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Abstract Effective thermal transport across solid-solid interfaces which is essential in thermal interface materials (TIMs), necessitates both opti-
mal thixotropy and high thermal conductivity. The role of filler surface modification, a fundamental aspect of TIM fabrication, in the influence of
these properties is not fully understood. This study employs the use of a silane coupling agent (SCA) to modify alumina, integrating experimental
approaches with molecular dynamics simulations, to elucidate the interface effects on thixotropy and thermal conductivity in polydimethylsilox-
ane (PDMS)-based TIMs. Our findings reveal that the variations of SCAs modify both interface binding energy and transition layer thickness. The
interface binding energy restricts macromolecular segmental relaxation near the interface, hindering desirable thixotropy and bond line thick-
ness. On the contrary, the thickness of the transition layer at the interface positively influences thermal conductivity, facilitating the transport of
phonons between the polymer and filler. Consequently, selecting an optimal SCA allows a balance between traditionally conflicting goals of high
thermal conductivity and minimal bond line thickness, achieving an impressively low interface thermal resistance of just 2.45-4.29 K-mm?2W~" at
275.8 kPa.
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INTRODUCTION

The relentless pursuit of higher power and miniaturization in
microelectronic devices brings forth novel challenges in ther-
mal management."? Thermal interface materials (TIMs) have
emerged as crucial components in enhancing inter-plane heat
transfer by facilitating the connection between heat sources
and heat sinks.?~ The effectiveness of TIMs is commonly evalu-
ated by their effective thermal resistance (R.), expressed as:

Regs = Ry + BLT/k + R, m
where BLT represents the bond line thickness, k is the thermal
conductivity, and R, and R, denote the contact thermal resis-
tance between the TIM and adjoining surfaces (Fig. 1a). Improv-
ing thixotropic behavior in TIMs typically results in reduced BLT
and lower R. under constant pressure.”~°! However, in specific
composite material systems, thermal conductivity heavily relies
on filler characteristics, such as shape, orientation, and volume
fraction, often compromising thixotropic performance.'%-"3!
Thus, harmonizing the trade-off relationship between
thixotropic behavior and thermal conductivity is crucial for min-

* Corresponding author, E-mail: kaiwu@scu.edu.cn

Special Issue: Functional Polymer Materials

Received December 30, 2023; Accepted February 19, 2024; Published
online March 18, 2024

© Chinese Chemical Society
Institute of Chemistry, Chinese Academy of Sciences

imizing Ry

Previous studies highlight the role of filler surface modifica-
tion in tuning TIM properties. This approach is promising for
regulating thixotropy and thermal conductivity (Fig. 1b).l'4-23!
On the one hand, interactions between filler and polymer
modify adjacent macromolecular chain behavior, altering rhe-
ological and thixotropic characteristics. For instance, Ma et al.
demonstrated that aluminum surface properties significantly
influence TIM rheology based on the entanglement hypothe-
sis.24] The optimal length of the silane coupling agent (SCA)
chains on aluminum fillers effectively entangles with the ma-
trix, reducing viscosity. In contrast, insufficient or self-entan-
glement of SCAs deteriorates rheology. Similarly, Xie et al.
showed improved thixotropy in polymer-based TIMs through
strategic filler surface modifications, attributing improve-
ments to the reduced cohesive energy of liquid metal
droplets, thereby facilitating adjacent macromolecular chain
relaxation.25261 On the other hand, optimizing interfacial per-
formance is key to enhancing compatibility and reducing in-
terfacial thermal resistance. Enhanced interfacial interactions
diminish  phonon  scattering, crucial in  thermal
conductivity.27-351 Notably, Yan et al. incorporated covalently
bonded graphene nanosheets to reduce interfacial thermal
resistance, with the continuous graphene structure mitigat-
ing phonon scattering.l3%! Cheng et al. boosted interface heat
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lllustration of thermal interface materials heat transfer and interfacial role. (a) Macroscopic heat transfer schematic showcasing the

composition of thermal resistance at the interface; (b) Diagram depicting the influence of the filler-polymer interface on BLT and thermal

conductivity in TIMs.

transfer in polyurethane-thioctic acid/aluminum composites
by creating high adhesion energy interfaces for improved
phonon spectrum matching.3”! Achieving low R.s necessi-
tates careful regulation of both thixotropy and thermal con-
ductivity by controlling the filler-polymer interface, an area
still ripe for exploration.

