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ABSTRACT

Nanocomposites were fabricated by using a commercial two part epoxy as a matrix and multiwalled carbon nanotubes,
graphite fibers and boron nitride platelets as filler materials. Multiwalled carbon nanotubes (MWCNTSs) that were pro-
duced by chemical vapor deposition were found to produce nanocomposites with better thermal diffusivity and thermal
conductivity than the MWCNTs that were produced by the combustion method. Compared to the MWCNTSs produced
by both methods and graphite fibers, boron nitride produced nanocomposites with the highest thermal conductivity.
Specific heat capacity was measured by using differential scanning calorimetry and thermal diffusivity was measured

by using the laser flash.

Keywords: Nanocomposites; Thermal Diffusivity; Thermal Conductivity; Heat Capacity; Laser Flash; Differential
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1. Introduction

One of the major challenges that are encountered in the
packaging of semiconductor electronic devices is the pro-
gressive increase in the power level of operating devices.
Balancing the reduction of semiconductor device feature
sizes with reliable operation continues to be a challenge.
The effective transfer of heat from an intergrated circuit
and its heat spreader to a heat sink is a vital step in solv-
ing the challenge. Thermal management within the area
of the chip calls for addressing thermal impedance in the
following areas: junction-to-case, case-to-heat sink and
heat sink-to-ambient [1].

Nanocomposites with superior thermal transport prop-
erties have great application potential in microelectronics
as thermal interface materials (TIMs). A polymer matrix
and a thermally conducting organic or inorganic filler
with nanoscale dimensions are the two components that
constitute a nanocomposite that is suitable for thermal
interface applications. Some organic fillers that have
been used as fillers are carbon nanotubes, graphite fibers
and more recently graphene. Usually, materials such as
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AlLyOs, AIN and BN are used as inorganic fillers [2,3].

Epoxy resins are among some of the polymer materials
that are resistant to adverse conditions and are character-
ized by good stiffness, strength, stability and chemical
resistance and adhere well to embedded fillers [4]. As a
result, they have been used in a lot of electronics such as
resistors, inductors, capacitors, lasers, low loss dielectric
and waveguide where toughness and resistance to high
temperatures are required. With the increase in demand
for affordable interfacial materials that are capable of
dissipating heat effectively in electronic systems, nano-
materials like carbon nanotubes have been incorporated
in epoxies and other suitable polymers such as polyi-
mides to form nanocomposites [5]. The choice of poly-
mer matrix is greatly influenced by the anticipated area
of application. For instance, high temperature applica-
tions in spaceships would require the use of polyimides
and epoxies [6].

The filler materials are selected based on their proper-
ties which they are expected to impart on the polymer
matrix. Besides carbon nanotubes, other materials that
have been used as fillers include nanotubes and nanopar-
ticles of metal as well graphite fibers among others [7].
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Melt mixing, solution casting and in-situ polymerize-
tion are the three predominant ways of preparing nano-
composites[8]. Solution casting is mostly used because it
does not require any specialized equipment to melt poly-
mers some of which melt at very high temperatures. A
major issue associated with the fabrication of nanocom-
posites is the dispersion of nanofillers in the polymer
matrix [9,10]. While they have high thermal conductivity,
estimated at 6000 Wm "“K™' and carrier mobility esti-
mated to be 10°cm®V s, carbon nanotubes have high
interfacial energy as a result of their high aspect ratio
which causes them to agglomerate and as a result make it
difficult to disperse them in solvents [11]. Bath sonica-
tion, tip sonication, functionalization and use of surfac-
tants are some of the methods that are currently being
used to disperse carbon nanotubes in order to overcome
the problem of agglomeration [12]. With the dispersion
of carbon nanotubes it is anticipated that a continuous
percolation pathway through which current can flow is
formed.

