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TOPICAL REVIEW — Heat conduction and its related interdisciplinary areas
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Phase change thermal interface materials (PC-TIMs) have emerged as a promising solution to address the increasing
thermal management challenges in electronic devices. This is attributed to their dual mechanisms of latent heat absorption
and phase change-induced interfacial wettability. This review explores the fundamental principles, material innovations,
and diverse applications of PC-TIMs. The heat transfer enhancement mechanisms are first underlined with key factors
such as thermal carrier mismatch at the microscale and contact geometry at the macroscale, emphasizing the importance
of material selection and design for optimizing thermal performance. Section 2 focuses on corresponding experimental
approaches provided, including intrinsic thermal conductivity improvements and interfacial heat transfer optimization.
Section 3 discusses common methods such as physical adsorption via porous materials, chain-crosslinked network designs,
and core—shell structures, and their effects on leakage prevention, heat transfer enhancement, and application flexibility.
Furthermore, the extended applications of PC-TIMs in thermal energy storage are explored in Section 4, suggesting their
potential in diverse technological fields. The current challenges in interfacial heat transfer research and the prospect of
PC-TIMs are also discussed. The data-driven machine learning technologies will play an increasingly important role in
addressing material development and performance prediction.
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1. Introduction

The rapid development of new-generation information
and communication technologies, such as 5G, Al, and cloud
computing, has led to a significant increase in computational
demands and heat flux density.["-*) The introduction of 3D in-
tegrated circuit (IC) technology, particularly with the 3 nm
process, has further increased packaging density, pushing
chip-level heat flux densities to over 1 kW/cm?.134! Over 50%
of microelectronic device failures are caused by thermal man-
agement issues, making the development of efficient thermal
management materials a critical need for the advancement of
electronic systems. >

Thermal interface materials (TIMs), which fill the gaps
between solid interfaces, are essential for addressing thermal
management challenges in electronic devices. In IC packag-
ing, TIMs are typically categorized into two types: TIM1, used
between the chip and the lid, and TIM2, positioned between
the lid and the heat sink. Conventional TIMs are generally
classified into metal-based and polymer-based materials.!6!
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Metal-based TIMs are typically applied in high heat flux en-
vironments without insulation requirements, while polymer-
based TIMs are used in less demanding heat dissipation ap-
plications where electrical insulation is necessary.” Due to
the inherently high-power density of chips, TIM1 materials
are predominantly electrically insulating, with research focus-
ing on achieving ultra-high thermal conductivity and low co-
efficient of thermal expansion (CTE) compatible with silicon
semiconductors (2.6-3.0x10~% K=1). In contrast, TIM2 ma-
terials are often metal-based, aimed at efficiently transferring
heat to heat sinks or external cooling systems. Current re-
search in TIM2 focuses on improving thermal conductivity
(> 20 W/(m-K)) and minimizing thermal resistance at the in-
terface (< 0.01 K-cm?/W).!8) In addition to traditional TIMs,
phase change-induced TIMs (PC-TIMs) have emerged as a
rapidly developing research area in recent years.'”! During the
phase change process, these materials exchange a significant
amount of heat with their surroundings while maintaining a
nearly constant temperature, allowing for high-capacity ther-
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mal energy storage. This characteristic enables PC-TIMs to
offer high energy density accompanied by low exergy loss dur-
ing heat transfer. Moreover, as the material transitions from
solid to liquid, it can more effectively fill microscopic surface
irregularities between electronic components and heat dissi-
pation devices, further reducing thermal resistance.!'%!!] The
solid-liquid adaptive nature of PC-TIMs allows them to effi-
ciently perform under varying operational conditions, making
them suitable for thermal management across a wide range of
load demands, from standby to high-performance modes.

