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Enhanced Thermal Transport Properties of Epoxy Resin Thermal Interface Materials

Jiao Li', Ping Zhang", Hong He', Siping Zhai', Yaoqi Xian', Wei Ma’ and Liyan Wang’

In this work, multilayer graphene (MLG), graphene oxide (GO) and carbon nanotube (CNT) are studied as fillers in epoxy resin to enhance
thermal transport properties of polymer thermal interface material (TIM). The MLG/CNT filler significantly enhances the thermal
conductivity of the epoxy matrix material, increasing thermal conductivity by about 553% at 25 wt% load. At the same time, theoretical
models are used to predict the thermal conductivity of TIM, and the model predictions are in a reasonable agreement with the experimental
values. We also analyzed the thermal contact resistance (TCR) at the interface between the experimentally obtained TIM and solid in detail.
The TCR measured at a pressure of 0.75 MPa is 42.8 mm’K/W, which was reduced by a factor of 86.7 % compared to the absence of TIMs
(The TCR without adding any thermal interface material is 321.8mm’-K/W). It is also established that although MLG contributes more to the
thermal conductivity of epoxy resin than GO, GO/epoxy composites are superior to MLG/epoxy composites in reducing the total TCR of
solid-solid interface. Our results provide a guideline to enhance thermal transport properties of epoxy resin-based carbon nanocomposites as
thermal interface materials (TIMSs) for various thermal management applications.
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1. Introduction

Microelectronic systems are moving toward smaller, more powerful
and more efficient, inevitably accompanied by increasing power and
power density, which will present new challenges for thermal
management.” It is well known that thermal problems can lead to a
series of reactions, such as, equipment failure, performance degradation,
security risks, etc. Thus, how to solve the heat dissipation problem more
effectively is critical to the performance, longevity and reliability of
electronic devices." However, the solid-solid contact interface is not a
complete contact that is macroscopically displayed, butrather peaks and
troughs of the surface are interlaced with each other, and the actual
contact area is relatively small. Studies have shown that even if the two
surfaces are subjected to 10 MPa, the actual contact area is only 1 % to
2 % of the nominal contact area, and the rest is filled with air (0.02
W/(m K)) with extremely low thermal conductivity, resulting in a high
TCR between the interfaces.” Because of the incomplete contact of the
solid-solid surface, the thermal energy of the heat source cannot be
efficiently transferred to the heat sink. Therefore, it is extremely urgent
to improve the heat transfer between the solid-solid interface, which has
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practical application value and far-reaching significance for the
development and development of electronic equipment in the future.
Koorosh et al. filled the aluminum nano-coating in the solid-solid
interfacial gap, and the results showed that the value of TCR decreases
about 38%, after nanocoating.” Qiu et al. found that adjusting the height
of carbon nanotubes as TIMs can improve the interface heat transfer
between vertically aligned CNT arrays and heat sinks.” * Wang et al.
reduced TCR using a TIM that synthesized aligned carbon nanotubes
(CNTSs) on both sides of a thin copper foil.” It has been reported that the
TCR is reduced by filling the TIM between the solid-solid interfaces.™"
The heat transfer capacity between the rough solid-solid interface can
be represented by the total TCR, which is mainly composed of two part:
(1) the bulk resistance(R,,,), (2) the boundary resistance(R,)."" It can
be seen that the total TCR comprises contributions from the R,,, of the
TIM and R, from the interfaces between the TIM and solid-solid
interface. It is worth noting that extensive research is focused on
improving the thermal conductivity of TIMs, while ignoring the
reduction of total TCR in practical applications is the ultimate goal.
Although R, can be reduced by increasing the thermal conductivity of
TIMs, it is unclear whether this method can effectively reduce the total
TCR. Simultaneously, the effect of R, also depends on the bond line
thickness of TIM. Additionally, one of the contributions to the total
TCR is a non-negligible factor that is the R.,,. But the factors affecting
the thermal resistance of TIMs are many and very complex, such as the
viscosity, the bond line thickness, thermal conductivity of the TIM, the
pressure load, the surface topography at the contact interface, etc.
Therefore, our research focus on reducing the bond line thickness of
TIMs and the boundary resistance while maximizing the thermal
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conductivity of the TIM, so as to obtain the minimum total TCR to
meet the practical application requirements.

