqn (4) where L and Lce denote the
original and the effective length of CNTs. The effective thermal
conductivity

Ke

Km

¼ 1þ
hf

3
Km

hKcs
33

þHðhpÞ
(2)

where Kcs
33 ¼

Kc
33�

1þ 2RKK
c
33

L

� (3)

and h ¼ Lce

L
(4)

of SWCNT–borosilicate glass composite was evaluated by eqn
(2) allowing for h ¼ 0.3 and Rk ¼ 8 � 10�8 m2K W�1, where in
this composite f ¼ 0.7%, Kc

33 ¼ 4000 W mK�1, Km ¼ 1.43 W
mK�1 at 683 K and the average aspect ratio of CNT is 6250.
Taking into account the above mentioned values of the different
parameters the model predicts that the ratio of Ke and Km
This journal is © The Royal Society of Chemistry 2015
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Fig. 6 Log–log plot of RK vs. temperature for the fabricated
composite to determine the non linearity.
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should be 1.44 at 683 K. On the other hand, at this temperature
the experimental value of Ke/Km was found to be 1.37. So, this
model almost diminishes the anomaly between the experi-
mental results and the theoretical calculation. Similar predic-
tion by this model was found to be almost accurate in different
experiments including our previous work.4,25 However, in this
framework, it will be also interesting to investigate the character
of Rk with increasing temperature. One can easily estimate the
approximate values of Rk (for this composite) at different
temperatures by putting the experimental values of Ke and Km in
eqn (2) and (3), whether keeping all other parameters same.
Fig. 6 illustrates the Rk versus temperature plot in log–log scale
where nonlinear decrease of Rk was found with increasing
temperature. Similar nature of reduction was found in different
composites with solid–solid26 and solid–liquid27 interfaces.
3.5 Role of phonons in thermal conduction

Phonons are dominating in thermal transport process both for
glass28,29 and carbon nanotubes.30 Moreover, above room
temperature the mechanism is fully controlled by the localized
phonons in glass.29 However, a frequency mismatch takes place
between the phonons of dissimilar materials in case of the
composite which can be one of the reasons for the boundary
resistance in thermal conduction. This type of difficulty in
different composites was comprehensively reviewed by Swartz
and Pohl in their report.31 In this context, the acoustic
mismatch model (AMM) and the diffuse mismatch model
(DMM) were frequently used specially for the composites where
two or more dissimilar materials intermixed with each other.
The effects of intermixing on the thermal conduction were
investigated in different reports32–35 where aforesaid models
were thoroughly utilized to understand the thermal transport at
the molecular level. In short, AMM assumes that the phonons
were governed by continuum acoustics and the interface was
considered as a plane surface. In this approach the interfacial
region was treated as a perfectly smooth wall where only spec-
ular interactions and transmission were believed to occur
This journal is © The Royal Society of Chemistry 2015
between the phonon waves. Thus, the possibility of scattering at
the interface was ignored in this theory. However, investigations
on various composites revealed that AMM was only valid for the
mixture of similar solids where the interfaces were considered
almost continuum medium such that the idea of specular
reections can take place in those regions. Also, different
experiments suggest that above 30 K temperature the prediction
by this model were far from the reality.36 Hence, AMM cannot be
applicable in the case of SWCNT–borosilicate glass composite
due to the imperfections and roughness presents at the inter-
facial regions. In addition, the experiments were carried out at
such temperature range (>30 K) where AMM was not valid. So a
question can invariably arises that how one can explain the
signicant increment of the thermal conductivity in this
composite? Now, considering another model namely DMM,
which deals with the completely opposite idea compared to
AMM. In DMM, the absolute specular nature of the interfaces
was never considered as because of the imperfections presents
in that area. Consequently scattering became an obvious
phenomenon in this situation which totally destroys the
correlation between the wave vectors of incoming and the
outgoing phonons. Moreover this model predicts that the
scattering enhanced the thermal boundary resistance in
composites containing very similar solids whereas a signicant
reduction of the boundary resistance occurs by this scattering in
a mixture of dissimilar materials. Therefore, the diffused scat-
tering plays completely the opposite role in two type of inter-
mixing as discussed in several reports.31,34,37 Further, the
experiments on the thermal transport for the mixture of
dissimilar solids suggest that DMM was much closer to the
experimental data for a wide temperature range though it
assumes only the elastic scattering between the phonons. So,
the above analysis clearly illuminates that DMM is the most
reasonable approach for the thermal transport in SWCNT–
borosilicate glass composite. Here the nanotubes exhibits
higher frequency phonons compared to the base material which
further initiate the interface effect in this composite. Evidences
like bundle formation and the entanglement of carbon nano-
tubes (as shown in Fig. 4) ensures the diffusive nature of the
phonons at the interface. Further one can think about the
inelastic phonon scattering at the interfacial region as sug-
gested by different workers.38–40 It implies that the phonons in
nanotubes at frequencies higher than the maximum phonon
frequency of the base glass do also participate in the transport
mechanism. Now considering the inelastic scattering within the
diffused environment of phonons it can be stated that at room
temperature the scattering of phonons is lower and the
composite experienced maximum interface effect. For this
reason thermal conductivity enhancement in the composite was
lower at this regime (Fig. 3). Moreover, as temperature rises the
thermal agitations became higher which effectively increased
the phonon scattering at the intermixing regions of CNT and
glass in the composite. This enhanced scattering at higher
temperature consequently reduced the interface resistance
around the different boundaries within the material. Thus, the
thermal prole of Rk (Fig. 6) clearly corroborates this fact. Also,
the reduced difference in Cp for the base glass and the
RSC Adv., 2015, 5, 51116–51121 | 51119
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composite at higher temperature substantiate the enhanced
phonon scattering at this range.

4 Conclusion

Scrupulous investigation was performed to understand the
basic mechanism behind the absorption and the transport of
thermal energy in SWCNT incorporated borosilicate glass
composite. The thermal transport through the nanotubes was
found to be experienced considerable obstacle by the thermal
boundary resistance (TBR) at the interface between the nano-
tubes and the glassy matrix. In spite of that, the thermal
diffusivity and the thermal conductivity were appreciably
enhanced in the composites, where the enhancement was more
pronounced at higher temperature regime. However, the entire
phenomena were clearly enlightened under the phonon trans-
port mechanism through the diffuse mismatch model and
considering the inelastic scattering of phonons at the interface.
Frequency mismatch between the phonons of different material
was proposed to be the fundamental basis of the thermal
boundary resistance. Further, the enhanced thermal transport
at the higher temperature was explicated by the temperature
dependent scattering of phonons at the interface. These inter-
esting experimental ndings elucidate that the SWCNT incor-
porated borosilicate glass composite can be considered as the
potential materials for the thermal interface and the heat
sinking applications in microelectronics. Though, the real
fabrication of the devices is the topic of further research.
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