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Thermal contact resistance is a key bottleneck to restrict the rapid heat dissipation of electronic device.
The wetting between two contact surfaces is one of the most important factors affecting the thermal con-
tact resistance. Phase change thermal interface material can transform from solid state to molten state
by heat inducing, which is an efficient way to reduce the thermal contact resistance. In this work, a
novel form stable phase change thermal interface material of graphene/olefin block copolymer/paraffin
filled with graphene (<4.0 wt%) was designed. Furthermore, the influence of temperature and pressure
on thermal contact resistance were studied, and the dominant position of thermal contact resistance and
Rrvs in total thermal resistance was analyzed systematically. The results exhibit that thermal contact re-
sistance decreases sharply from 8-20 Kcm?/W to 0.1-0.2 Kcm?|W for the temperature increases from 37
°C to 45 °C (50 Psi), with a drop of up to two orders of magnitude. This is because the wettability of
the two contact surfaces is greatly improved by changing solid-liquid contact to solid-liquid contact. In
addition, the thermal contact resistance decreases slightly with the increase of pressure (10-50 Psi, 48
°C). A small amount of graphene can significantly enhance the thermal conductivity of graphene/olefin
block copolymer/paraffin, but the effect on thermal contact resistance is relatively weak. Moreover, crit-
ical thickness is proposed to quantitatively evaluate the dominant position of thermal contact resistance
or Rpys in total thermal resistance. It facilitates the quantitative analysis and optimization of thermal
resistance in practical application.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

conductivity of TIMs (decrease of Rppys) and significant progress
have been achieved, such as filling with high thermal conductiv-

Poor heat dissipation has become one of the main bottlenecks
restricting the further development of microelectronics industry
[1-3]. Fortunately, thermal interface materials (TIMs) are used to
connect radiator and heat source, which is an efficient approach
to solve the heat dissipation problem of microelectronic products
[4-6]. For the whole heat transfer process, there are three parts
of thermal resistance related to the TIMs, the thermal resistance
of TIMs itself (Rqys), and the thermal contact resistance (TCR) be-
tween TIMs and two contact surfaces (Fig. 1(a) and (b)) [7-11]. Un-
til now, there have been many methods to enhance the thermal
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ity additives [12-15], constructing efficient heat conduction net-
work chain in matrix [16-19], or strengthening the interaction be-
tween filler and matrix [20-23]. In addition, TCR is also an impor-
tant component in total thermal resistance, but theoretical and ex-
perimental studies on the TCR are rare. Especially when the thick-
ness of TIMs is thin and the thermal conductivity of TIMs is high
(the ultimate goal of TIMs in practical application), TCR will play
a dominant role in the total thermal resistance. Therefore, it is ur-
gent to explore the influencing factors of TCR through experiments,
and provide a feasible scheme to reduce TCR.

TCR is mainly affected by temperature, pressure and wettability
between two contact surfaces [24,25]. It will be a perfect thing to
find a TIMs easy to use and with low TCR. Luckily, phase change
thermal interface materials (Ph-TIMs) fully meet these require-
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Fig. 1. Schematic diagram for (a) TIMs are applied to heat dissipation of microelectronic device; (b) total thermal resistance distribution of based on TIMs; and (c) working

principle of Ph-TIMs.

ments and are easy to use. Ph-TIMs is in solid state when it is not
in working state. When it is in working state, it gradually changes
from solid state to molten state, which greatly improves the wet-
tability between Ph-TIMs and heat source or radiator, and reduces
the TCR. The schematic diagram for working principle of Ph-TIMs
is proposed in Fig. 1(c). It mainly includes heat source (microelec-
tronic products), cold source (atmosphere), heat flow channel, ad-
justable heat flow valve (TCR), fixed heat flow valve (Rpps) and
heat storage tank (thermal storage capacity of phase change ma-
terials). When the microelectronic devices work, they will produce
a lot of heat, so their temperature will rise continuously (heat
source), and the temperature of Ph-TIMs, which is in close con-
tact with them, will also continue to enhance. The Ph-TIMs grad-
ually change from solid state to molten state, and the contact be-
tween Ph-TIMs and heat source will change from solid-solid con-
tact to solid-liquid contact. Moreover, the TCR is greatly reduced.
As the opening of the adjustable heat flow valve is increased, the
heat flow transportation is accelerated. Therefore, the temperature
of heat source is prevented from further rising, and finally the sys-
tem reaches a new stable state, and the heat source maintains a
lower working temperature. The final equilibrium temperature of
microelectronic devices depends on the heat generation rate and
the total thermal resistance.