It is worth noting that several comprehensive reviews
have been published on TIMs and phase change materials
(PCMs) in the past decade. Khan et al.['?! reviewed the ap-
plication of carbon-based TIMs in electronic devices. Lewis
summarized the application of graphene as a ther-
mal filler in TIMs, discussing its potential and prospects. Ma
and Feng et al.l'*13] discussed the enhancement of thermal

et al.l3

conductivity in polymer-based TIMs. Chen et al.!'® reviewed
recent advancements in liquid metal-based TIMs. Razeeb et
al.'""! focused more on the practical applications of TIMs,
providing an extensive summary of different base systems
(carbon-based and metal-based) and filler types. Numerous re-
views exist for PCMs, primarily focusing on their applications
in thermal energy storage. Liu and Wu et al.l'®!1°] provided
summaries and future outlooks on the thermal conductivity
enhancement in PCMs. Safari et al.[>”! explored the super-
cooling mechanism and applications of PCMs. Lin and Umair

et al.[21:22]

reviewed the developments and challenges of in-
organic PCMs and shape-stable organic PCMs, respectively.
Shamberger et al.'>3] summarized the physical properties and

melting characteristics of metal-based PCMs. However, there
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is currently no comprehensive review specifically addressing
PCMs for thermal interface applications in electronic devices.
It is widely acknowledged that improving thermal conductiv-
ity remains a key focus for high-performance PC-TIMs. How-
ever, a distinguishing feature of PC-TIMs is their ability to
enhance interfacial heat transfer efficiency through improved
contact during the phase transition process. Unfortunately, this
improvement brings a challenge as there is a potential risk of
leakage during this transition. Consequently, research on PC-
TIMs is mainly centered around two areas: heat transfer en-
hancement and packaging improvement, which will also be
the primary focus of this review.

This review starts with the mechanisms of TIMs, summa-
rizing the key physical factors affecting heat transfer in their
application, such as intrinsic thermal conductivity and inter-
facial parameters. It also categorizes and summarizes perfor-
mance enhancement mechanisms reported for PC-TIMs over
the past decade. Furthermore, the review discusses the influ-
ence of various packaging strategies on both leakage preven-
tion and thermal performance. In addition, the utilization of
the heat storage capacity of PCMs is explored as extended ap-
plications, although some examples may not directly pertain to
the thermal interface field of electronic devices. Efficient use
of heat storage in PC-TIMs not only conserves energy but also
facilitates long-term stability. The authors hope that this part
will inspire researchers to develop heat-utilization materials or
devices that can be coupled with PC-TIMs, further advancing
their practical application in thermal management in cutting-
edge electronic systems. Figure 1 illustrates the specific dis-
cussed contents in this review.
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Fig. 1. Schematic diagram of the discussed content in this review.
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2. Heat transfer enhancement
2.1. Insights to contact heat transfer in electric devices

The primary heat transfer mode in electronic devices at
the contact interface is solid-to-solid conduction, and the in-
herent material property differences on both sides of the inter-
face lead to heat transfer losses. These losses are typically
characterized by contact thermal resistance (CTR). The ac-
tual contact surfaces are not perfectly smooth, often contain-
ing small air gaps. Due to the extremely low thermal conduc-
tivity of air, these gaps significantly increase the CTR. The
purpose of filling the interface between the heat source and
the heat sink with a TIM is to reduce the total thermal resis-
tance (Ryo1) Of the “heat source/TIM/heat sink™ path, which
is lower than the direct Ry, between the “heat source/heat
sink”. Compared to traditional TIMs, PC-TIMs offer superior
interface filling, which is primarily due to the phase change of
the encapsulated PCMs upon heating, which undergo a solid-
to-liquid transition. This phase change imparts flexibility to
the material, improving the contact quality at the interface and
enhancing heat transfer efficiency.