A percolation network or continuous path from one
end of a material to the other is formed when the number
of nanotubes per unit volume of polymer exceeds a cer-
tain threshold value [13]. However, too much dispersion
has the disadvantage of having isolated carbon nanotube
strands insulated with the polymer matrix resulting in
higher resistance. It has also been found that at higher
concentrations of carbon nanotubes, the aggregated sam-
ple tend to conduct better [14]. Ideally, electrical perco-
lation at the smallest possible loading of carbon nano-
tubes is desired, yet this can be made non-desirable by
polymer encapsulation. Despite all these challenges, due
to the many envisioned applications of carbon nanotube-
polymer nanocomposites, researchers in many branches
of materials science continue to find ways to enhance
their mechanical, electrical and electronic properties.

Table 1 shows the materials that were used as fillers in
the preparation of epoxy nanocomposites. All these ma-
terials were obtained courtesy of Nanodynamics Inc.

Table 1. Fillers for nanocomposites.

Filler Code Properties
1) MWCNTs (N7) CVD produced (pristine)
2) MWCNTs (AC) Combustion produced (Acid treated)
3) MWCNTs (AL-ALD) Combustion produced (ALD coated)
4) Graphite Fibers (GF) Pristine
5) Boron Nitride (BN) Uncoated

6) Boron Nitride (BN10)  Alumina ALD coated (10 cyles)

7) Boron Nitride (BN25)  Alumina ALD coated (25 cyles)

Copyright © 2013 SciRes.

Buffalo. Except for the CVD produced MWCNTs, all the
carbon nanotubes were products of Nanodynamics which
were produced by the combustion of ethylene in air with
the use of a nickel catalyst.

There are four major methods that have been used to
measure thermal conductivity, namely the Hot wire
method, Laser Flash, Thermal conductivity from the
Dynamic Response of the DSC and the Scanning Ther-
mal Microscopy [15-19]. In this work we make use of the
flash method. In the thermal flash method, the front face
of a small wall-shaped sample receives a pulse of radiant
energy coming from a laser or a flash lamp. Figure 1
illustrates how the thermal diffusivity value is computed
from the resulting temperature response on the opposite
(rear) face of the sample. The speed with which

A=apC, )

heat propagates through a material is known as thermal
diffusivity. It is related to thermal conductivity by equa-
tion 1, where, 4 is thermal conductivity in Wm "K', ais
thermal diffusivity in m*s ™', p is density in kg'm~ and
C, is specific heat capacity in J kg "KL

Thermal conductivity is the time rate of steady heat
flow through unit thickness of an infinite slab of homo-
geneous material in a direction perpendicular to the sur-
face, induced by unit temperature difference. It is the
property that determines the working temperature levels
of a material. The amount of heat required to raise the
temperature of a given substance or material by 1°C or 1
K, is the heat capacity of the material. Specific heat ca-
pacity is a thermodynamic quantity that determines the
amount of heat necessary to raise by one degree the tem-
perature of a unit mass of material [20].

In order to calculate the thermal conductivity, o has to
be determined as well as the C,. Equation (2) represents
the Fourier series solution that represents the temperature
rise of the backside of the sample.

T(L.t)= LP +23°(-1) exp(_n; Ll mﬂ @)

,DCPL n=1

0, p, C, and L are the energy of the laser pulse per unit
area, density of the sample, specific heat capacity of the
sample and thickness of the sample respectively. In order

Instantaneous pulse

]|
L 1]

Front face

Initial Temp. T,

I Lateral face

Rear face
Temp. increase T, + AT(t)

Figure 1. Schematic of the flash method.
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to normalize Equation (2) in terms of the maximum
backside temperature (7,.x(L)), Equations (3) and (4)
have been defined.

V(L’t) = T(L’t)/Tmax (L) (3)
= 7tzott/L2 4)

Equations (3) and (4) lead to the Fourier series Equa-
tion (5)

V(Lt)=1+2) (-1)" exp(—n’m). Q)

N=1
when V(L,f) is 0.5, that is 50% of the peak value, @ is
equal to 1.388 and the expression of a will be Equation

6).
a=13880/(w’t,,). (6)

In Equation (6), #,; is the time required for the back-
side temperature to reach half of the maximum tempera-
ture rise. This is the equation that is used to calculate
thermal diffusivity by measuring ¢, when the dimen-
sionless temperature V(L,t) is equal to 0.5. Figure 2
shows the relationship between V(L,f) and w [21].