Paraffin (PA) is one of the most common organic phase change
materials. It shows a lot of excellent properties, such as higher la-
tent heat, lower melting temperature and chemical stability [26-
28]. The phase change temperature of PA (about 40-50 °C) is lower
than the maximum temperature allowed by the normal operation
of microelectronic device. However, it has the disadvantages of low
thermal conductivity and being easy to leak. Graphene is a new
type of two-dimensional layered nano material with high thermal
conductivity, which is an excellent additive used to enhance the
thermal transport properties of other matrix materials. In addi-
tion, olefin block copolymer (OBC) is a novel heat induced elas-
tomer multi-block copolymer, which is produced from Dow Chem-
ical Company by using chain shutting technology. It can be used

to prevent the leakage of phase change materials in the process of
phase change and to maintain the even distribution of graphene in
PA matrix due to unique structural characteristics [28].

In our previous research, we designed one kind of Ph-TIMs of
Al,03/OBC/PA at large loading (10-80 wt%) [29]. It confirmed that
TCR increases with the addition of Al,03 increases. Adding more
solid additives increased the viscosity of the composite and weak-
ened the wetting between the two contact surfaces. Therefore, it
suggested that Ph-TIMs of G/OBC/PA filled with a small amount of
high conductivity graphene will show very low TCR. Meanwhile, it
is also very important to evaluate TCR and Ry which are domi-
nant in the total thermal resistance.

In this work, based on the complementary relationship among
the excellent properties of graphene, PA and OBC, a novel Ph-TIMs
of G/OBC/PA with low thermal contact resistance, high thermal
conductivity and form-stable shape is proposed. Firstly, the influ-
ence of temperature and pressure on TCR are studied. Secondly,
the influence of the amount of additives on the TCR of OBC/PA is
explored. Finally, A method to evaluate the dominant position of
TCR and Ry in total thermal resistance is supplied. A remark-
ably reduced thermal contact resistance of graphene/olefin block
copolymer/paraffin is obtained, which provides valuable reference
for the future practical application.

2. Experimental section
2.1. Materials

The main raw materials involved in the experiment were OBC,
PA and graphene. OBC (Commercial grade 9530) with heat induced
elasticity was supplied by Dow Chemical Co., Ltd. PA (OP44E) with
phase change temperature range of 41-44 °C was obtained from
Hangzhou Ruhr Energy Technology Co., Ltd. The thermal conduc-
tivity of PA was 0.2 W/mK. Graphene was supplied by Shanghai
Xihan New Materials Co., Ltd.
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Fig. 2. Schematic diagram for preparation process of G/OBC/PA.

Table 1 2.2. Preparation

Detailed quantity of components in different Ph-TIMs. . . .
The preparation process for PA based Ph-TIMs filled with differ-

ent mass fraction of graphene were as follows: 2 g PA was added

Sample PA(g) OBC(g) Graphene (wt%) Remarks (abbreviated)

1 2.00 0.50 0 So to the beaker and heated to 60 °C. When the PA was completely
2 2.00 0.50 0.1 So. melted, graphene (detailed quantities of additives are shown in
i g'gg 8'28 ?‘g g‘]’z Table 1.) was added and stirred thoroughly (magnetic stirring, 500
5 2.00 050 15 Sis rpm, 60 mins). The mixture was then gradually heated to 160 °C
6 2.00 0.50 2.0 S0 and 0.5 g OBC was slowly added (PA:OBC=8:2). The mass ratio of
7 2.00 0.50 25 S5 PA to OBC came from literature 28. When the mixture got well dis-
g §~gg g-gg ;g 33-0 persed and uniform, it was poured into the stainless steel mould
10 2.00 0.50 40 siz to cool down and form. The preparation process of G/OBC/PA was

shown in Fig. 2.
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Fig. 3. SEM images of (a) graphene, (b) cross section of S,; and XRD results of (c) graphene, (d) Sg-S40.
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Fig. 4. Photographs of (a) temperature-dependent morphology of thermally induced elastic Sy and S,; (b) graphene is uniformly dispersed in the PA matrix.

