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Abstract   Silicone rubber (SR) composites are most widely used as thermal interface materials (TIMs) for electronics heat dissipation. Thermal

impedance as the main bottleneck limiting the performance of TIMs is usually neglected. Herein, the thermal impedance of SR composites load-

ed with different levels of hexagonal boron nitride (h-BN) as TIMs was elaborated for the first time by the ASTM D 5470 standard test and finite el-

ement analysis. It was found that elastic modulus and surface roughness of SR composites increased with the increase of h-BN content, indicating

that the conformity was reduced. When the assembly pressure was 0.69 MPa, there existed an optimal h-BN content at which the contact resis-

tance was minimum (0.39 K·cm2·W−1). Although the decreased bond line thickness (BLT) by increasing the assembly pressure was beneficial to re-

duce the thermal impedance, the proper assembly pressure should be selected to prevent the warpage of the contact surfaces and the increase

in contact  resistance,  according to the compression properties  of  the SR composites.  This  study provides valuable insights  into fabrication of

high-performance TIMs for modern electronic device applications.

Keywords   Thermal interface materials; Hexagonal boron nitride; Thermal impedance; Surfaces

Citation:  Ji, Y.; Han, S. D.; Wu, H.; Guo, S. Y.; Zhang, F. S.; Qiu, J. H. Understanding the thermal impedance of silicone rubber/hexagonal boron nitride
composites as thermal interface materials. Chinese J. Polym. Sci. 2024, 42, 352–363.

 

INTRODUCTION

Modern electronic devices are rapidly developing toward minia-
turization and high-power integration.[1−4] Efficient heat dissipa-
tion  has  become  a  prerequisite  for  reliable  operation  in  elec-
tronic  devices  including  computers,  power  batteries  and  5G
communications.[5−7] Otherwise,  the  large  amount  of  accumu-
lated heat could lead to equipment damage or even endanger
human safety. Thermal interface materials (TIMs) based on poly-
mer  composites,  which  are  most  widely  used  for  enhancing
heat dissipation inside various devices, are placed between the
interfaces  of  two  components  (such  as  processors  and  heat
sinks)  to  improve  the  thermal  transfer  between  them.[8,9] Sili-
cone rubber (SR) has been used as the dominant matrix for TIMs
due to its  flexibility,  high thermal  stability  and electrical  insula-
tion properties.[10−14] However, the low thermal conductivity val-
ue  of  SR  is  not  directly  applicable  to  heat  dissipa- tion.[15,16]

Therefore, incorporating various fillers into SR to construct ther-
mally conductive networks is a general method to increase the
thermal conductivity of SR composites as TIMs.[17,18]

Actually, excellent electrical insulation performance of TIMs
is  also  desired  in  many  application  occasions  such  as  trans-

formers  and power  batteries, etc.[19,20] Among the  numerous
fillers, hexagonal boron nitride (h-BN) is a very promising one
because of high electrically insulating and thermally conduc-
tive  properties  as  well  as  oxidation  resistance.[21−24] Several
studies have verified that thermal conductivity can be signifi-
cantly enhanced when the h-BN loading reaches the percola-
tion threshold for  thermally  conductive networks in SR com-
posites.[25−27] Gu et al. reported that a high thermal conductiv-
ity  value  of  1.11  W·m−1·K−1 was  achieved  in  SR  composites
with a volume fraction of 40 vol% of h-BN filler, which was six
times  higher  than  that  of  pure  SR.[28] Sebnem et  al.  also  re-
ported that flake-like h-BN with a high aspect ratio was more
conducive to improving the thermal conductivity of SR com-
posites  than  other  shapes.[29] Although  the  massive  loading
of h-BN improves the thermal conductivity of the composites,
mechanical properties such as flexibility,[30,31] elasticity[11] and
hardness[10] are also sacrificed. Moreover, the reduced flexibil-
ity of the SR composites results in the inability of the SR com-
posites  to  fill  the  interfacial  voids  completely,  which  affects
the thermal  conductance at  the interfaces.[32,33] Consequent-
ly,  the high thermal conductivity of TIMs does not imply effi-
cient heat dissipation.