In practical applications, the ideal TIM is required to have high
thermal conductivity, and the combination of outstanding electrical
insulation, flexibility, easy processing and good design freedom." '
Polymers are widely used in thermal management due to their excellent
properties, such as light weight, high corrosion resistance, flexible
processability, excellent electrical insulation properties, mechanical and
fatigue resistance. Unfortunately, the inherent low thermal conductivity
coefficient of polymers restricts their broader application. Usually, the
TIM consists of a thermally conductive filler and a polymer matrix
material to overcome the low thermal conductivity of the polymer itself.
The most common matrix material is epoxy resin, which has received
great commercial and research interests in heat dissipation fields
because of its excellent mechanical properties, heat resistance, chemical
stability and molding process. Typical thermal conductive fillers,
include silver (Ag),™ silicon carbide (SiC),” aluminum oxide (ALO;),**
aluminum nitride (AIN),”* and boron nitride (BN),” and so on. Lee ef
al. studied the thermal conductivity of composites filled with zinc oxide
(Zn0O), SiC, or BN, and their thermal conductivity values reached 2.26,
2.85, and 2.08 W/(m K) respectively at a filler content of 60 vol%.” Hu
et al. prepared epoxy resin/oriented BN composite material by a facile
hot-pressing strategy, and the thermal conductivity of composite was
increased from 1 to 5 W/(m K) at 50 wt % loading.” Theoretically, a
high thermal conductivity can be obtained by adding high filler loading,
but this method in turn will increase the economic cost and damage the
mechanical properties, resulting in a large weight of the equipment.
Since the discovery of graphene, it has attracted the attention of a large
number of researchers.™” Using carbon materials is considered to be an
effective method to achieve a higher thermal conductivity with low
filler contents, while reducing problems associated with density and
mechanical properties.* ™

In order to improve the dispersibility of the filler as much as
possible, in this study, composite TIM was prepared with GO, MLG
and CNT as fillers and epoxy resin as a matrix material through a
typical method of solution blending, which the method is relatively
simple and easy to realize industrial production. The influences of filler
type and content on thermal conductivity of composites were briefly
investigated. Using the TCR test system, the R, and R, of TIMs
prepared by doping different thermally conductive particles in epoxy
resin were investigated. This study provides some guidance for the
practical application of TIMs. In addition, we developed a two-step
model based on the models of Maxwell model and Nan's model for
thermal conductivity of graphene composite.

2. Experiment section

2.1 Material

The natural flake graphite (100 mesh, 99 %) was obtained from Nanjing
XFNANO Materials Tech Co. Ltd., China. Multilayer graphene (MLG)
and carbon nanotube (CNT) were supplied by Suzhou TANFENG
graphene Tech Co., Ltd. The epoxy resin and other additives were
purchased from Hangzhou WUHUIGANG adhesive Co. Ltd.
Concentrated sulfuric acid (H,SO,, 95-98 %), potassium permanganate
(KMnO,, =99.5 %), hydrogen peroxide (H,O,, 30 %), concentrated
hydrochloric acid (HCl, 36-38 %) and all organic solvents were of
analytical grade supplied by XiLong Scientific Co., Ltd. Deionized
water with electrical resistivity of 18.2 MQ-cm’ was used in all
experiments.

2.2 Synthesis of Graphene Oxide (GO)
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GO was synthesized using the modified Hummer's method.™ In the ice

water bath environment, 1 g natural flake graphite was placed into 23
ml of concentrated sulfuric acid and stirred evenly. 5 g KMnO, powder
was slowly added to keep the temperature of the reaction lower than 5 °C
and continuously mix for 2 h. Then, the mixture was heated to 35 °C
and stirred for 30min. An appropriate amount of deionized water was
added slowly to the reactor until the temperature of the reaction system
is not rising and temperature control below 98 °C. 20 ml 30 % H,O,
was added to mixture and centrifugal removal of supernatant. After, the
product was washed several times with HCI solution and deionized
water, respectively, to remove the metallic ions and impurities. The
washed sample is sufficiently dried in a vacuum oven at 60 °C to obtain
graphite oxide. The attained graphite oxide was dispersed in deionized
water by ultrasonication to exfoliate the graphite oxide to GO, which
was dried in a vacuum oven at 60 °C for 48 h.