Similar to most TIMs, the performance of PC-TIM can
be evaluated using the Ry, of the “heat source/PC-TIM/heat
sink” interface, [>4]

AT
Riotal = — (1)
q

where AT represents the temperature difference across the in-
terface, and g denotes the heat transferred per unit area per
unit time. The physical meaning of Ry, i the temperature
drop induced by the unit heat flux across the interface. To
gain deeper insight into the factors influencing Ry, the heat
source, PC-TIM, and heat sink can be considered as separate
entities for studying the factors affecting CTR. In this case,
Riotal Tollows a series thermal resistance model, 2]

Riotal = Re1 +Riv + Rea. 2)

The bulk thermal resistance of the TIM can be calculated
by[25]

BLT
Krim’

Rrivm = (3)
where BLT is the bond line thickness (effective thickness) of
the TIM, and Kty is the intrinsic thermal conductivity of the
TIM. R and R, represent the CTR between the two mated
surfaces (heat source/TIM and heat source/TIM). As shown in
Egs. (2) and (3), when the BLT is fixed, the Ry value can be
reduced by decreasing CTR and enhancing Ktnv. The devel-
opment and practical application of PC-TIM will be discussed
from these two perspectives.

2.2. Influence mechanism of CTR

According to Eq. (2), in addition to the intrinsic thermal
conductivity of PC-TIM, the thermal resistances at both con-
tact surfaces (R.; and R.) are also important components of
Riotai- The thermal resistance can be analyzed at two scales:
the microscopic interfacial resistance (Kapitza resistance) and
the macroscopic contact resistance.!!>?®! The former refers
to the thermal resistance at an ideal interface, specifically at
the solid—solid contact or the solid-liquid interface resulting
from slight liquefaction of the PC-TIM surface, where ther-
mal carrier mismatch induces thermal resistance. The latter
arises from geometric structural factors, specifically the ther-
mal resistance due to insufficient heat transfer caused by sur-
face parameters such as roughness. It is generally consid-
ered that the former is one to two orders of magnitude smaller
than the latter.[?”?8 For the practical application scenario of
TIMs, the adjacent surfaces are often composed of semicon-
ductor or metallic materials (heat sinks). The thermal car-
rier mismatch becomes particularly significant when employ-

[29-31

ing polymer-based TIM:s. ! The actual contact area is in-

fluenced by interfacial factors such as surface roughness and

(32331 A comprehensive evaluation of the key

contact pressure.
factors influencing interfacial heat transfer is crucial for ex-

panding the practical applications of PC-TIMs.

2.2.1. Mismatch of thermal carriers

The coupling of thermal carriers across an interface typ-
ically occurs between electrons in metals and phonons in

34-371 Current research on

non-metals, as shown in Fig. 2(a).!
phonon scattering at interfaces primarily focuses on compu-
tational modeling and simulations, with the main goal of im-
proving the coupling and matching efficiency of thermal car-
riers at these interfaces.’8*! Typical methods for calculat-
ing the ideal interface (Kapitza thermal resistance) include
the Newtonian mechanics-based lattice dynamics (LD) and
molecular dynamics (MD), the Green’s function (GF) describ-
ing the system’s response to perturbations, and the Boltzmann
transport equation (BTE) describing the particle distribution
function.!?”) Table 1 summarizes the expressions of those ap-
proaches with specific characteristics provided.

Approaches to addressing thermal carrier mismatch be-
tween different materials primarily involve interface modifi-
cation, including self-assembled monolayers (SAMs), plasma
treatment, and chemical etching, among which SAMs are
the most employed strategy. Self-supported monolayers en-
able carrier-matching transitions via amphiphilic functional
groups, which promote the alignment of carrier transport
characteristics across the interface. Lu et al.!*! introduced
highly oriented SAMs at the polystyrene (PS)/Si interface
and discovered that SAMs with short chains and high den-
sity more effectively enhance interfacial thermal conductivity
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through molecular dynamics simulation (Fig. 2(b)). The Si-O
covalent bonds at the Si/SAM interface create a similar chem-
ical structure to that of the PS/SAM interface. Compared to
the weaker van der Waals interactions at the Si/PS interface,
this structure significantly improves phonon matching at the
interface. Experimental results demonstrated a maximum in-
terfacial thermal conductance of 11+1 MW/(m?-K) for PS/Si
and 5617 MW/(m?-K) for PS/SAM/Si. Careful selection of
functional groups is crucial, as their interfacial performance

can vary markedly with the specific substrate or interface
configuration. He et al.[*”! further investigated how SAMs
with different terminal groups (—Cl, —CH3, —SH, and —-NH3)
influence interfacial thermal conductance (Fig. 2(c)). They
found that introducing —Cl resulted in the largest increase in
interfacial thermal conductance, from 52.18 MW/(m?-K) to
316.73 MW/(m?-K). This is due to the strong non-bonded
interactions and high compatibility between —CI-SAM and
PS, as evidenced by the highest overlap in vibrational spectra.