The specific heat capacity, C,, is related to the amount
of heat, the substance in question and temperature by the
Equation (7):

Q=mC,AT. )

where O is the amount heat, m is the mass of substance
and AT is the change in temperature. The thermal analy-
sis tool that is used to determine specific heat capacity is
the DSC. It measures the temperature and heat flow as-
sociated with important transitions in materials as a func-
tion of time and temperature. Glass transition tempera-
ture, melting point, latent heat of melting, latent heat of
crystallization, endothermic and exothermic natures of
transition, degree of crystallinity, phase changes are other
measurements that can be obtained by DSC besides

1.2

1.0 T
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s \

0.2

V= T(L)/ Toa(L)
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0.0 L] T L] T :
5 6
w=al (v*/L)

Figure 2. Relation between V(L,7) and o.
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specific heat capacity [22].

While the method is based on an ideal method which
assumes that the sample is homogeneous and isotropic,
and the thermophysical properties and the density are
uniform, constant and invariant with temperature within
the experimental conditions, among other assumptions,
this is not always the case with composites. The exten-
sion of the flash method to composites assumes that the
sample thickness is much larger than the fiber diameter,
the fiber volume fraction is as large as possible, and the
matrix is in perfect thermal contact, that is, the interfacial
conductance is large [23,24].

Given the nanoscale diameter of our nanotubes and the
microscale dimensions of the carbon fibers and the-
graphite fibers we have the confidence that our compos-
ites meet the requirements for thermal diffusivity meas-
urements using the flash method.

2. Experimental

A commercial epoxy resin (Epon Resin 815C) and a cur-
ing agent (Epikure 3140 Curing Agent) were obtained
from Miller Stephenson Chemicals Co. Inc. and Methyl
Ethyl Ketone (MEK) was obtained from Aldrich Chemi-
cals Company. All chemical were used as received.
MWCNTs in 5 ml of MEK were bath sonicated for 1hr to
achieve dispersion followed by the addition of 2 g of
Epon Resin 815C and further sonication for 30 minutes
to achieve mixing. The suspensions were then poured
into Teflon mold cups and left overnight to evaporate the
solvent. This was followed by the addition of 2 g of the
Epikure 3140 Curing Agent. After thorough mixing, the
nanocomposites were degassed under vacuum for an
hour and then left to cure at room temperature for 72
hours. Samples of dimensions 12.7 mm X 12.7 mm X
0.134 mm were cut using a diamond saw and polished to
achieve smooth surfaces. Thermal diffusivity data were
collected using a FlashLine" 2000 Thermal Properties
Analyzer from Anter Corporation. This instrument has
the following attributes: lower cost-bench-top system,
xenon flash, operating temperature from RT to 330°C,
loading capacity of four specimen (30 mm diameter),
specific heat capacity determination, thermal conductiv-
ity measurement, ASTM E-1461. Samples for thermal
diffusivity measurements were coated with a thin layer of
graphite to increase emissivity and eliminate transpar-
ency. The volumes of the samples were determined from
the length, width and thickness of the samples. The den-
sities of the samples were then calculated from their mass
and volume.

The specific heat capacity of each sample was deter-
mined using a Differential Scanning Calorimeter (DSC).
The heating procedure involved a number of steps.
Firstly, heating was done in the absence of a reference
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pan and a sample pan in order to achieve baseline correc-
tion. The pans are made of sapphire. Secondly, heating
was done in the presence of empty reference and sample
pans to measure background heat flow. Thirdly, the cali-
bration constant k was calculated. Lastly, each weighed
sample was run through the calorimeter to determine the
heat flow at room temperature and calculate the corre-
sponding C,. The DSC used nitrogen as a purge gas and
the mass flow set at 50 ml/min for the sample purge. The
ramp rate was 3.000°C/min up to 50°C.