2.3 Preparation of epoxy resin composites

In this study, the composite material was prepared by solution blending
to improve the compatibility of the filler with polymer-based material.
The preparation process is graphically shown in Fig. 1. 2 g of GO
particles was suspended in an appropriate amount of acetone under
ultrasonication at room temperature for 30 min. Simultaneously, 40 g
epoxy resin was mixed with curing agent (1:0.1weight ratio) by vacuum
stirring to uniform. The combination of GO and epoxy resin is a critical
step in the preparation of TIMs, which can completely eliminate air by
controlling the rate of vacuum agitation. In addition, the same process
was used to obtain MLG/epoxy and MLG/CNT/epoxy composite TIM.

2.4 Characterization

The thermal conductivity of epoxy composite is measured at room
temperature using Hot Disk model TPS2500S thermal constants
analyzer (Hot Disk AB, Uppsala, Sweden). The analyzer is a thermal
conductivity testing technique based on transient plane source method.
When the measured sample has a thermal conductivity ranging from
0.005 W/(m K) to 500 W/(m K), the measurement error is within 3%.
The viscosity of epoxy resin composites is measured with a Digital
Viscometer (SNB-2) at uniform rate. The TCR is measured using a
laboratory-made high-precision TCR test system device that is designed
based on the guidelines from ASTM standard D5470-06 and work done
by Kempers,” as shown in Fig. 2."” Heat flows one-dimensionally from
top to bottom, and the temperature is linearly distributed within each
sample but jumps at the interface due to TCR. The TCR of the TIM is
expressed as:*

R= (1)
0=(0+0n2 @
e &)

where 7, - T. represent the interfaces temperature drop across the
interface between two contacting samples, the interface temperature 7,
and 7, can be achieved by extrapolating the located sensors temperature
to the contact interfaces, Q is the average of the heat fluxes Q, and Q, in
the upper and lower meter-bars, k is the thermal conductivity of the
samples, A is the sectional area, d7/dx is the temperature gradient. The
uncertainty of the system is 2 % under the premise of not considering
the hardness, roughness and flatness of the contact surface.” It is worth
noting that, in order to reduce the experimental error, acetone and

alcohol were used to clean the surface of the sample table before the

© Engineered Science Publisher LLC 2019



ES Energy & Environment

Research Paper

GO
Ultrasonic

dispersion

ardener

Epoxy resin

GO dispersion Vacuum

mixing

> GO/epoxy composite

Mechanical

mixing

Preprocessed

e

KNalural flake graphite

H,S0,

KMnO,
—_
{" Oxidation

@) \W ::.P" o

]
5
5
Graphene oxide GO/ epoxy /
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test. Meanwhile, in order to avoid the influence of sample thickness, the materials. Fig. 3 shows the relationship between the viscosity of the
TIM was applied to the contact surface by means of a 500 mesh wire epoxy resin interface material and the filler content. As the filler content
mesh. increases, the viscosity of the epoxy resin composite gradually

3.Results and discussion
3.1 Effect of viscosity on composite materials

increases. But excessive viscosity makes the composites very difficult to
process, limiting their real-world applications as TIMs.* Comparing the
three different fillers, GO has the least effect on the viscosity of the

The efficient viscosity of the TIM reflects its flow properties, which polymer, anc'l MLG has the most obViousveffect on the viscosity of the
play a vital role for the processing technology and performance of polymer. This is because that the adsorption capacity between the GO

500

and the epoxy resin is strong, so that the viscosity of the composite
material is increased.