Table 1. Calculation approaches for Kapitza thermal resistance (R).[42-46]
Type Model Characteristic
LDM2 R= #, the exact lattice structure required
) ”airy do
MD NEMD: 31 g = Ty — z%qt X % (Vhot — Veold)» proper potential function required
ransier
infini svstem): (44 R — kT?
EMD (infinitely large system):"™"! R = 7 Uy
. .[44] - e—WISkBTZ
EMD (finite system):'**! R = AU
GF#] = #, exact lattice structure and force constants required
Jo o P E(0) do
BTE[40] R= 4 = s empirical boundary condition
™ H0 (0.)D(0.) T3 5(0) 40 i Y

LD: % is the reduced Planck constant; @ is the phonon frequency; I1p(®) is the frequency-dependent transmission spectral density; 7 (®,T) is the
distribution function of phonons incident on the interface as the following equilibrium one given by the Bose—Einstein distribution, and 7 is temperature.
MBD: AT is the temperature difference; J is the heat flux; A is the interfacial cross-section area; kg is the Boltzmann constant; vpo and veolq stand for the
velocities of atoms with mass m in the “hot” and “cold” layers; w is a constant and £ is the integration time.

GF: A is the interfacial cross-section area; 7 is the reduced Planck constant; @ is the phonon frequency; 71 (@, T') is the distribution function of phonons
incident on the interface as the following equilibrium one given by the Bose—Einstein distribution. The energy-dependent transmission function E (@)

is the energy-dependent transmission function across the interface.

BTE: % is the reduced Planck constant; v(®, p) and D(, p) are the phonon group velocity and the density of states, respectively, at frequency @ and
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Fig. 2. (a) Diagram of thermal carrier change at the interface of metal and non-metal, reproduced with permission from Ref. [34]; (b) compari-
son between the geometric structure of SAM and packing density by Lu et al., reproduced with permission from Ref. [29]; (c) the influence of
SAMs with different terminal groups (—Cl, -CHz, —SH, and -NH>) on interfacial thermal conductance by He et al., reproduced with permission
from Ref. [47]; (d) the effect of equilibrium bond angle in SAMs on the interfacial thermal conductance of molten PEG/Au by Song et al.,

reproduced with permission from Ref. [48].
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Additionally, Song et al.[*8] investigated the effect of equilib-
rium bond angle in SAMs on the interfacial thermal conduc-
tance of molten PEG/Au. They found that increasing the bond
angle from 100° to 150° reduced interfacial thermal resistance
from 140.85 x 1072 m?-K/W to 113.79x 10~ m?-K/W, pri-
marily due to the increased contact area between the molten
PEG and SAM molecules (Fig. 2(d)).

It should be noted that research on the mismatch of ther-
mal carriers at the interface between PC-TIMs and metals is
limited. This is primarily because the main sources of thermal
resistance at the organic PCMs and metal interface are con-
sidered macroscopic factors, such as surface roughness and
contact pressure, rather than phonon scattering at the micro-
scopic level. Additionally, the complex molecular structure
and amorphous nature of organic PCMs make modeling and
simulating their phonon behavior highly challenging. Further-
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more, the large difference in thermal expansion coefficients
between organic materials and metals often leads to mechani-
cal stress at the interface, which has a more pronounced impact
on heat transfer, further impairing the relevance of the studies

in this context.