TIMs  are  originally  designed  to  reduce  the  thermal
impedance at the interfaces between the heat-generating de-
vice and the heat sink, the thermal conductivity should not be
the  only  criterion  to  evaluate  the  performance  of  TIMs.[1,33]
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The  thermal  impedance  consists  of  bulk  resistance  and  con-
tact resistance. The bulk resistance is the thermal resistance of
the  TIMs  themselves  by  conduction  and  depends  on  the
bond line thickness (BLT) and the thermal conductivity of the
TIMs.[34] The contact resistance is the thermal resistance at the
interfaces between the TIMs and heat sink as well as the elec-
tronic device.[35,36] Besides the thermal conductivity, the con-
tact thermal resistance and BLT are also intimately related to
the filler content, since they both depend on the mechanical
response of the composites to the assembly pressure.[37,38] Up
to now, how SR composites loaded with different levels of h-
BN  influence  the  contact  resistance  and  the  BLT  is  unclear.
Therefore, understanding the thermal impedance of SR com-
posites  as  TIMs  is  of  great  significance  for  fabricating  high-
performance TIMs.

In this work, the effect of the morphological structure of SR
composites  loaded with  different  levels  of  h-BN on the ther-
mal conductivity and mechanical properties was investigated.
Furthermore,  ASTM  D  5470  test  was  used  to  elaborate  the
thermal  impedance of  the SR composites  as  TIMs.  Finite  ele-
ment  analysis  simulation  was  applied  to  better  visualize  the
effect of thermal impedance on heat dissipation. The enhance-
ment  mechanism  of  thermal  conductivity  was  revealed.  The
influence of h-BN loading level and assembly pressure on the
thermal impedance of SR composites was discussed in detail.

EXPERIMENTAL

Materials
Methylvinyl  silicone rubber  (110-2, Mn=6.9×105)  with  0.17  wt%
vinyl content was provided by Dongjue Silicone Group Co., Ltd.,
China.  Hexagonal  boron  nitride  (20−25  μm)  was  supplied  by
Suzhou Nutpool Materials Technology Co.,  Ltd.,  China. The vul-
canizator,  2,5-dimethyl-2,  5-di-(tert-butylperoxy)  hexane
(DBPMH)  was  purchased  from  Hunan  Yixiang  Technology  Co.,
Ltd., China.

Preparation of Composites
Firstly, SR, DBPMH, h-BN and were mixed in a torque rheometer
(MIX-200C, Harbin Harp Electrical Technology Co., Ltd., China) at
40  °C  with  a  rotation rate  of  60  r/min for  15  min.  To  avoid  ag-
glomeration of h-BN at high filling level, the h-BN was added in
several  times.  The  compounds  where  the  mass  ratio  of  SR  to
DBPMH was fixed at  100 to 1.5.  h-BN loading level  varied as  0,
30, 60, 90, 120, 150 and 180 parts per hundred grams of silicone
rubber  (phr),  and the corresponding mass  fractions  are  0  wt%,
23.1 wt%, 37.5 wt%, 47.4 wt%, 54.5 wt%, 60 wt% and 64.3 wt%.
The  compounds  were  then  vulcanized  at  165  °C  with  10  MPa
pressure  for  12  min  in  a  mold  frame  of  2  mm  thickness.  The
composites were named as SRx,  where x was added phr of the
h-BN. For instance, the sample designation SR90 represents the
composites filled with 90 phr (47.4 wt%) h-BN particles.

Characterization
Dispersion and orientation of fillers were analyzed by scanning
electron  microscopy  (SEM,  JSM-5900LV,  Japan).  The  surface
roughness  of  the  composites  was  characterized  by  3D  profiler
(KEYENCET, VR6200, Japan). The degree of filler orientation was
measured  by  X-ray  diffraction  (XRD,  Ultima  IV,  Japan)  in  a  2θ
range from 10° to 80° at a scan rate of 0.06 (°)·s−1, employing Cu
Kα radiation.  The  rheological  properties  of  samples  were

scanned from high to low frequencies (50–0.05 Hz) using a rota-
tional  rheometer  (AR1500EX,  USA)  at  40 °C  with a  strain  of  1%
(within  the  linear  viscoelastic  region).  The  density  of  samples
was  tested  by  a  densitometer  (GH-120M,  Matsuhaku,  China).
The  hardness  of  samples  was  measured  by  Shore  A  hardness
tester (LAC-YJ, Shandong Zhongke Puri Testing Technology Co.,
Ltd.,  China).  The  tensile  properties  of  the  samples  were  mea-
sured  by  a  universal  testing  machine  (CMT-4104,  SANS,  China)
with  a  tensile  rate  of  200  mm/min  at  room  temperature.  The
compression  performance  of  the  composites  was  tested  by  a
dynamic mechanical analyzer (DMA, Q800, TA Instrument, USA)
with a ramp force of 3.0 N/min to 15.0 N at room temperature.