--#-- MLG/Epoxy
--#--GO/Epoxy
400 | --#-- MLG/MWCNT/Epoxy

Viscosity (Pa-s)

300 - -

. 3.2 Thermal conductivity of composites
A Fig. 4(a) shows the thermal conductivity of epoxy resin composites
j with different filler loading. One can see from diagram that each type of
filler structure results in a dramatic enhancement of thermal
conductivity of the composites in comparison with the epoxy resin, and
the effect of MLG/CNT binary mixed filler is most prominent. It is
noteworthy that the thermal conductivity increases rapidly after 15 wt%.
This phenomenon is mainly due to the matrix materials plays a major
role at the beginning, and as the filler content increases, the heat
conduction path formed between particles plays a major role, as shown
in Fig. 4(c). When the content of MLG, GO and MLG/CNT is 25%, the

Adding contents (wt%)

25 thermal conductivity of the prepared TIM is increased by 6.0, 4.0, and
6.5 times compared with the epoxy resin matrix material, respectively.

Fig. 3 Viscosity of MLG/epoxy, GO/epoxy and MLG/CNT/epoxy at One of the main reasons for these results is that the CNT can

room temperature.
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Fig. 4 Thermal properties of epoxy resin composites and their comparison composites. (a) Thermal conductivity of GO/epoxy, MLG/epoxy, and
MLG/CNT/epoxy composites as a function of weight fraction. (b) Composite material thermal conductivity enhancement efficiency. (c) Respective heat
dissipation model of prepared composites. (d) The prediction of several models with experiment data for polymer composites.
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three-dimensional heat conduction path, which promotes the heat
transfer and makes with the thermal conductivity higher.” GO is
obtained by treating graphite with strong acid. The surface covalently
bonds many oxygen-containing groups such as carboxyl groups and
hydroxyl groups, resulting in a significant decrease in its own thermal
conductivity, which limits its contribution to the thermal conductivity of
composites. To further elucidate the extent of improvement, a parameter
1 was introduced, which is defined as:

K. — K
n= CK = x 100% “4)

m

where K. and K|, represent the thermal conductivity of the composites
and pure epoxy matrix, respectively. Fig. 4 (b) shows that 1 increases
with increasing filler loading same as the trend of thermal conductivity
growth, the 1 value increases rapidly after the filler loading is 15 wt%.
At 25 wt % loading, the n values of GO/epoxy, MLG/epoxy and
MLG/CNT/epoxy dramatically up to 311%, 497% and 553%,
respectively.

In order to predict the thermal conductivity of composites, many
theoretical models have been reported. The original model is the
Maxwell model,” but it is so simple that it is difficult to adapt to the
complexities of particle-filled composites. Subsequently, scholars have
proposed many models to research the thermal conductivity of particle-
filled composites. The noticeable study was by Nan et al,” who
adopted the multiple scattering theory to propose a more general model.
The Nan's model considers the effects of the properties of the matrix
and particle, particle size, Kapitza resistance and orientation distribution
of the particles.

In this study, based on the Nan model, we present a two-level
Nan's model to consider hybrid particles. The first level is performed
with only the MLG. The thermal conductivity of the MLG/epoxy
composites is calculated by:

3+ [0 26410 (1 — 1Y) + B0 (1 - 11O))
3 — fi’MLG [ZByLGL?('lLG + ﬁé\/ILGLI;ILG]

(52)

R = b

MLG _
MLG _ km‘ km

i km + LQ/ILG(kZI‘;IiLG — km)

,i=x,yandz (5b)

where the LY (&= x, y and z) is the depolarization factor of the MLG
along the i-axis (i= X, y and z), k;i*¢ is the effective thermal conductivity
of MLG along the i-axis (i= x, y and z), and the k}/*¢ is the volume
fraction of MLGs.

The thermal conductivity of MLG/CNT/epoxy composites is
calculated by assuming that the CNT is embedded in an effective matrix
with a thermal conductivity of k}f4°. Using the model by Nan et al., the

thermal conductivity of the MLG/CNT/epoxy composites is given by:

3+ £EMT[2BEVT(1 - LEVT) + BENT (1 — 1G]

k - kMLG
eff eff 3_ prNT [2BENTIENT | BCNT[CNT) (5¢)
JCNT _ | MLG
CNT pi eff .
T = Ji=xyandz 5d
B L7 G0

where the LSV (i= X, y and z) is the depolarization factor of the CNT
along the i-axis (i= x, y and z), k5" is the effective thermal conductivity
of CNT along the i-axis (&= x, y and z), and the £ is the volume
fraction of CNTs. And L, and L, are the depolarization factors related to

the nanoparticle shape “:
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P’ + L ! <1
207-D 20 -p cosp’ 7P
Ly = 2 6)
L - 4 N forp>1
2(p2—1) 2(p%2- 15 coshp’ P
L,=1-2L, 7

where p = a,/ a, is the aspect ratio of the particle, and p < 1 and p > 1
are fora MLG (a,=a,>a;) and a CNT ( a, = a, < a;), respectively.

The theoretical thermal conductivity values calculated by one-
level Nan model and two-level Nan model were shown in Fig. 4(d), and
the value calculated by the original Maxwell model was also presented
for comparison. It is noted that compared with the original Maxwell
equation, both the one-level Nan model and improved two-level Nan
model show a better match with the experimental results. As can be
seen from Fig. 4(d), experiment values for both MLG/epoxy, GO/epoxy
and MLG/CNT/epoxy compositesare in good agreementwith those
predicted by the one-level Nan model and two-level Nan model when
the fraction of nanofillers was less than 0.05 vol%. However, as the
fraction increases from 0.05 to 0.15 vol%, the curve of the theoretical
value gradually deviates from that of experimental value and is slightly
higher than it. This discrepancy may be due to the fact that the
theoretical models fail to fully consider the interfacial thermal resistance
in composites, mainly the interfacial thermal resistance between
nanofillers and that caused by the voids in composites. When the
fraction exceeds 0.15 vol%, the experiment values increase rapidly, and
the experiment values of both MLG/epoxy, GO/epoxy and
MLG/CNT/epoxy composites are larger than theoretical values at the
weight fraction of 0.2. This result can be attributed to the fact that
presented models do not consider the synergistic effect of hybrid
particles, which has been discussed by Yu ef al. in detail.” In order to
consider the synergistic effect of hybrid particles, we improve the two-
level Nan's model by adding a synergistic factor & the Eq. (3¢) expands
as follows:”

3+TRENTA L) + FTA PN o
3 — prNT[ZﬁfNTLgNT + ﬁZCNTLgNT]

kepp =& kiff

where the values of & is appropriately set to 1.3. The values calculated
by the improved two-level Nan's model were shown in Fig. 4(d), which
are in good agreement with the experimental values.

3.3 Thermal contact resistance of composite materials

Fig. 5(a) clearly shows the test method for the TCR of composite TIMs
as a function of pressure. The test results evidently show in Fig. 5 (b),
which indicated that the interface thermal resistance decreases with
increasing pressure at a filler of 25 wt% loading. When the solid-solid
interface is filled with no TIM, a very high TCR value appears (1413
mm’K/W). We attribute this to that the inter-interface filled with air,
which is very low in thermal conductivity. Furthermore, the TCR is 193
mm’-K/W when the interface is filled with GO/epoxy composite, which
is 7.3 times lower than that without the interface material. After
application of MGL/epoxy composite material, the TCR is reduced to
219 mm’K/W, which is reduced by 6.5 times. MGL/CNT/epoxy
composites are used between interfaces to reduce contact resistance to
166 mm*K/W, which is 8.5 times lower. The most important
information about the reduction of TCR of the GO/epoxy composite
under the same loading can be obtained from the experimental results.
Combined with the results of thermal conductivity measurement (Fig. 4
(a)), the thermal conductivity of MGL/epoxy composites is generally
higher than that of GO/epoxy composites, but the degree of thermal
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resistance reduction is lower than that of GO/ epoxy resin composites.
This may be due to the higher viscosity of the GO/ epoxy system than
the MGL/epoxy system, making the contact with the solid-solid
interface more complete. Therefore, thermal conductivity is not the only
factor affecting TCR, but also needs to consider other factors, such as
viscosity, the roughness of the contact surface, etc. Further analysis
shows that the pressure of 0.5 MPa is a demarcation point, before
which the TCR is rapidly reduced, after which the TCR is gently
reduced. This is because as the pressure increases, the contact area
between the TIM and the solid interface gradually increases, resulting in
a rapid decrease of TCR, and when the pressure reaches a certain value,
the TIM completely contacts the solid interface, which leads to the TCR
tends to develop steadily. Therefore, in practical applications, the effect
of pressure on the thermal properties of TIM enhancement devices is
also limited. So, we need a more specific analysis of the TCR of the
composite at a pressure of 0.5 MPa. Under the test condition of 0.5
MPa, the bond line thickness of the TIM coated between the heat flow
meters is 11 +0.5um by TCR test system (the BLT=11 £ 0.5um).