Using the outlined procedure, Epon Resin 815C nano-
composites were prepared with loadings of MWCNTs,
Graphite fibers and Boron Nitride ranging from 0 - 0.5
wt%. In order to see whether there would be improve-
ment in thermal properties at higher loadings, nanocom-
posites with MWCNTs and graphite fibers were also
prepared with percent loadings of 0 - 25 wt%. In order to
improve the chances of seeing the filler materials using
Field Emission Scanning Electron Microscopy (FESEM)
type Supra 55, the cast nanocomposites were fractured
and the lateral side examined. The MWCNTs were ana-
lyzed using High Resolution Transmission Electron Mi-
croscopy (HRTEM).

Signal A = InLens
Photo No. = 3211

y = L |
Date :25 Mar 2008 zEXSS
Time :12:37:36

S

3. Results and Discussion

Figure 3 shows the surface morphology of the fillers.
The micrographs were obtained using FESEM and
HRTEM. While the structure of the fillers can be clearly
seen, it was not possible to see them in the nanocompo-
sites. In order to increase the chances of seeing the fillers
in the nanocomposites, the nanocomposites were frac-
tured. Figure 4 shows FESEM images of the fractured
surfaces. Table 2 shows the diffusivity data that were
collected for the epoxy nanocomposites at each percent-
age loading. The tabulated thermal diffusivity data at
each percentage loading were obtained by averaging
three thermal diffusivity readings that corresponded to
three half-times and three laser shots. The laser flash
gives thermal diffusivity data output that corresponds to
different models that have been used to calculate thermal
diffusivity. Among these models are those by Parker,
Koski, Heckman, Cowan and Cowan and Taylor. The
diffusivity data by all the models were very much in
agreement. In this work, we selected the diffusivity data
from the Parker model and plotted the average diffusivity
from the three shots as a function of percentage loading.
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Figure 3. FESEM of (a) Graphite fibers (b) Boron Nitride Platelets (c) TEM, CVD MWCNTs (d) TEM, Acid treated

MWCNTSs.
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Figure 4. (a) Epoxy/MWCNTS (b) Epoxy/BN (c) Epoxy/Carbon Fibers (d) Fracture surface of nanocomposite.

Table 2. Diffusivity data of epoxy nanocomposites at each loading.

Loading o (Epoxy/AC) o (Epoxy/N7) o (Epoxy/GF) o (Epoxy/ALD)
(Wt%) [em*s™"] [em?s™"] [em*s™"] [em?*s™"]
0.1 0.00167 0.00160 0.00150 0.00133
0.3 0.00147 0.00187 0.00143 0.00160
0.5 0.00157 0.00173 0.00177 0.00146

The same procedure was followed to process the data
that were collected for all the nanocomposites filled with
the materials listed in Table 1. Figure 5 shows plots of
the thermal diffusivities of the epoxy nanocomposites
with all the carbon nanotubes as well as Graphite fibers
at filler loadings of 0.1, 0.3 and 0.5 wt%. It can be seen
in these plots how each filler material influences the
thermal diffusivity of the epoxy matrix. In Figure 5, we
see that within the same percentage loading the nano-
composite loaded with CVD produced MWCNTSs
achieves the highest thermal diffusivity of 1.87 x 107
em’s " at 0.3 wt% loading before dropping slightly to
1.73 x 107 cm*s ™.