2.2.2. Geometry-induced heat loss

Theoretically, solid heat conduction by mechanical con-
tact is the primary determinant of interfacial heat transfer.
Wang et al.!*) claimed that point-to-point contact accounts for
only 2% of the total contact area, with the remainder filled
by air. The irregularity of interfacial geometry causes thermal

flux constriction, resulting in higher heat transfer efficiency

in areas of close contact and lower efficiency in other regions
(Fig. 3(a)).
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Fig. 3. (a) Mechanism of PC-TIM for interfacial heat transfer enhancement; (b) reduced surface roughness by inserting an AIN layer at the GaN/SiC
interface by Li et al., reproduced with permission from Ref. [49]; (c) effect of PC-TIM phase transition on CTR by Liu et al., reproduced with permission
from Ref. [50]; (d) the effects of open and closed encapsulation strategies on the CTR of PC-TIMs by Liu et al., reproduced with permission from
Ref. [51]; (e) influence of elastic modulus of PC-TIM on contact area by Ren et al., reproduced with permission from Ref. [52]; (f) the relationship
between metal hardness and CTR at the metal/erythritol interface by Feng et al., reproduced with permission from Ref. [54].

The influence of surface roughness on macroscopic con-
tact thermal resistance primarily focuses on interfacial modifi-
cations. Lu ez al.!*”! demonstrated that introducing SAMs with
long alkyl chains increases surface roughness and a higher
thermal resistance was observed. This is attributed to the po-
tential bending and deformation of the long chains, leading to
more disordered structures. Li et al.'*°) introduced an AIN
layer at the GaN/SiC interface, reducing surface roughness by
adjusting lattice mismatch (Fig. 3(b)). This modification re-

sulted in a corresponding decrease in CTR by approximately
0.5 m2-K/GW. Different from traditional TIMs, PC-TIMs im-
prove interfacial contact by inducing thermally-driven flexi-
bility through phase transition upon heating, thereby reduc-

1.5 proposed that polymer-

ing thermal resistance. Liu et a
based PC-TIMs undergo slight surface liquefaction during
heating, which subsequently reduces thermal contact resis-
tance. They fabricated the composite PC-TIM composed

of olefin block copolymer (OBC), paraffin, and graphene.
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They found that as the temperature increased from 37 °C to
45 °C, the CTR sharply decreased from 8-20 cm?-K/W to
0.1-0.2 cm?-K/W. This reduction is attributed to the transi-
tion from solid—solid contact to solid-liquid contact, enhanc-
ing the wettability and effective contact area between the two
interfaces (Fig. 3(c)). Furthermore, they investigated the ef-
fects of open and closed encapsulation strategies on the CTR
of PC-TIMs.P!l As shown in Fig. 3(d), when encapsulating
the PCM with acrylic polymer foamed microspheres featur-
ing a microporous structure, the CTR significantly reduced to
0.5-0.9 cm?-K/W (65 °C, 40 Psi). In contrast, encapsulation
using unsaturated polyester resin resulted in a CTR of approx-
imately 3.5-5.3 cm?-K/W. These findings further demonstrate
that increased interfacial wettability resulting from slight sur-
face liquefaction is beneficial for enhancing interfacial heat
transfer efficiency.

Another key factor influencing the actual contact area is
contact pressure. It is widely recognized that higher pressure
can flatten surface roughness, allowing more contact points
to come into direct contact.523 Ren er al.!5?! quantified the
actual contact condition between the chip and the TIM using
the ratio of actual contact area to nominal contact area. They
observed that under a pressure of 5 MPa, the TIM with an
elastic modulus of 2.1 GPa achieved twice the contact area
compared to the TIM with an elastic modulus of 10 GPa.
This increase in contact area is due to the lower elastic mod-
ulus, which allows for better surface conformity, as shown
in Fig. 3(e). Feng et al.’¥ investigated the relationship be-
tween metal hardness and CTR at the metal/erythritol inter-
face. Their results showed that softer metals undergo greater
micro-deformation, resulting in lower CTR. Specifically, the
CTR of 1060 aluminum with a lower modulus was reduced by
an additional 0.62 x 107> m?-K/W compared to SS304 steel
(Fig. 3(f)). Liu et al.’"! demonstrated that applying pressure
after surface wetting of PC-TIMs further reduces CTR, pri-
marily because the pressure facilitates the expulsion of resid-