2.3. Characterization

X-ray diffraction (XRD) with Cu Ko (A= 0.154056 nm) was used
to characterize the structure of the sample. The diffraction angle
range was 5°-60° and the increase step was 0.02°. Scanning elec-
tron microscope (SEM) (FEI Sirion 200) was used to measure the
morphology of graphene and the distribution of graphene in Ph-
TIMs. Thermal conductivity meter (TCi-3-A, C-Therm Technologies
Ltd., Canada) was used to test the thermal conductivity of Ph-
TIMs. The interface thermal resistance measuring device (LW-9389,
Long Win Science and Technology Corp.) was used for TCR analy-
sis. The detailed measurement principle and data processing calcu-
lation can refer to the work that our research group has published
(seen in supporting information S.1 and S.2) [29]. TCR and Ryys are
calculated by the following formula:

1.0} € Measured value
< % Theoretical calculation value }

E0.9}

(W,

0.4 I I I I I
0 1 2 3 4
Mass fraction (wt%)

Fig. 5. Thermal conductivity of G/OBC/PA increases with the increase of mass frac-
tion of graphene for experimental data and theoretical calculation values.

TCR1 + TCR2 = Ry — Rrjus (1)

Rrms = D/A (2)

Where Ry is total thermal resistance, Dis the thickness of TIMs,
and A is the thermal conductivity of TIMs.

3. Results and discussion

Fig. 3(a) shows the SEM image of graphene. It is found that
the two-dimensional thin-layer nanomaterials have the size of 20—
50um. Fig. 3(b) shows the dispersion of graphene in S,y (other
data see in supporting information S. 4). It can be seen that
graphene is uniformly dispersed in the matrix, and the size of
graphene is in the range of 20-50um. Fig. 3(c) indicates the XRD
result of graphene. A characteristic peak at 26.4° corresponds to
the (220) crystal plane of graphene. Fig. 3(d) indicates the XRD re-
sults of Sg-S40. For all the G/OBC/PA, it is found that there are
characteristic peaks at 20.2°, 24.2°, 25.7° and 26.4°. Among them,
the characteristic peak also appears at 26.4° corresponding to the
(220) crystal plane of graphene. In addition, the characteristic peak
appears at 20.2°, 24.2° and 25.7°, representing the crystallization
of PA/OBC. These results confirm that the Ph-TIMs of G/OBC/PA
have been successfully prepared.

Fig. 4(a) exhibits the temperature dependence of the thermally
induced elasticity of the G/OBC/PA. At room temperature (25 °C),
the G/OBC/PA is bent and found to be very easy to break. It proves
that the G/OBC/PA shows strong brittleness. When the tempera-
ture increases gradually to 40 °C, the G/OBC/PA deforms in any
shape and shows strong flexibility and elasticity. When the tem-
perature rises further to 50 °C, the G/OBC/PA has completely trans-
formed into molten state. Furthermore, the flexibility and elasticity
can be restored again when the G/OBC/PA is cooled. These phe-
nomena suggest that the G/OBC/PA can change from solid state to
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molten state with the change of temperature. Meanwhile, there is
little leakage for PA.

Fig. 4(b) is photograph for the dispersion of graphene in the
matrix of G/PA (2.0 wt% graphene) and G/OBC/PA (S,). In the ini-
tial stage, graphene is uniformly dispersed in PA and OBC/PA, re-
spectively. After cooling, the G/PA is stratified, while the G/OBC/PA
is still uniformly dispersed. After heating and cooling cycle again,
the G/PA still appears stratification, and the G/OBC/PA is still in the
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Fig. 8. Comparison of TCR of OBC/PA with filler at different mass fraction (44 °C,
50 Psi). The TCR value of Al,05/OBC/PA is from reference 29.

state of uniform dispersion. These results confirm that the addition
of OBC can effectively promote the even distribution of graphene
in PA matrix.

3.1. Influence of temperature on the TCR of G/OBC/PA

Thermal conductivity of G/PA/OBC is an important factor
for the heat dissipation process of microelectronic components.
Fig. 5 shows the thermal conductivity of Sp-S4¢. It is found that
the thermal conductivity of PA/OBC is 0.467 W/mK, and those
of PA/OBC filled with 0.1 wt% and 4.0 wt% graphene are 0.478
and 0.926 W/mK, respectively. The highest thermal conductivity
(S40) is enhanced up to 98.3% compared to pure PA/OBC (Sg). Fur-
thermore, the thermal conductivity increases linearly with the in-
crease of mass fraction of graphene. This is because the ratio of
OBC to PA is fixed, which can be regarded as a uniform contin-
uous phase with low thermal conductivity, while graphene is a
dispersed phase with high thermal conductivity, so it meets the
change of thermal conductivity of filled binary composite with low
loading (Parallel Model).