This work focuses on the modification of aluminum oxide
(Al,03) with varied SCAs to investigate the impact on TIMs'
thermal conductivity and thixotropy. We observed that the
interface binding energy predominantly governs the relax-
ation of polymer segments at the interface. Excessive binding
energy hinders relaxation and influences the ideal interfacial
behavior of BLT. Conversely, the interface transition layer di-
minishes phonon scattering, positively correlating with ther-
mal conductivity. Using dodecyltrimethoxysilane (DTMS) to
functionalize Al,O5 surfaces, we achieved an optimal balance:
the weak binding between the alkyl group and polydimethyl-
siloxane (PDMS) promised thixotropy, while a specific chain
length ensured sufficient interface layer thickness without
self-entanglement. We successfully reduced the Rq; of the
PDMS-based TIM to as low as 2.45-4.29 Kmm2W-" at 275.8
kPa through nuanced filler surface modification.

EXPERIMENTAL

Materials

Aluminum oxide (Al,O; average diameter of 3 um) was sourced
from SUMITOMO CHEMICAL Co., Ltd. Zinc oxide (ZnO, average
diameter of 400 nm) was purchased from Kangshuo. SCAs with

various functional groups and chain lengths, all of over 98% pu-
rity, were supplied by Aladdin Reagent Co., Ltd. The particle size
distribution of Al,O; and molecular structures of SCAs are pre-
sented in Fig. S1 and Fig. S2 (in the electronic supplementary in-
formation, ESI), respectively. PDMS was obtained from Chengdu
Taly Technology Co., Ltd.

Surface Functionalization of Al,O;

For silane modification, 30 g of Al,O; powder was dispersed in
150 mL of absolute ethanol and stirred at room temperature for
1 h. Different SCAs and 15 mL of water were then added to this
suspension. After 8 h of refluxing at 80 °C with continuous stir-
ring, the mixture was centrifuged at 1x10* r/min for 10 minutes.
The resultant precipitate was washed twice with deionized wa-
ter and ethanol to remove unreacted silane. The modified Al,O;
was dried for 12 h at 100 °C in a vacuum. The optimal SCA
dosage was identified as 0.6 wt% relative to the Al,O; filler. De-
tailed reaction processes and optimal SCA content determina-
tion are depicted in Figs. S3 and S4 (in ESI).

Preparation of PDMS-based TIMs

The filler (Al,O; or a mix of Al,O; and ZnO) and PDMS were
blended in a 6:4 volumetric ratio using an electric blender
(HD2010W, SILE, China) at 500 rpm for 2 minutes. After 30 s of
degassing, the paste-like PDMS/AL,O; TIM was obtained. For
comparison, PDMS/AI,0; TIMs modified with SCAs of different
functional groups and chain lengths are labeled as 1 to 12 and
Cn (n=0, 3,6, 10, 12, 16), respectively.

Molecular Dynamics Simulation
Simulations were conducted using Materials Studio 2020 (Ac-
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celrys Inc, San Diego, CA). The COMPASS force field was used for
molecular dynamics simulation and energy optimization. Tem-
perature was controlled using the Nosé-Hoover method, with
the Ewald method for electrostatics, atom-based van der Waals
forces, and the Berendsen method for pressure control. The
modeled systems (Fig. S5 in ESI), initially in a high energy and
unstable state, were geometrically optimized using the Forcite
module. A cyclic annealing process ranging from 300 K to 900 K
was followed by NVT ensemble molecular dynamics simula-
tions.38!

Models of PDMS

A repetitive unit model comprising 10 monomeric PDMS chains
was established first. An amorphous model containing 5 PDMS
single chains was then constructed using the Amorphous Cell
module, ensuring alignment of the periodic box parameters a
and b (a=28.554 A, b=25.982 A) with the Al,O; model.

Models of Al,O3

Al,O3 models were constructed by cleaving the (1 0 0) crystal
plane, followed by surface relaxation in the COMPASS force
field. The unsaturated Al,O; surface was hydroxylated, allowing
hydroxyl groups to bond with unsaturated Al atoms, and hydro-
gen with unsaturated O atoms. The model was expanded along
U and V directions, with SCAs attached to the surface.