ual air at the interface. However, due to the fragility of micro-
electronic devices, the applied pressure cannot be increased
indefinitely. There is a threshold for thermal conduction en-
hancement that aligns with the pressure tolerance of electronic
assemblies. Zhao et al.!3! demonstrated through testing that
for PC-TIM, this optimal pressure can be set at 0.3 MPa.

The actual contact area is significantly influenced by
contact pressure and surface roughness. Increasing contact
pressure and reducing surface roughness effectively enhances
the actual contact area, thereby reducing thermal contact re-
sistance. Considering the two possible forms of PC-TIM,
namely, the shape-stable state without leakage and the two-
phase state with minor surface liquefaction, the mechanism
for increasing the surface contact area differs accordingly. In
the former, the surface is filled through mechanical deforma-
tion of the PC-TIM, with the filling effect influenced by tem-
perature, pressure, elastic modulus, and surface morphology.
In the latter, the filling of the interface is achieved through a
combination of the rheological flow of the liquefied phase and
mechanical deformation, with “rheological filling” being the
dominant process. Due to the rheological nature of the liquid
phase, this filling effect is generally more effective than in the
shape-stable state. Consequently, in this scenario, the impact
of the thermal conductivity of the liquid-phase PC-TIM on the
CTR must also be considered. Table 2 summarizes the rela-
tionship between the thermal resistance of PC-TIM and the
actual contact area. PC-TIMs improve interfacial heat trans-
fer efficiency through increased wettability and enhanced ther-
mal conductivity resulting from phase transitions. Current re-
search focuses primarily on enhancing thermal conductivity,
improving encapsulation stability, and optimizing thermal cy-
cling performance. In the future, the development of PC-TIMs
will continue to aim at further improving thermal efficiency,
enhancing material stability, and integrating intelligent func-
tionalities.

Table 2. Models for geometry-induced thermal resistance.20-38]

State of PC-TIM Model

Application

Shape-stable state!>%-57] Ro=40L Aroc £2 L =
Two-phase state[>®! R +Ro = (‘2’1[(;‘3) <

Anominal

l—v% |—V%
E Ey

Areal ) ’

traditional TIM; leak-free PC-TIM

pure PC-TIM; PC-TIM with trace leak

Shape-stable state: Q is the total heat flux across the contact interface, and Ay is the real contact area; P is the total loading force; o is the
surface roughness (standard deviation); E* is the equivalent modulus of elasticity; E|, E, are the moduli of elasticity of the two contacting
materials and vy, v, are the Poisson’s ratios. 7 is the mean radius of curvature of the micro-convex body.

Two-phase state: 07 and o, are the surface roughness of the two contacting surfaces; Kty is liquid thermal conductivity; Apominal and Areq) are

the nominal areas and the actual microscopic area of contact, respectively.

2.3. Mismatch of thermal expansion behaviors

Different materials exhibit varying expansion behav-
iors when heated, and the coefficients of thermal expansion
(CTEs) of heat sources, heat sinks, and TIMs are often not

aligned. Semiconductor and metal materials typically have

lower CTEs,5%0 while PC-TIMs based on organic com-
pounds or paraffin waxes tend to have higher CTEs.[®! Ad-
ditionally, when PCM transitions from solid to liquid, signif-

(62,63

icant volume changes occur. I This mismatch in thermal

expansion can result in increased interfacial stress and the for-
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mation of gaps, ultimately reducing heat transfer efficiency, as
shown in Fig. 4. The most extensively studied aspect of ther-
mal expansion in PC-TIMs involves encapsulated structures,
which provide effective containment and minimize CTE mis-
matches. It is important to note that PCMs behave distinctly
in solid and liquid states, making the definition and measure-
ment of CTE challenging in both conditions. Therefore, re-
search on thermal expansion typically approaches the issue in-
directly. Additionally, unlike metal-based TIMs used in high
heat flux applications, PC-TIMs are generally less sensitive to
mechanical stress and are often encapsulated in microcapsules
or specialized containers, which help mitigate the impact of
volume changes during use.