The  anisotropic  thermal  conductivity  (λ)  of  samples  was
measured  by  a  transient  plane  heat  source  method  equip-
ment  (HotDisc1500,  Sweden)  at  room  temperature.  In  this
work,  the thermal  impedance of  SR composites  was evaluat-
ed by a thermal interface materials tester under different pre-
ssures according to ASTM D 5470[39] (shown in Fig. 1a) manu-
factured  by  LINSEIS  (Shanghai)  Scientific  and  Instruments
Co.,  Ltd.  In  detail,  the  sample  was  placed  between  two
isothermal parallel metal blocks of uniform thickness, and the
thermal  gradient  was  applied  to  the  specimen  through  the
temperature difference between the two contacting surfaces,
resulting  in  the  heat  flow  through  the  specimen.  The  heat
flow  was  perpendicular  and  uniform  across  the  test  surface,
as  there  was  no  heat  transfer  laterally.  The  thermal
impedance (θ) was calculated by the following equation:

θ = A
Q

⋅ (TH − TC) (1)

where A is the area of specimen contact surfaces, Q is the heat
flow rate between the two isothermal surfaces, TH was the tem-
perature of the hot meter bar, and TC is the temperature of the
cold meter bar. Contact resistance (Rc) is the intercept of the line,
which was derived from fitting the measured θ at different BLTs.

The θ at the interface after inserting TIMs between the met-
al blocks has two components: the bulk resistance (Rbulk) aris-
ing from thermal conductivity,  and contact resistance, Rc be-
tween  the  TIMs  and  the  blocks  as  shown  in Fig.  1(a). θ was
given by:

θ = Rbulk + Rc1 + Rc2 (2)

The  effective  thermal  conductivity  (λeff)  including  contact
resistance was calculated by the following equation:

λeff =
BLT
θ

(3)

Finite  element  analysis  was  used  to  investigate  the  heat
dissipation  process  of  the  CPU  cooling  system,  as  shown  in
Fig.  1(b).  The  internal  heat  generation  of  the  CPU  was  2
W·cm−3, and the convection coefficient of the aluminum heat
sink  was  0.005  W·cm−2·°C−1).  The  initial  temperature  of  the
CPU  system  was  25  °C,  and  the  process  of  its  temperature
change was simulated by transient simulation.

RESULTS AND DISCUSSION

Morphologies of the Composites
The dispersion and orientation of  h-BN in composites  with dif-
ferent h-BN contents were observed by SEM, as shown in Fig. 2.
There is no obvious agglomeration even when h-BN is filled up
to 180 phr, due to multiple-addition of the h-BN. h-BN with low
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loadings exhibits random distribution in the SR matrix (Fig. 2a),
and few contacts between h-BN flakes provide limited thermal-
ly  conductive  networks.  As  shown  in Figs.  2(b)  and  2(c),  h-BN
flakes are gradually aligned along the in-plane direction with in-
creasing the h-BN content. This indicates that the thermally con-
ductive  networks,  which  benefits  heat  flow  dissipation  along
the in-plane direction, are gradually formed.[40−42] It can be seen
that  the h-BN flakes are densely  stacked and a more complete
thermally  conductive  network  is  constructed  when  the  h-BN
loading reaches 120 phr.