The nanocomposite loaded with acid treated MWCNTs
achieved a maximum diffusivity of 1.67 x 10~ cm*s ™" at
0.1 wt% loading, the highest of them all at that low loa-

Copyright © 2013 SciRes.

ding. After that increase a continuous drop is observed.
Just like the CVD produced MWCNTs filled nanocom-
posite, the ALD coated MWCNTs loaded nanocomposite
showed a maximum in thermal diffusivity of 1.60 x 107
em*s ' at 0.3 wt%. However, the thermal diffusivity
value is lower than that of the CVD produced MWCNT
filled nanocomposite at 0.3 wt%. The Graphite fiber
loaded nanocomposite exhibits a gradual increase in
thermal diffusivity and it reaches a maximum of 1.77 X
107 cm? x s at 0.5 wt% loading. Figure 6 shows the
plots of the specific heat capacities of each nanocompo-
site in the 18°C - 30°C range. The specific heat capacity
in all cases increases systematically with temperature.
The data were obtained from DSC measurements. Figure
7 shows the plots of the specific heat capacities at each
loading at 25°C for each nanocomposite. While the spe-
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Thermal Diffusivity of Epoxy Nanocomposites
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Loading(wt%)

Figure 5. Plot of thermal diffusivity of epoxy nanocomposites as a function of percent loading of fillers.
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Figure 6. Plots of specific heat capacities of epoxy nanocomposites in the 18°C - 30°C temperature range filled with (a) ALD
coated MWCNTS (b) Acid treated MWCNTS (c) CVD produced MWCNTSs (d) Graphite fibers.

cific heat capacities of the other nanocomposites de-
creases at 0.5 wt% loading, the specific heat capacity of
the CVD produced MWCNTs loaded nanocomposite
continues to increase. From these specific heat capacity
data, density of nanocomposite samples and their thermal
diffusivity values, thermal conductivities for each sample
at each loading were calculated. Table 3 shows the
thermal conductivity data of the nanocomposites. Figure

Copyright © 2013 SciRes.

8 shows the plots of the thermal conductivity data shown
in Table 3. The CVD produced MWCNTs filled nano-
composite achieved the highest thermal conductivity. In
order to find out what the thermal diffusivity trend would
be with further filler loadings, nanocomposites were
prepared with filler loadings of up to 25 wt%.
Nanocomposites were successfully prepared with all
these fillers except the CVD produced MWCNTSs because
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Specific Heat Capacity of Epoxy Nanocomposites at 25°C
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Figure 7. Plots of specific heat capacities of epoxy nanocom-
positesat 25°C as the filler loading increases.
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Figure 8. Plots of thermal conductivities of epoxy nanocom-
posites from 0.1 to 0.5 wt% loading

Table 3. Thermal conductivity data of epoxy nanocompo-
sites.

no good dispersion could be achieved at higher loadings.
Table 4 shows the thermal diffusivity data that were ob-
tained at 5, 15 and 25 wt% filler loading. Figure 9 shows
the plots of the thermal diffusivity data. The plotted
thermal diffusivity data show that the acid treated
MWCNTs and the ALD coated MWCNTs loaded nano-
composites show maximum thermal diffusivity of 1.90 x
107 cm*s™ and 1.80 x 10~ cm™s™' respectively at 15
wt% loading. These values are slightly higher than those
that were obtained at lower loadings in the 0 - 0.5 wt%
range. It seems that continued addition of these
MWCNTs does not significantly increase the thermal
diffusivity of the epoxy nanocomposite. Graphite fibers
show an interesting trend in which the thermal diffusivity
of the epoxy/ graphite fiber nanocomposite continues to
increase with increasing loading of graphite fibers and
reaching 3.80 x 107 cm?s .

Figure 10 shows the plots of the specific heat capaci-
ties in the 18°C - 30°C temperature range for the nano-
composites that were loaded at 5, 15 and 25 wt%. Gener-
ally, the specific heat capacity is found to increase with
increase in temperature. Figure 11 shows plots of the
specific heat capacities at 25°C. The plots show an in-
creasing trend in the specific heat capacities of the nano-
composites for all of the nanocomposites. The graphite
loaded nanocomposite shows the highest specific heat
capacity of 4.20 Jg'-°C™" at 25 wt% loading.

From the thermal diffusivity data, the sample density

Table 4. Diffusivity data of epoxy nanocomposites at each
loading.