expanding expanding
\: Matched CTE
Material 1 4=
LTI / Air gap
Material 2 4= -—) )
P - Mismatched CTE
Before heating After heating

Fig. 4. Schematic representation of the effect of CTE matching at the
interface on thermal resistance after exposure to heat.

2.4. Mechanisms and strategies for improving intrinsic
thermal conductivity

The widely studied PC-TIMs are primarily categorized
into organic PCMs and low-temperature liquid metals (LM)
based on the specific application scenarios. Organic PCMs
are typically composed of long-chain molecules and com-
plex organic compounds. The weak van der Waals forces
between molecules, coupled with a high degree of molec-
ular disorder, significantly disrupt the conduction pathways
for phonons, resulting in inherently low thermal conductivity
(< 0.5 W/(m-K)).1* Their low electrical conductivity makes
them more suitable for applications requiring electrical in-
sulation. The metallic nature of LM imparts high thermal
and electrical conductivity, making it suitable for applications
with high heat dissipation requirements where insulation is not
essential.[®] Table 3 compares the performance parameters
and characteristics of PC-TIM with commercial TIMs, along
with their respective application scenarios. The following dis-
cussion on intrinsic thermal conductivity will focus on three

aspects: theories, strategies, and predictive models.

Table 3. Key performance parameters of common TIM and PC-TIM.

Type Ktm Riotal Electrical conduction Reusable
grease low low insulated no
d 1 high insulated
Commercial TIMs pa o Tg Tnsu ae ves
gel low high insulated no
film high middle tailored no
PC-TIMs organic-based m?ddle l'ow insulated ‘ yes
LM-based middle middle mostly conductive yes

2.4.1. Thermal conduction mechanism

To ensure the reliability of PC-TIM, it is generally neces-
sary to prepare PC-TIM as a composite system. Thermal con-
ductivity theories provide insights for improving the thermal
conductivity of composite material systems. Among them, the
most widely accepted thermal conductivity theories include
the thermal pathway theory, thermal percolation theory, and
thermal elastic coefficient theory. The thermal pathway theory
posits that when thermally conductive fillers are distributed in
the polymer matrix to a certain volume fraction and form a
continuous network, heat can be efficiently transferred through
direct contact between fillers, significantly enhancing the ther-
mal conductivity of the composite material (Fig. 5(a)).[60-68]
This theory emphasizes the dominance of filler geometric ar-
rangement and network connectivity in thermal conductivity
performance. Its guiding principle for improving the thermal
conductivity of composite materials is to add fillers exceed-
ing the volume fraction threshold, adopt a network-chain spa-
tial distribution configuration, and enhance the orientation of
filler particles. The thermal percolation theory draws on the
phenomenon of electrical percolation, indicating that when the
filler volume fraction reaches the percolation threshold, a con-

ductive network suddenly forms, causing a nonlinear leap in
thermal conductivity (Fig. 5(b)).[0%79 This theory highlights
the existence of a critical threshold and the synergistic effect
of fillers on network connectivity. It is worth noting that there
is indeed a certain correlation between the above two theo-
ries: Thermal percolation theory is typically grounded in the
framework of statistical physics, emphasizing the formation
of continuous conductive networks when the filler content in
a composite exceeds a certain volume fraction, resulting in a
significant enhancement of thermal conductivity and charac-
terized by a well-defined percolation threshold. In contrast,
the term thermal pathway is more descriptive, referring to
the process of constructing continuous heat conduction routes
among fillers. It highlights aspects such as the connectivity
between fillers, interfacial thermal resistance, and the con-
tinuity and efficiency of the pathways. The thermal elastic
coefficient theory, from the perspective of phonon transport,
believes that the thermal conductivity of composite materials
is determined by the degree of thermal elastic matching be-
tween fillers and the matrix (Fig. 5(c)).!”!! Phonon scattering
at the interface between the two phases is the main source of
thermal resistance, and optimizing the thermal elastic match-
ing at the interface can reduce scattering losses. Moreover,