The  microstructure  properties  of  the  composites  could  be
further  analyzed  by  rheological  testing. Fig.  3 demonstrates
the complex viscosity, storage modulus and loss modulus ver-
sus  the  frequency  of  the  composites  at  a  strain  value  of  1%.
The  complex  viscosity  of  the  composites  decreases  signifi-
cantly  with  increasing  the  frequency,  exhibiting  non-
Newtonian  behavior.  As  shown  in Fig.  3(a),  the  complex  vis-
cosity of the composites in the low-frequency region is much

higher than that of pure SR, when the introduction of h-BN is
above 120 phr. It is ascribed that the friction between dense-
ly stacked h-BN flakes leads to huge energy dissipation. As for
the storage modulus, a plateau forms in the low-frequency re-
gion when the h-BN content is greater than 120 phr, which is
attributed to the thermally conductive network formed by h-
BN  hinders  the  continuous  flow  of  SR  molecular  chains.[10]

When the content of h-BN increased, the loss modulus of the
composites increases while the slopes of curves decrease, in-
dicating  that  the  flow  capacity  of  the  composite  is  reduced
(Fig.  3c).  Although  the  high  content  of  h-BN  facilitates  the
construction of  thermally  conductive networks,  the dramatic
increase in the viscosity may limit the processing of the com-
posites.[43]

Different  top  and  side  XRD  diffraction  patterns  could  be
used  to  reveal  the  orientation  of  the  h-BN.  As  shown  in Fig.
4(a),  three  characteristic  diffraction  peaks  near  26.8°,  41.6°
and 55° correspond to (002),  (100) and (004) crystallographic
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Fig. 1    (a) Schematics of the ASTM D 5470 test; (b) Demonstration of dissipation heat system of simulation with a CPU, TIM, and aluminum heat sink.
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Fig. 2    Cross-sectional SEM images of the composites with different h-BN loadings (red bars mean the orientation direction of h-BN).
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planes  of  h-BN,  respectively.[14,44,45] The  diffraction  of  the
(002) plane is parallel to the hexagonal plane of h-BN, i.e., the
peak intensity  of  (002)  represents the horizontally  aligned h-
BN.  If  the  h-BN  alignment  is  along  the  in-plane  direction,  it
will  lead  to  an  increase  in  the  intensity  of  (002)  and  a  de-
crease in the intensity of (100).  Hence the larger intensity ra-
tio  of I(002)/I(100) signifies  better  in-plane  orientation  of  h-BN
flakes. Fig. 4(b) shows that an increase in the loading of the h-
BN causes a higher ratio of I(002)/I(100), and the intensity ratio of
SR180 is 10 times more than that of pure SR, indicating that a

high loading level can benefit the in-plane orientation, which
is consistent with SEM results.

Mechanical Properties of the Composites
The typical stress-strain curves of the SR composites with differ-
ent h-BN contents are shown in Fig. 5(a). The tensile strength of
pure SR is only 0.43 MPa, and the addition of h-BN increases the
tensile  strength  of  the  composites  (Fig.  5b).  SR30  has  a  signifi-
cantly superior elongation at break, since the stresses acting on
the  SR  molecular  chains  are  uniformly  transferred  by  the  h-BN
flakes. When the h-BN content is further increased, the decrease
in the crosslink point density of the SR matrix and the inevitable
stress  concentration due to interfacial  defects,  leading to a  de-
crease  in  the  elongation  at  break  of  the  composites.[46] Fortu-
nately,  the  elongation  at  break  of  the  SR  composite  reaches
34.8% even with the incorporation of 180 phr h-BN due to the
slippage  of  the  orientated  h-BN  in  the  tensile  (in-plane)  direc-
tion.

For  TIMs,  the  conformity  refers  to  the  replacement  of  air-
filled microscopic voids by deformation at assembly pressure
to  reduce  thermal  interfacial  resistance.  All  the  composites
exhibit  compression  elasticity  deformation  measured  by  a
DMA instrument with a pressure of 15 N, as shown in Fig. 5(c).
As the h-BN content increases from 0 phr to 180 phr, the com-
pressive  strain  of  the  composites  shows  a  non-linear  de-
crease from 20.02% to 2.69%. This is attributed to the motion
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Fig.  3    Rheological  properties  of  the  composites:  (a)  complex
viscosity, (b) storage modulus, (c) loss modulus.
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Fig.  4    (a)  XRD  patterns  of  the  composites  along  the  in-plane
direction;  (b)  The  intensity  ratio  of I(002) to I(100) with  various  h-BN
contents.