Composite o G A Loading  a (Epoxy/AC)  a (Epoxy/ALD)  a (Epoxy/GF)
[m?s™] [Kg'K'l [Wm'K"] (Wt%) [em*s™] [cm*s™] [em?s™"]
0.1 wt% CF 150 x 10”7 1201.0 1.64 3 0.00137 0.0015 0.00200
,7 15 0.00190 0.0018 0.00267
0.3 wt% CF 1.43 %10 1271.0 1.60
25 0.00140 0.00177 0.00380
0.5 wt% CF 1.77 x 107 767.7 1.17
0.1 wt% AL-ALD 1.37x 1077 1413.0 1.85 Thermal Diffusivity of Epoxy Nanocomposites
0.004
0.3 wt% AL-ALD 1.60 x 1077 1284.0 1.78 -
' 0.0035
0 -7 e —4&— Epoxy/Acid treated
0.5 wt% AL-ALD 1.46 x 10 1258.0 1.53 S Lo MWCNTs
s
0.1 wt% AC 1.67 x 107 1298.0 1.91 2 00025 ——Epoxy/ALD coated
;DE MWCNTs
0.3 wt% AC 1.47 x 107 1423.0 1.94 3 0.002 Epoxy/Graphite fibers
- 3 00015 V —\_:
0.5wt% AC 1.57 x 10 1406.0 2.00 £
0.001
0.1 wt% NC7 1.60 x 107 1387.0 1.55 o s 10 15 20 25
0.3 wt% NC7 1.87x 107 1514.0 2.12 Loading(wt%)
0.5 wi% NC7 173 % 107 1825.0 256 Figure 9. Plot of thermal diffusivity of epoxy nanocompo-

Copyright © 2013 SciRes.

sites as a function of percent loading of fillers (5 - 25 wt9%b).
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Specific Heat Capacity of Epoxy Nanocomposites loaded
with ALD coated MWCNTs
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Figure 10. Plots of specific heat capacities of epoxy nanocomposites in the 18°C - 30°C temperature range (5 - 25 wt%) (a)
ALD coated MWCNTSs (b) Acid treated MWCNTS (c) Graphite fibers.
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Figure 11. Plots of specific heat capacities of epoxy Nano-
composites at 25°C as the filler loading increases.

and specific heat capacity, the thermal conductivities of
the nanocomposites were calculated. Table 5 summa-
rizes the thermal conductivity results. Figure 12 shows
plots of the thermal conductivity data that are tabulated
in Table 5.

The plots reveal a superior performance by the graph-
ite fiber filled nanocomposite, with thermal conductivity
that increases systematically with percent loading to
16.25 Wm "“K"'. Behind this nanocomposite is the nano-
composite filled with ALD alumina coated MWCNTs,
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Table 5. Thermal conductivity data of epoxy nanocompo-
sites.

Composite a G, A
[m?s™] [Kg'K"' [Wm'K"]

5 wt% CF 2.00 x 1077 574.9 1.09

15 wt% CF 2.63x 107 1339.0 3.41
25 wt% CF 3.80 x 1077 4197.0 16.25

5 wt% AL-ALD 1.50 x 10”7 8850.0 12.30
15 wt% AL-ALD 1.80 x 1077 1211.0 2.15
25 wt% AL-ALD 1.77 x 107 1795.0 431
5 wt% AC 1.37x 107 9143.0 11.95

15 wt% AC 1.90 x 10”7 1070.0 2.14
25 wt% AC 1.40 x 10”7 1460.0 1.80

reaching a thermal conductivity of 12.30 Wm K"

This high thermal conductivity value for alumina
coated carbon nanotubes shows that the coating has the
effect of increasing thermal conductivity. The plot of the
nanocomposite that was filled with uncoated carbon
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Thermal Conductivity of Epoxy Nanocomposites
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Figure 12. Plots of thermal conductivities of epoxy nano-
composites from 5 to 25 wt% loading.

nanotubes shows much lower thermal conductivity com-
pared to graphite fibers and alumina coated filled nano-
composites.