Interface models of Al,O3-PDMS

The PDMS model was integrated onto the Al,O5 surface using
the Build module, adding a 50 A vacuum layer above the PDMS
model to permit interaction solely from one side of the PDMS
molecules with the Al,O; surface. The Al,O; surface was fixed,
and NVT ensemble molecular dynamics simulations were per-
formed at 300 K with a time step of 0.1 fs and a duration of 200
ps. This setup enabled determination of the binding energy at
the interface, as well as density distribution and overlap param-
eters.

Characterization

Fourier transform infrared spectra (FTIR) of the Al,O; fillers were
acquired using a Thermo FTIR (Nicolet iN1TOMX, Thermo Fisher
Scientific Co. Ltd., China) over the range of 4000-400 cm™". Uti-
lizing a thermogravimetric analyzer (TGA, METTLER TOLEDO,
Switzerland) to measure the thermal weight loss of Al,O; under
argon atmosphere from 40 °C to 800 °C at 10 °C/min. The dis-
persion state of Al,O5; within PDMS can be directly observed in
the cured state through SEM (Inspect F, FEI Company, USA)
analysis of cross-sectional views. The rheological measurements
were completed on a Discovery Hybrid Rheometer (DHR-1, TA,
USA) to obtain the viscosity, as well as the storage modulus (G')
and loss modulus (G"). The contact angle was recorded within 2
s after liquid dripped. Contact angle measurements were per-
formed on pressed Al,O; samples using an automatic contact
angle meter OCA 20 Micro. Deionized water (H,0) and di-
iodomethane (CH,l,) as the test liquids. The thermal properties
(thermal conductivity and thermal resistance) were measured
using a LW-9389 TIM resistance and conductivity measurement
apparatus (Long Win Science and Technology, Taiwan, China)
according to the American Society for Testing and Materials
(ASTM) D-5470 standard. Small angle X-ray Scattering (SAXS)
was conducted at the Shanghai Synchrotron Radiation Facility.
Following FIT 2D processing, values for scattered intensity and
scattering vector were obtained. A thermal infrared camera

(FLIR-T620) was employed to observe the actual heat dissipa-
tion behavior of the TIM on the CPU.

RESULTS AND DISCUSSION

Surface Functionalization and Dispersion of Al,0;
Particles

Fig. 2(a) illustrates the schematic diagram depicting the reac-
tion mechanism of SCA grafting onto the surface of Al,0s. The
initial step involves the hydroxylation process of the SCA. Fol-
lowing that, the surface functionalization of Al,O; occurs
through the reaction between the hydrolyzed silane and the hy-
droxyl groups on the surface of Al,Os. Fig. 2(b) shows the FTIR
spectra of Al,O; after Propyltrimethoxysilane (PTMS) modifica-
tion. Compared to the unmodified Al,O5, the band appearing at
1190 cm™ belongs to the unhydrolyzed Si—O—CH; and 1080
cm™! for Si-O stretching vibrations. The absorption bands at
2850 and 2920 cm™" are related to the —CH; tensile vibration in
silane. The FTIR spectra of Al,O; modified with other SCAs are
presented in Fig. S6 (in ESI). The successful attachment of the
SCA to the particle surface can be confirmed by observing char-
acteristic absorption peaks. The grafting amount of silane can
be assessed through TGA. Fig. 2(c) presents the weight loss
curves of the particles from 0 °C to 800 °C before and after mod-
ification. The first stage of weight loss occurs around 100 °C,
which primarily attributed to the evaporation of water. When
the temperature exceeds 300 °C, the appearance of the second
stage of weight loss is due to the degradation of the coupling
agent. For functionalized Al,O;, the weight loss between 300
and 600 °C is approximately 0.6%, indicating that the grafting
content of the SCA on the surface of Al,O3 is controlled to be
around 0.6%.