  Ji, Y. et al. / Chinese J. Polym. Sci. 2024, 42, 352–363 355

 
https://doi.org/10.1007/s10118-023-3023-2

 

https://doi.org/10.1007/s10118-023-3023-2
https://doi.org/10.1007/s10118-023-3023-2
https://doi.org/10.1007/s10118-023-3023-2
https://doi.org/10.1007/s10118-023-3023-2
https://doi.org/10.1007/s10118-023-3023-2
https://doi.org/10.1007/s10118-023-3023-2
https://doi.org/10.1007/s10118-023-3023-2


of SR molecular chains in the compression direction is limited
by the dense stacking and in-plane orientation of h-BN.[47]

Table 1 shows the elastic modulus and deformation ratio of
the composites with different h-BN contents (deformation ra-
tio  can  be  calculated  by  (T0 − T)/T0,  where T0 is  the  virgin
thickness  of  the  specimen  before  compression,  and T is  the
thickness of  the specimen after  compression).  It  can be seen
that the strain of all  composites cannot be fully recovered to
0%  after  compression,  resulting  in  permanent  deformation.
The composites present a much higher deformation ratio and
show extremely poor elastic recover, with the increase of the
h-BN content. The compression results show that the flexibili-
ty and elasticity of the SR composites are decreased distinctly,
although the thermal conductivity increased with an increase
of  the  h-BN  content.  Furthermore,  the  hardness  of  the  com-
posites with different h-BN content are shown in Fig. 5(d). The
hardness of the composites increases rapidly from 19 shore A
to  67.7  shore  A  with  increasing  the  h-BN  content,  which
means  that  the  deformability  of  the  composites  is  reduced.
Consequently,  high  loading  of  the  h-BN  will  hinder  the  con-
formity of the SR composites.

Thermal Transfer Performance of the Composites
The in-plane and through-plane thermal conductivity of the SR
composites with different h-BN loadings were characterized. As
shown  in Fig.  6(a),  the  value  of  in-plane  thermal  conductivity
(λIn-plane) rapidly increases from 0.20 W·m−1·K−1 to 7.04 W·m−1·K−1

as the content of h-BN increases from 0 phr to 180 phr, while the
value  of  through-plane  thermal  conductivity  (λThrough-plane)  only
increases to 1.01 W·m−1·K−1. It is ascribed that the thermally con-
ductive  networks  constructed  by  the  dense  stacking  and  in-
plane orientation of h-BN with increasing its content can trans-
fer heat efficiently in the in-plane direction.[11,12,45]

To  further  elucidate  the  effect  of  orientation  structure  on
the thermal conductivity of the composites, the anisotropy in-
dex (AI) is defined as:

AI =
λIn-plane

λThrough-plane
× 100% (4)

where λIn-plane and λThrough-plane correspond  to  the  thermal  con-
ductivity of the in-plane and through-plane, respectively. In Fig.
6(b), the AI increases almost linearly to over 700% with increas-
ing  the  h-BN  content,  which  means  that λIn-plane increases  re-
markably faster than λThrough-plane.

Fig.  6(c)  illustrates  the  variation  of  the  heat  conduction
mechanism of the composites with different loading levels of
h-BN. The enhancement in the λ of the composites can be as-
cribed  that  the  spatial  confinement  under  hot-pressing  re-
sults in the dense stacking and in-plane orientation of the h-
BN. With the increase of the h-BN content,  the degree of the
orientation increases  and thermally  conductive networks  are
gradually  formed.  This  will  not  only  reduce  contact  thermal
resistance  between  the  h-BN  flakes  greatly  but  also  induce
the  transfer  of  heat  flow  along  the  in-plane  direction.[6,48]
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Fig.  5    Mechanical  properties  of  SR  composites:  (a)  tensile  stress-strain  curves,  (b)  elongation  at  break  and  tensile  strength,  (c)  compressive
stress-strain curves, and (d) hardness with different h-BN contents.
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However,  the  heat  flow  cannot  be  transferred  efficiently  in
the vertical direction because of the low thermal conductivity
of h-BN in the transverse direction, even with the dense stack-
ing of  h-BN.[49] Therefore,  the enhancement of λIn-plane is  par-
ticularly  significant  with the increase of  the h-BN content,  as
shown in Fig. 6(a).