TCR depends on the interaction of two direct contact surfaces.
Temperature and pressure are the two most important factors af-
fecting the interaction. The measurement process of TCR follows
the steady-state heat conduction condition. Ph-TIMs is in the tem-
perature gradient field, and the temperature value changes along
the direction of heat flow. Therefore, the average temperature of
the hot end and the cold end (the obtained actual temperature)
is taken as the temperature of the Ph-TIMs. Fig. 6(a) shows the
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obtained actual temperature distribution of all G/OBC/PA (Sg-S4,0)
under different temperature control conditions. It can be seen that
all temperatures are concentrated near seven temperature points,
such as 33 °C, 35 °C, 37 °C, 44 °C, 48 °C, 54 °C and 58 °C.

Fig. 6(b) shows the change of TCR of G/OBC/PA with temper-
ature (50 Psi). It is found that the TCR decreases with the in-
crease of temperature for all G/OBC/PA (Sg-S40). When the tem-
perature increases from 37 °C to 45 °C, the TCR of all G/OBC/PA
decreases sharply from 8-20 Kcm2/W to 0.1-0.2 Kcm?/W, with a
drop of up to two orders of magnitude. This is due to the gradual
transformation of PA from solid to liquid in this temperature range,
which greatly improves the wettability between two contact sur-
faces. When the temperature in the range of 44-58 °C, the TCR of
all G/OBC/PA is maintained between 0.1 and 0.2 Kcm?|W, with very
small change. This is because all the Ph-TIMs of G/OBC/PA are in
molten state at this temperature range, which is solid-liquid con-
tact. Meanwhile, a small amount of graphene (<4.0 wt%) cannot
change the solid-liquid contact. Moreover, the TCR of the G/OBC/PA
is 8-20 Kcm?/W in the temperature range of 33-37 °C, and it
decreases with the increase of graphene loading. This is owning
to the solid-solid contact of the Ph-TIMs of G/OBC/PA and the
slight change of the solid-solid contact due to the small amount
of graphene.

3.2. Influence of pressure on the TCR of G/OBC/PA

Fig. 7(a) shows the obtained actual temperature value of each
sample under different pressures (10-50 Psi). It indicates that the
actual temperature value of all G/JOBC/PA (Sg-S4) are at the range
of 47-49 °C. In addition, it can be seen from the results in Fig. 6(b)
that the temperature has little effect on the TCR in this tempera-

ture range (47-49 °C). Therefore, these results can be regarded as
the equivalent values obtained at a fixed temperature (48 °C).

Fig. 7(b) shows the TCR of G/OBC/PA changes with the pres-
sure (10-50 Psi) under constant temperature (48 °C). The TCR of
all G/OBC/PA are relatively low, because they are in solid-liquid
contact (48 °C). In addition, with the increase of pressure, contact
becomes more and more perfect, resulting in the decrease of TCR.

3.3. Influence of the amount of additives on the TCR of OBC/PA

Fig. 8 shows the TCR of OBC/PA with graphene or Al,03 at dif-
ferent mass fraction (44 °C, 50 Psi). Because the filling limit mass
fraction of graphene is relatively low, the TCR of Al,03/OBC/PA
with higher mass fraction is cited as a reference value [29]. It is
found that the TCR of G/OBC/PA is 0.1-0.2 Kcm?/W at the loading
of 0.1-4 wt¥%, while the TCR of Al,03/OBC/PA is 1-2 Kcm?|W at the
loading of 10-80 wt%. The TCR of OBC/PA increases with the in-
crease of solid additives. At the temperature of 44 °C, the PA is in
the molten state. Filling more solid additives will increase its vis-
cosity and further affect the wettability. These results suggest that
the solid additives have an important effect on the TCR as well as
the thermal conductivity of Ph-TIMs.