The dispersion of fillers in the matrix directly influences the
performance of TIMs. Fillers with smaller particle sizes tend to
self-agglomerate due to their larger surface energy, thereby
reducing overall energy. Fig. 2(d) illustrates the improved dis-
persion of the modified Al,O; in PDMS, whereas untreated
Al,O; exhibits poor dispersion, making it challenging to
achieve effective encapsulation (Fig. S7 in ESI). This phe-
nomenon arises due to the surface characteristics of the filler,
influencing the interaction between the filler and the matrix,
thereby affecting its dispersion within the matrix. Fig. 2(e) in-
dicates that the surface energy of Al,O; with silane modifica-
tion has decreased to varying degrees compared to untreat-
ed Al,Os. To further quantify the dispersion of fillers, the rela-
tive adhesion work (AW,), representing the potential energy
change from the formation of filler/filler and polymer/poly-
mer interfaces at two filler/polymer interfaces, is used to char-
acterize the magnitude of the driving force for filler reaggre-
gation (Eq. S1 in ESI). A larger potential energy difference sig-
nifies that fillers are more prone to reaggregation. In Fig. 2(e),
it can be observed that untreated aluminum oxide has the
highest AW, (24.88 mJ/m?), indicating severe reaggregation
in PDMS, which is consistent with the SEM images in Fig. S7
(in ESI). Additionally, SCA modification significantly reduces
the AW, value of Al,O; (lowest at 9.72 mJ/m?), concurrently
improving its compatibility with PDMS. The polar and disper-
sion components, as well as AW, values, for Al,0; modified
with different SCAs, can be found in Table S1 (in ESI).
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groups.

Thixotropy of TIM

When the impact of contact thermal resistance is minimal, the
reduction in BLT plays a dominant role in lowering the R (Fig.
S8 in ESI). At a certain pressure, BLT represents the thixotropy of
TIM under compression, primarily associated with the move-
ment of internal particles and polymer molecular chains within
the material. As shown in Fig. 3(a), there is a change in BLT from
high to low when the material is compressed. When BLT is large,
the fillers are uniformly dispersed with larger spacing and the
primary factor restricting material movement is the binding
force between fillers and polymer molecular chains. As BLT con-
tinues to decrease, the increased contact between fillers leads to
intensified friction, and further material movement requires
overcoming the support force and friction between fillers. In Fig.
3(b), the rheological relaxation spectrum H(1) of the Al,O3/PDMS
TIM is calculated by fitting the values of the storage modulus
(G") and loss modulus (G") measured experimentally in Fig. S9 (in
ESI), according to the following formula:2°!

2.2

. wT

G = [_mH(T) T wzrzdln(r) (2)
"o_ wT

G = —ooH(T) Tr o2 wzrzdln(r) (3)

where T represents the relaxation time, and H(t) corresponds to

the energy dissipation incurred under dynamic loading and un-
loading at a given frequency. All H(1) spectra exhibit a three-
peak distribution, indicating the presence of three distinct ener-
gy dissipation modes within the PDMS/AL,O5 TIM. From left to
right, these three relaxation peaks respectively represent the re-
laxation behavior of free polymer chains, the constrained chains
at the filler-polymer interface and the fillers. We can observe
that as BLT decreases, the area of the rightmost peak continu-
ously diminishes and the relaxation time significantly increases.
This indicates that the relaxation of the filler is hindered by the
reduction in BLT. When the BLT approaches the size of the filler
particles, friction between the fillers becomes nearly the sole
factor hindering further compression of the TIM.”? However, the
BLT in the current PDMS/AI,O3 TIM system is within a relatively
large range. The area and position of the left and middle relax-
ation peaks show no significant changes, suggesting that there
is still a considerable amount of relaxation behavior of both free
chains and constrained chains within the TIM.

Fig. 3(c) shows the BLT values for various silicon-functional-
ized PDMS/AI,O3 TIM under a pressure of 275.8 kPa. In com-
parison to the untreated PDMS/Al, O3 with a BLT of 34.9 um,
the silicon-functionalized variants exhibit a significant reduc-
tion. Specifically, the PDMS/APS-AI,O5 (APS refers to amino-
propyltrimethoxysilane) achieves the lowest BLT about 20.56
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Fig. 3 Influence of interfacial binding energy on thixotropy in the PDMS/AI,O5 system. (a) Illustration of the change in constraint type affecting

TIM movement during the compression process; (b) Relaxation spectrum (H(t)) for the PDMS/Al,O; composite TIM across a range of BLTSs; (c)
Comparison of BLTs for TIMs modified with various SCAs; (d) Optical images showcasing the BLTs in PDMS composites subjected to a pressure of
275.8 kPa; (e) Diagram outlining the simulation process for determining interfacial binding energy; (f) Correlation between BLT and interfacial

binding energy.

pm, as depicted in Fig. 3(d). Additional optical images of BLT
can be found in Fig. S10 (in ESI). Observing that the BLT is ap-
proximately ten times the particle size of Al,O5, it is evident
that the binding energy between the filler and the con-
strained chains plays a predominant role in the reduction of
BLT.