Generally,  the  TIMs  are  used  to  reduce  thermal  interfacial
resistance between the processor and the heat sink, thus the
thermal  impedance  can  more  accurately  reflect  the  thermal
transfer performance of SR composites as TIMs.[3] As shown in
Fig. 1(a), the thermal impedance of the composites was mea-
sured  with  a  TIM  testing  system  based  on  the  ASTM  D  5470
standard. Fig.  7(a)  shows  that  the  thermal  impedance  de-
creases  dramatically  when the filler  content  is  within 90 phr,
and then flattens out. The BLT is determined by the distance
between  the  two  copper  blocks,  where  the  composites  are
placed at a certain assembly pressure. The results are illustrat-
ed  in Fig.  7(b)  that  BLT  increases  with  increasing  the  h-BN
content.  The  contact  resistance  is  the  intercept  of  the  line,
which  is  derived  from  fitting  the  measured  thermal
impedance  at  different  BLTs.  It  is  found  that  the  thermal
impedance  increases  significantly  as  the  thickness  gradually

decreases (Fig. 7c). It can be seen in Fig. 7(d) that the contact
resistance of the composites at an assembly pressure of 0.69
MPa  decreases  first  and  then  increases  with  the  increase  of
the h-BN content.  The SR90 shows the  minimum contact  re-
sistance with a value of 0.39 K·cm2·W−1.

In  addition,  the  thermal  impedance  of  the  composites
should  be  influenced  by  the  assembly  pressure,  since  it  de-
pends  not  only  on  the  thermal  conductivity  but  also  on  the
mechanical  response  of  the  composites  to  pressure.[50] Fig.
7(e)  shows a  decrease in  the thermal  impedance of  different
composites at pressures from 0.069 MPa to 1.38 MPa. Howev-
er,  the λeff of  all  the  composites  increases  first  and  then  de-
creases with the increase of the assembly pressure, as demon-
strated in Fig. 7(f). The obvious increase in λeff is attributed to
removal  from the interfacial  air-filled  voids.  However,  the  re-
duction  can  be  ascribed  to  the  warpage  of  the  contact  sur-
faces  under  excessive  assembly  pressure,  resulting  in  an  in-
crease in the contact resistance. Therefore, there exists an op-
timal pressure, since the λeff will  decrease despite the further
decrease of the thermal impedance.

To simulate the performance of the SR composite as TIMs,
finite element analysis was used to investigate the heat dissi-

 

Table 1    The compressive strain, elastic modulus, and deformation ratio of the SR composites with different h-BN contents.
 

Sample Strain at 15 N (%) Elastic modulus (MPa) Deformation ratio (%)

SR 20.02 0.90 5.9
SR30 11.61 1.52 13.9
SR60 7.92 2.20 17.2
SR90 5.37 3.26 19.7

SR120 3.88 4.17 22.4
SR150 3.47 4.55 33.4
SR180 2.69 5.57 44.3
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Fig.  6    (a)  Thermal  conductivity  and  (b)  anisotropic  index  of  the  composites  with  different  content  of  h-BN;  (c)  Diagram  of  heat  conduction
mechanism of the composites.
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pation  process  of  the  cooling  system,  which  consisted  of  a
CPU and an aluminum heat sink, as shown in Fig. 1(b). Table 2
shows the relevant parameters of the composites used in the
simulation.  The  temperature  evolution  on  the  data  line  (the
yellow line in Fig. 2b) at the center of the model was record-
ed,  and the maximum temperature of  CPU was recorded ev-
ery 4 s.