Fig. 6 shows the total TCR, R, and R tR, of epoxy composites
added with different proportions of carbon filler at 0.5 MPa pressure
loading. It can be seen from the figure that the prominent decrease of
the total TCR is observed in the epoxy composites filled with fillers. A
special trend was found that composite R.,+R, suddenly increased as
filling 15% MLG. But, the total TCR decreases from 116.2 to 80.6
mm’™K/W with the MLG content increases, and the minimum value is
obtained when the MLG fills 25 wt%. This is because that when the
adding fraction is large, the viscosity of the epoxy resin composite TIM
is increased, and the fluidity is disappointing, so that the bonding
performance with the solid-solid surface is deteriorated, resulting in a
sudden increase in the value of R, +R,,. Another cause of unsatisfactory
results is the large interfacial thermal resistance between the matrix
material and the filler. However, it indicated that the total TCR tends to
decrease as the proportion of MLG increases. This was attributed to the
high thermal conductivity of the MLG/epoxy resin composite such that
the volumetric thermal resistance is relatively low, which ultimately
promotes a reduction in total TCR. The results in Fig. 6 show that R,
shows a linear downward trend with the increase of GO content. R, is
51.3mm>K/W as the addition of 3 wt%, accounting for 48 % of the
total TCR. When the added fraction is 25 wt%, the thermal resistance of
the volume is about 14.9 mm’K/W, which accounts for 23 % of the
total TCR. Further analysis shows that the R.+R. of GO/epoxy
composite has been maintained at around 50 with no significant change

with the increase of GO filler content. Besides, GO/epoxy composites
always exhibit low R, tR., values compared to MLG/epoxy
composites. We can conclude that although MLG contributes more to
the thermal conductivity of epoxy resin than GO, GO/epoxy composites
are superior to MLG/epoxy composites in reducing the total TCR of
solid-solid interface. So, GO/epoxy composites have more practical
significance than MLG/epoxy composites. For MLG/CNT/epoxy
composites, the total TCR of the composite decreases from 96.8 to 53.8
mm’ K/W as the filled proportions of MLG/CNT increase. The ratio of
R 1R, to the total TCR increases from 52 % to 82 % with increasing
the filled MLG/CNT content. Obviously, the addition of MLG/CNT
plays a considerable role in the change of R +R., between the contact
substrate and the composite, which results in an unsatisfactory total
TCR effect. However, we obtained a satisfactory Ry, due to the
increase in the MLG/CNT filler to increase the thermal conductivity of
the composite. In summary, MLG/CNT is the most effective filler to
reduce total TCR, followed by GO and MLG.

4. Conclusions

In this study, we successfully prepared epoxy resin composites by
solution blending method. It was found that that the carbon material
significantly enhances the thermal conductivity of the epoxy resin
matrix material, and the reinforcing effect of the MLG/CNT filler is
optimal, followed by MLG and GO. It was also established that the
presence of TIMs always significantly reduces the TCR, but the effect
of pressure on the thermal properties of the TIM between the solid-solid
interface is limited. The surprising finding is that, although GO/epoxy
composites have low thermal conductivity, they are superior to
MLG/epoxy composites with high thermal conductivity in reducing the
total TCR at the solid-solid interface. In addition, a two-step theoretical
model for thermal conductivity of graphene composite is developed by
modifying the models of Maxwell model and Nan's model, and the
model predictions are in reasonable agreement with the experimental
values. The results obtained provide a valuable technical reference for
using thermal interface materials to improve equipment heat problems
in practical applications.
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