As shown in Fig. 3(e), we employed a simulation approach
to obtain the binding energy at the interface between differ-
ently functionalized Al,O; and PDMS. E, represents the
overall energy after the mixture, where Ep;03 and Eppys are
the energies of the remaining portions after removing PDMS
and Al,Os, respectively. The binding energy is equal to the
negative of Ej e The interface binding energy values for
different functionalized PDMS/AI,O3 can be found in Table S2
(in ESI). In Fig. 3(f), a correlation analysis was conducted to de-
termine the relationship between BLT and interface binding

energy. From the graph, it is evident that there is a strong
positive correlation between the BLT of the TIM and the bind-
ing energy at the Al,05-PDMS interface (the Pearson correla-
tion coefficient is 0.869). This indicates that, for a certain size
of BLT (several times to several tens of times the filler size),
the binding of chains at the filler-polymer interface is a cru-
cial factor limiting further reduction in BLT. The simulation re-
sults are consistent with the experimentally obtained inter-
face bonding strength (Fig. S11 in ESI).

Thermal Properties of TIMs

The interface characteristics in polymer composite materials in-
volve the coexistence of rigid inorganic fillers and a soft organic
matrix. The interface generated by differences in hardness and
mass density between two phases induces phonon scattering,
consequently reducing thermal conductivity efficiency. Cou-
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pling agents can establish a close connection between fillers
and polymers, improving the interfacial properties. Various cou-
pling agents primarily alter the thickness of the interface layer to
enhance the size of the phonon transition region, thereby influ-
encing the thermal conductivity. Fig. 4(a) illustrates a schematic
molecular interface between aluminum oxide (Al,0;) and
PDMS. In the diagram, Al,O; is positioned on the left, PDMS on
the right, and the interacting region is labeled as the interface
layer. The thickness of the interface layer can be calculated
through density distribution curves along the binding direction
obtained from simulations for Al,O; and PDMS. Fig. 4(b) quanti-
fies the thermal conductivity of TIMs modified with various
modifiers. The thermal conductivity is increased for all TIMs
compared to untreated one. In Fig. 4(c), a scatter plot is depict-
ed with a linear regression curve, including a 95% confidence in-
terval and a prediction band. The graph highlights a strong pos-
itive correlation (the Pearson correlation coefficient is 0.870) be-
tween interface thickness and thermal conductivity (The inter-
face thickness and thermal conductivity are shown in Table S3 in
ESI). In order to further validate the relationship between inter-
face thickness and thermal conductivity, silicon-based coupling
agents with different chain lengths (designated as C; to Cy¢)
were selected to modify Al,O;. The thickness of the interface
transition layer between the modified Al,0; and PDMS was
measured using the SAXS. In Fig. 4(d), the Porod curves for dif-
ferent chain-length coupling agents can be obtained based on
the relationship between scattering intensity and the scattering
vector (Fig. S12 in ESI) According to the Porod curves, the un-

treated Al,O; (Co) curve shows an endpoint slope approaching
zero, indicating a relatively sharp Al,O;-PDMS interface. As the
chain length increases, the Porod curve exhibits an increased
negative deviation and the absolute value of the endpoint slope
becomes larger. The interface layer thickness can be calculated
using the following formula:

E=\2mo @)
where E represents the interface layer thickness, and o denotes
the absolute value of the endpoint slope of the Porod curve. The
correlation between interface thickness and thermal conductiv-
ity for TIMs modified with coupling agents of different chain
lengths is presented in Fig. 4(e). It is observed that a strong posi-
tive correlation exists, as evidenced by a Pearson correlation co-
efficient of 0.951. This indicates that the thickness of the inter-
face layer between fillers and polymers has a positive impact on
thermal conductivity. Moreover, beyond a certain chain length
of the modifier, further increasing the chain length becomes
challenging to significantly augment the thickness of the inter-
facial layer. This phenomenon may be attributed to the coiling
of the modifying agent molecular chain after reaching a certain
chain length. The aforementioned study can guide the selec-
tion of appropriate modifiers to achieve superior performance
in TIM. The alkyl chain of DTMS exhibits a relatively weak inter-
face binding with PDMS, maintaining a specific chain length to
ensure a higher thermal conductivity while avoiding entangle-
ment issues associated with excessively long modifier chains.*¥
Furthermore, the synergistic effect of fillers with different parti-
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Fig.4 Relationship between interfacial layer thickness and thermal conductivity in PDMS-AI,O3 system. (a) Detailed depiction of the simulation
and calculation methodology for determining interfacial layer thickness; (b) Thermal conductivity (k) values of TIMs modified with various SCAs;
(c) Correlation between k and interfacial layer thickness employing SCAs with varying functional groups; (d) Porod curves representing TIMs
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cle sizes and types can enhance the thermal conductivity of
TIMs.P4 The introduction of rod-shaped ZnO can create addi-
tional thermal pathways when incorporated into the system. In
Fig. 5(), the thermal conductivity of PDMS/AI,03/ZnO and
PDMS/DTMS-AI,05/Zn0O rapidly increases with the augmenta-
tion of mixed filler content. At high fill levels, the thermal con-
ductivity of the latter is approximately 10% higher than that of
the former, attributable to the reinforcement of the interfacial
layer. Simultaneously, it can be observed in Fig. 5(b) that the R
of PDMS/AI,05/Zn0O and PDMS/DTMS-AI,05/Zn0 exhibit a trend
of initially decreasing followed by an increase with the rise in
filler content. At lower filler concentrations, the R decreases
due to the small variation in the BLT accompanying the in-
crease in thermal conductivity. Conversely, at higher fill levels,
the rigidity of the TIM increases, making it difficult to compress
and leading to an increase in thermal resistance. Under differ-
ent pressures, the Ry of PDMS/DTMS-AL,05/Zn0 is consistently

lower than that of PDMS/AI,05/Zn0O, reaching the minimum
thermal resistance value of 2.45 Kmm*W~" at 275.8 kPa in Fig.
5(c). Furthermore, the prepared TIMs continues to exhibit out-
standing insulation performance, with the electrical conductivi-
ty being maintained at low values (Fig. S13 in ESI).

To assess the actual heat dissipation performance, we uti-
lized PDMS/AI,03/ZnO and PDMS/DTMS-AI,05/Zn0O as the
TIM for computer CPU thermal management. AIDA64 soft-
ware was employed to control the CPU under full load condi-
tions, recording real-time temperature changes of the CPU
cores. Additionally, the temperature distribution in the sur-
rounding space of the CPU was visualized using an infrared
thermal imager, as shown in Fig. 5(d). In Fig. 5(e), the CPU
temperature exhibits an almost vertical increase with the ap-
plication of operating power, and the temperature main-
tained the lowest with the filling of PDMS/DTMS-AI,03/Zn0O
TIM. This observation is consistent with the temperature dis-
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tribution around the CPU at different time points (Fig. 5d).
The comparison of BLT and R for PDMS/DTMS- Al,03/ZnO
and various TIMs can be observed in Fig. 5(f). Carbon-based
materials often face challenges in achieving low BLT while
maintaining high thermal conductivity. On the other hand,
metals and their composites, although capable of ensuring
both high thermal conductivity and low BLT, are often limit-
ed in their development due to high costs and electrical con-
ductivity constraints. In contrast, insulating polymer-based
composite materials can exhibit excellent performance. How-
ever, achieving low thermal resistance remains a challenging
problem in both literature-reported and commercial TIMs.

CONCLUSIONS

In this study, we have elucidated the influence of filler-polymer
interface characteristics on the thixotropy and thermal conduc-
tivity of TIMs by functionalizing Al,O; with SCAs of varied func-
tional groups and chain lengths. We discovered that the inter-
face binding energy significantly impacts the mobility of molec-
ular chain segments at the filler-polymer interface. A higher in-
terface binding energy within a certain threshold typically re-
sults in reduced thixotropy, leading to an increased BLT. Con-
currently, we observed that the interface layer thickness posi-
tively affects heat transfer, establishing a direct correlation with
thermal conductivity. The optimized PDMS/DTMS-AI,O5/ZnO
composite material, developed using a specifically chosen chain
length coupling agent, demonstrated both a low interfacial
binding energy and an optimal interface layer thickness. This
composition achieved an exceptionally low interfacial thermal
resistance of 2.45-4.29 Kmm?>W~" at 275.8 kPa. Furthermore, it
maintained superior heat dissipation efficacy in practical appli-
cations. Our findings provide novel insights into the pivotal role
of interfacial properties in TIM performance, paving the way for
the development of low BLT systems with enhanced thermal
management capabilities.
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