Fig.  8(a)  shows  the  heat  transfer  process  of  different  CPU
systems. Because of pure SR has very low thermal conductivi-
ty and high contact resistance, the heat transfer from the CPU
is  quite slow.  The heat  transfer  is  significantly  enhanced due

to  the  increase  in  the  thermal  conductivity  and  decrease  in
the  contact  resistance  with  the  addition  of  h-BN  content.
However,  the increase in  BLT and contact  resistance as  h-BN
content further increases,  leading to difficulties in improving
heat  transfer  effectively.  Concretely,  the  CPU  temperature  in
the case of pure SR as TIMs rises to about 93.4 °C within 300 s
and  then  gradually  rises  to  96.8  °C  within  600  s  (Fig.  8b).
When the content of h-BN reaches 90 phr, the maximum tem-
perature of CPU drops sharply to 65.7 °C. However, the maxi-
mum temperature of CPU only decreases by about 3 °C when
the  h-BN  content  further  increases  from  90  phr  to  180  phr,
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Fig.  7    (a)  The  thermal  impedance  and  (b)  BLT  of  the  composites  with  different  contents  of  h-BN  at  assembly  pressure  of  0.69  MPa;  (c)The
thermal  impedance of  the composites  with varying thickness  at  assembly pressure of  0.69 MPa;  (d)  The contact  resistance of  composites  with
different contents of h-BN; (e) The thermal impedance and (f) λeff versus pressure for different composites.
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which  is  consistent  with  the  thermal  impedance  results  (Fig.
7d).  In  addition,  the  temperature  gradient  from  the  CPU  to
the heat sink decreases with increasing the content of the h-
BN as shown in Fig. 8(c). These results indicate that high ther-
mal conductivity in the TIMs does not mean efficient heat dis-
sipation since the contact resistance and BLT are also compo-
nents of the thermal impedance.

Discussion on the Thermal Impedance of the
Composites
To  obtain  an  in-depth  understanding  of  the  effect  of  h-BN  on
the thermal impedance of SR composites, the surface morphol-
ogy of the composites was characterized by SEM and 3D profil-
er. SR composites exhibit a relatively smooth and dense surface
at low h-BN content,  shown in Fig.  9(a).  Small  defects begin to
appear and the h-BN is exposed on the surface of the compos-
ites with the increase of h-BN, leading to the reduced filling ca-
pacity of air gaps. When the composites are placed between the
processor and the heat sink, it is likely to lead to an increase in
contact resistance due to the restricted actual contact area.  3D

contour  images  (Fig.  10)  demonstrate  that  the  surface  rough-
ness  averages  (Sa)  of  the composites  increases  with  increasing
h-BN content. Based on the SEM and 3D contour images, it can
be known that the introduction of h-BN has led to a deteriora-
tion in conformity of the composites.

The  thermal  impedance  of  TIMs  is  given  by  Eq.  (2),  which
depends on λ,  contact resistance and BLT. As shown in Table
1,  pure  SR  has  a  quite  low  elastic  modulus  (about  0.90  MPa)
and  is  highly  susceptible  to  the  deformation  under  the  as-
sembly  pressure.  The  excessive  compression  deformation  of
the  pure  SR  at  0.69  MPa  warps  the  contact  surfaces  and  re-
duces the actual contact area, resulting in high contact resis-
tance (Fig. 11a). The elastic modulus increases and the ability
to withstand deformation improves with increasing the h-BN
content, which is manifested by a gradual increase in the BLT.
Simultaneously,  the conformity of  the composites decreased
with increasing the h-BN content. SR90 shows sufficient con-
formity  due  to  its  appropriate  elastic  modulus  and  relatively
low Sa at the assembly pressure of 0.69 MPa, resulting in the

 

Table 2    Parameters used in the simulation.
 

Sample
BLT

(mm)

Contact resistance

(K·cm2·W−1)

Specific heat

(J·g−1·°C−1)

Density

(g/cm3)

Thermal conductivity
(W·m−1·K−1)

Through-plane In-plane

SR 1.28 12.89 1.034 0.97 0.20 0.20
SR60 1.54 3.52 0.987 1.24 0.49 1.81
SR90 1.62 0.39 0.980 1.33 0.65 2.89

SR120 1.71 1.03 0.891 1.41 0.75 4.09
SR180 1.95 1.43 0.885 1.54 1.01 7.04
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Fig.  8    (a)  Heat  transfer  process  of  different  CPU  systems  by  finite  element  analysis  (b)  The  maximum  temperature  of  CPU  versus  time;
(c) Variation of CPU system temperature along the data line.
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lowest contact thermal resistance (Fig.  11b).  However,  as the
h-BN content further increases, the high elastic modulus and
Sa of  the composites  prevents  it  from replacing the air-filled
voids and instead leads to a deterioration of the contact resis-
tance (Fig. 11c). Furthermore, the through-plane thermal con-
ductivity  increases  slowly  with the increase of  the h-BN con-
tent,  due  to  the  dense  stacking  and  in-plane  orientation  of
the  h-BN.  Taking λ,  contact  resistance  and  BLT  into  account,
the  decrease  in  thermal  impedance  of  the  SR  composites  is
non-linear,  as  shown  in Fig.  7(a).  Consequently,  the  perfor-
mance of  the  SR  composites  as  TIMs can be evaluated more
precisely by the thermal impedance.