Table 6 is a summary of the thermal diffusivity of bo-
ron nitride filled nanocomposites. Figure 13 shows the
thermal diffusivity plots of boron nitride loaded epoxy
nanocomposites. The three types of boron nitride have
different properties due to different treatments. One set
of boron nitride is uncoated (BN uncoated) and the other
two samples have been coated with alumina, one for 10
cycles (BN10) and the other for 25 cycles (BN25).

It can be seen that in general, the thermal diffusivity
values are several times higher than those that were ob-
tained in nanocomposites loaded with MWCNTSs and
graphite fibers. When we look at the thermal diffusivity
data that corresponds to the nanocomposites filled with
all the three samples of Boron Nitride, we notice that at a
loading of 0.1 wt% the uncoated BN filled nanocompo-
sites performed better, followed by the 25 cycle ALD
alumina coated BN filled nanocomposite and lastly the
10 cycle ALD alumina coated BN filled nanocomposite
with thermal diffusivity measurements of 0.9878 cm™s ',
0.9099 cm®s ' and 0.8643 cm*s ' respectively.

At a loading of 0.3 wt% the 10 cycle ALD alumina
coated BN filled nanocomposite reaches a maximum
thermal diffusivity of 1.0624 cm®s' higher than the
other two and then drops. At 0.5 wt% loading the 25 cy-
cle ALD alumina coated BN filled nanocomposite
reaches the highest thermal diffusivity of 1.1121 cm?s .
These thermal diffusivity values seem to highlight the
superiority of Boron Nitride fillers in nanocomposites
meant for thermal dissipation.

Figure 14 shows the specific heat capacities of the BN
filled nanocomposites in the temperature range 18°C -
25°C. It can be seen that the heat capacities increase with
temperature. Figure 15 shows the plots of the specific
heat capacities at 25°C for each BN nanocomposite. It can
be seen that as the percentage loading increases, the spe-
cific heat capacity of the nanocomposite with BN coated
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Table 6. Diffusivity data of epoxy/Boron Nitride nanocom-
posites at each loading.

Loading a (Epoxy/BN) a (Epoxy/BN10) a (Epoxy/BN25)
(Wt%) [em®s™] [em?*s™] [em*s™]
0.1 0.9878 0.86426 0.9099
0.3 0.9163 1.06243 0.9019
0.5 0.9108 0.87340 1.1121

Thermal Diffusivity of Epoxy Nanocomposites loaded
with Boron Nitride
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Figure 13. Plots of thermal diffusivity of BN filled epoxy
nanocomposites.

with alumina 10 cycles increases more followed by the
nanocomposite with BN(uncoated) filled nanocomposite.
These two nanocomposites show an increase in specific
heat capacity at 0.1 wt% before it decreases. In the case
of the nanocomposite loaded with BN coated with alu-
mina 25 cycles, the specific heat capacity decreases with
loading to 0.3 wt% before it rises sharply to 1.419
Jg''°C " at 0.5 wt%. Table 7 shows the thermal conduc-
tivity of the BN filled nanocomposites at each loading.
Figure 16 shows the plots of the thermal conductivity
data tabulated in Table 7.

The thermal diffusivity, density and specific heat ca-
pacity were used to calculate the thermal conductivity of
the nanocomposites. The plots indicate significantly high
thermal conductivities for all BN nanocomposites as the
loading increases irrespective of the number of cycles the
BN was ALD coated with alumina. However, the nano-
composites loaded with BN that had been ALD coated
with alumina for 25 cycles showed the highest thermal
conductivity of 1489.01 Wm "K' at a loading of 0.5
wt%. This high thermal conductivity value suggests that
ALD coating of BN with alumina increases their thermal
conductivity which ultimately increases the thermal con-
ductivity of the nanocomposites.