3.4. Comparison of TCR and Ryyysof G/OBC/PA

Thermal resistance is used to evaluate the heat dissipation abil-
ity of the Ph-TIMs of G/OBC/PA. It includes two parts: TCR and
Rqms. The TCR is mainly affected by the wettability between the
two contact surfaces. However, the Ry is mainly affected by the
thermal conductivity and thickness of the G/OBC/PA, which can
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Table 2
Critical thickness of Ssq at different temperature.
Temperature (°C) 33 35 37 44 48 54 58
TCR (Kcm?[W) 9.706 9598 9544 0201 0.178 0154 0.109
Critical thickness (mm) 0.899 0.889 0884 0019 0016 0014 0010
Experimental thickness (mm) 0.668 0.666 0.683 0.007 0.009 0.011 0.015
Table 3 ) ical thickness is proposed to quantitatively evaluate the dominant
Critical thickness of S4o at different pressure. position of TCR or Ry, in total thermal resistance. When the ex-
Pressure (Psi) 10 20 30 40 50 perimental thickness is larger than the critical thickness, the Ry
TCR (Kem?|W) 0714 0275 04175 0122 0104 is dominant. It can improve the thermal transport properties of
Critical thickness (mm) 0066 0025 0016 0011 0.010 G/OBC/PA through various ways. On the contrary, when the ex-
Experimental thickness (mm)  0.021  0.017 0.015 0.014 0.012 perimental thickness is less than the critical thickness, the TCR is

be calculated by formula 2. In general, there is a linear relation-
ship between the Ry, of G/OBC/PA and thickness. In practical ap-
plication, the thickness of G/OBC/PA will be as thin as possible.
Here, critical thickness is defined, that is the thickness of G/OBC/PA
when the Ry is equal to the TCR. It can be calculated by formula
3. Moreover, it is proposed to quantitatively evaluate the leading
role of TCR or Ry in total thermal resistance.

D. = TCR x A (3)

Wherein, D.is critical thickness, Ais the thermal conductivity of
S40, A = 0.926W/mK.

S40 is taken as the specific object to analyze the relationship
between TCR and Ry Fig. 9(a) shows the TCR and Rppys of S49
at the temperature range of 33-58 °C (50 Psi). Fig. 9(c) shows the
TCR and Ry of Sy at the pressure range of 10-50 Psi (48 °C).
Fig. 9(b) and Table 2 provide the experimental thickness and crit-
ical thickness of S, at different measured temperatures. Fig. 9(d)
and Table 3 provide the experimental thickness and critical thick-
ness of S4o at different measured pressure. These results exhibit
that there is no correlation between TCR and Rpy. However, the
dominant position of TCR or Ry in total thermal resistance can
be quantitatively evaluated by using critical thickness. When the
experimental thickness is larger than the critical thickness, the
Rqys is dominant. It can improve the thermal transport proper-
ties of G/OBC/PA through various ways. On the contrary, when the
experimental thickness is less than the critical thickness, the TCR
is dominant. The TCR can be reduced by changing wettability of
Ph-TIMs from solid-solid contact to solid-liquid contact. Certainly,
more ways to reduce TCR are expected.

4. Conclusions

A Ph-TIMs of G/OBC/PA filled with a small amount of graphene
(<4.0 wt%) was prepared. The OBC can effectively promote the
form-stability of PA and the even distribution of graphene in PA
matrix. These results exhibit that when the temperature increases
from 37 °C to 45 °C (50 Psi), the TCR of all G/OBC/PA decreases
sharply from 8-20Kcm?/W to 0.1-0.2 Kcm?/W, with a drop of up to
two orders of magnitude. This is because the contact changes from
solid-solid contact to solid-liquid contact, which greatly improves
the wettability between two contact surfaces. For the temperatures
in the range of 44-58 °C (50 Psi), the TCR of all G/OBC/PA is main-
tained between 0.1 and 0.2 Kcm?/W, with very small change. In
addition, when the pressure is at the range of 10-50 Psi (48 °C),
the TCR decreases slightly with the increase of pressure. Moreover,
the addition of a small amount of graphene can significantly en-
hance the thermal conductivity of G/OBC/PA, but the effect on the
TCR is relatively weak.

The Ph-TIMs of G/OBC/PA (S49) is chosen as the object to ana-
lyze the change of TCR and Ry in practical application. The crit-

dominant. The TCR can be reduced by changing contact of Ph-TIMs
from solid-solid contact to solid-liquid contact. Furthermore, the
working mechanism of Ph-TIMs is simply described.
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