In  addition  to  the  characteristics  of  the  SR  composites  as

TIMs, the assembly pressure is also a key factor to be consid-
ered. TIMs need close contact at the interfaces to fill voids and
reduce contact resistance. The λeff, which is obtained from the
ratio  of  BLT  to θ,  represents  the  overall  effectiveness  of  the
TIMs.  As  shown  in Fig.  7(f),  the λeff of  the  composites  always
rises first and then falls with increasing the assembly pressure.
Such tendency mainly derives from the mechanical response
to  the  assembly  pressure.  In  the  beginning,  the  increase  of
the  pressure  not  only  promotes  the  interfacial  heat  transfer
but also decreases the BLT, resulting in a significant enhance-
ment  of λeff.  However,  the  warpage  of  the  contact  surfaces
leads to the increase in the contact resistance,  which is  simi-
lar to the fact that pure SR has an extremely high contact re-
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Fig. 9    SEM images of the composites surface: (a) SR60, (b) SR90, (c) SR120, (d) SR180.
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Fig. 10    3D contour images of the composites: (a) SR60, (b) SR90, (c) SR120, (d) SR180.

360 Ji, Y. et al. / Chinese J. Polym. Sci. 2024, 42, 352–363  

 
https://doi.org/10.1007/s10118-023-3023-2

 

https://doi.org/10.1007/s10118-023-3023-2
https://doi.org/10.1007/s10118-023-3023-2
https://doi.org/10.1007/s10118-023-3023-2
https://doi.org/10.1007/s10118-023-3023-2
https://doi.org/10.1007/s10118-023-3023-2
https://doi.org/10.1007/s10118-023-3023-2
https://doi.org/10.1007/s10118-023-3023-2


sistance at a pressure of 0.69 MPa. Therefore, it is necessary to
adjust  the  assembly  pressure  according  to  the  compression
properties of the TIMs, to achieve the highest λeff.  Simultane-
ously,  controlling  BLT  at  a  lower  level  is  favorable  to  further
improve the overall effectiveness of the TIMs according to Fig.
1(a).

CONCLUSIONS

In  summary,  the  thermal  conductivity,  mechanical  properties
and thermal impedance of SR composites loaded with different
levels  of  h-BN  as  TIMs  were  deeply  investigated.  The  dense
stacking  and  in-plane  orientation  of  h-BN  was  confirmed  by
SEM, XRD and rheological analysis, resulting in a significant en-
hancement in in-plane thermal conductivity with increasing the
h-BN  content.  The  ASTM  D  5470  standard  test  and  finite  ele-
ment simulation results revealed that the thermal impedance of
SR composites as TIMs was not only dependent on the thermal
conductivity  but  also  the  contact  resistance  and  BLT.  Mean-
while,  the  contact  resistance  was  influenced  by  the  h-BN  con-
tent.  When  the  loading  of  h-BN  was  90  phr,  the  contact  resis-
tance reached a minimum value of 0.39 K·cm2·W−1 at an assem-
bly  pressure  of  0.69  MPa.  Besides,  the  BLT  decreased  with  in-
creasing  the  assembly  pressure,  which  should  be  adjusted  to
avoid  the  warpage  of  the  contact  surfaces  and  the  increase  in
contact  resistance  according  to  the  compression  properties  of
SR composites. The understanding of the thermal impedance of
SR composites as TIMs is versatile and can be readily extended
to evaluate other polymer-based TIMs, which provides a signifi-
cant guide to the design of high-performance TIMs.
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Fig. 11    Schematic representation of contact between heat sink and heat-generating device: (a) warpage of the contact surfaces, (b) adequate
contact, (c) deficient contact.
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