There are two main reasons for coating BN particles
with an ultrathin film of alumina (Al,O3). Firstly, the
film results in a particle with minimized reduced thermal
conductivity. Secondly, there is significant reduction in
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Figure 14. Plots of specific heat capacities of BN filled epoxy nanocomposites in the 18°C - 30°C temperature range (0.1 - 0.5
wt%o) (a) BN (Uncoated) (b) BN (ALD coated 10 cycles) (c) BN (ALD coated 25 cycles).
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Figure 15. Plots of specific heat capacities of BN epoxy
nanocomposites at 25°C as the filler loading increases

the viscosity of the resin in which they are incorporated
before curing. This coating therefore increases the sur-
face wettability of the BN particles with the polymer
matrix in use and in our case the epoxy resin. As a result,
higher loadings can be achieved. ALD (Atomic Layer
Deposition) is a coating method which results in films
that are conformal, pinhole-free, non-granular and which
can be controlled to the level of an atom. ALD splits the
involved binary reaction into two self-limiting half-reac-
tions that occur on the surface of the substrate. The ALD
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Thermal Conductivity of EpoxK]Nanocomposites loaded
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Figure 16. Plots of thermal conductivities of BN loaded ep-
oxy nanocomposites from 0.1 to 0.5 wt% loading.

deposition of Al,O; in the presence of trimethylaluminum
(TMA) and water can be represented by Equation (8).

2A1(CH, ), +3H,0 — ALO, +6CH, (8)

2AI0H *+2A1(CH, ), — 2| Al-0-Al(CH, ), |*+2CH,
(A)

[ A-O-AI(CH; ), |*+3H,0 — ALO, +2AI0H *+4CH,
(B)
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Table 7. Thermal conductivity data of epoxy nanocompo-
sites.

Composite a G, A
[m?*s™"] UKg'K'l [Wm'K"]
0.1 wt%, BN(uncoated) 9.88 x 10 1227.0 1090.77
0.3 wt%, BN(uncoated) 9.16 x 107 1164.0 999.45
0.5 wt%, BN(uncoated)  9.11 x 107 1128.0 881.90
0.1 wt%, BN10 8.64x 107 1370.0 1039.38
0.3 wt%, BN10 1.06 x 10°* 1358.0 1291.89
0.5 wt%, BN10 8.73x10° 1193.0 951.32
0.1 wt%, BN25 9.10x 107 1186.0 1004.76
0.3 wt%, BN25 9.02 x 107 1112.0 889.21
0.5 wt%, BN25 111 x10™ 1419.0 1489.01

The starred species in equations A and B are surface spe-
cies representing film growth. Because of the limited
number of surface reactive sites, the reaction continues
until all the sites have been reacted and no further reac-
tion takes place. This is why the reactions are considered
self-limiting or self-terminating. It has been reported that
a limit of approximately one monolayer or 1 x 10" spe-
cies/cm” can be deposited under appropriate conditions.
The growth of the AL,O; film is characterized by the re-
currence of the reactions (A) and (B) resulting in an
ABAB sequence. For every AB reaction cycle, approxi-
mately 1 A of Al,Oj5 film is deposited at 177°C [25-28].

4. Conclusions

Nanocomposites were successfully fabricated by blend-
ing epoxy with MWCNTs, graphite fibers, and BN. The
thermal diffusivities of the nanocomposites were suc-
cessfully measured by using the Laser Flash method. The
nanocomposites loaded with CVD which produced
MWCNTs were found to have better thermal diffusivity
and thermal conductivity than the other MWCNTs.
However, the graphite filled with nanocomposites showed
better thermal diffusivity and thermal conductivity than
all the nanocomposites loaded with the different kinds of
MWCNTSs. The thermal diffusivities and thermal con-
ductivities of BN filled with nanocomposites were sev-
eral times higher than those that were obtained for graph-
ite and MWCNTs filled with nanocomposites. The much
better thermal conductivity results that were obtained
with BN could be attributed to the ALD Al,O; coating.
This coating increases the surface wettability of the BN
particles with the epoxy resin.

There is significant reduction in the viscosity of the
resin in which they are incorporated before curing due to

Copyright © 2013 SciRes.

the wetting of the BN by the resin. A positive conse-
quence of this increased wettability is the possibility of
achieving higher loadings. The adhesion between coated
particles and the resin is higher than that of uncoated BN.
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