096301-7



Chin. Phys. B 34, 096301 (2025)

the phonon transport mechanism, as another widely adopted
approach, primarily addresses phonon-mediated heat conduc-
tion in non-metallic composite systems. %) Interfacial phonon
scattering (arising from factors such as mass mismatch or ge-
ometric misalignment) represents a primary contributor to in-
terfacial thermal resistance. With ongoing research advance-
ments and improved fabrication techniques, the design of com-
posite materials is increasingly guided by filler orientation and
the suppression of interfacial thermal resistance at the filler-
matrix interface. This implies the necessity of incorporating
the theoretical frameworks into a multiscale thermal conduc-
tion model to enable more accurate prediction and evaluation
of thermal performance in composite systems.
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Fig. 5. Diagram of (a) thermal pathway theory; (b) thermal percolation
theory; (c) thermal elastic coefficient theory.

2.4.2. Models for thermal conductivity

It is challenging to perform in-situ measurements of the
thermal conductivity during the phase transition, and describ-
ing heat transfer using the pre-phase-change thermal conduc-
tivity is not entirely accurate.”>~7#] This is because the thermal
conductivity of PCMs is not constant during phase transitions.

Table 4. The calculation principles and applicability of the Stefan boundary solution model and the EMA model.

During this process, the molecular structure (in organic PCMs)
or ionic bonds (in LMs) change, affecting the movement of
heat carriers. Moreover, the accuracy of traditional thermal
conductivity testing methods for PC-TIMs is significantly re-
duced. This is primarily due to two factors: (1) the mate-
rial exhibits a heterogeneous phase of both liquid and solid
states at temperatures close to the melting point; (2) the heat
flux through the sample is significantly distorted due to the re-
lease and absorption of latent heat. The thermal conductivity
of PCMs is typically estimated through numerical simulation.

The mathematical description of the phase boundary (Ste-
fan boundary problem) during the phase change process, con-
sidering the heat transfer involved, enables the estimation
of the thermal conductivity variation of the PCM during the
phase transition.”>~77! Typically, the geometry of the PCM is
approximated as regular shapes (such as cylinders or spheres),
and by controlling the boundary conditions, the Stefan bound-
ary problem can be simplified to a 1D transient heat trans-
fer model.[”37°1 However, for composite PC-TIMs, the phase
change morphology of the PCM varies across different en-
capsulation strategies, complicating the calculation of thermal
conductivity. In addition, within composite systems, the ther-
mal conductivity of the material itself (including conductive
fillers, PCM, and encapsulating matrix), the Rgjer/fifer and
the Reijier/mauix» @8 Wwell as the effects of filler content, ge-
ometry, and topology should be considered. In this context,
the effective medium approximation (EMA) model is a bet-
ter choice.[8%! However, the EMA model also has certain lim-
itations: (1) it applies only to single-phase PC-TIMs; (2) it
neglects the Rgjier/fitter» leading to potential calculation errors.
Combining the Stefan boundary solution model with the EMA
model holds promise for providing a solution to the calculation
of thermal conductivity in the dynamic phase change process
of PC-TIMs. Table 4 summarizes the calculation principles
and applicability of the Stefan boundary solution model and
the EMA model.

79.,81,82]

Method Equation

Application

cylindrical coordinate system:!8!]

a1 IT;
_g 9% ITy
Lor r=s(t) SO =

Stefan solution dr >’

spherical coordinate system: %]

" = p LB s(1) = 24 (ur) "2,

pure PC-TIM with phase change considered

26 _ dx _ ¢piAT
St |, _ = @ Ste= "1
1+ f[e (1=Jy ) (1—(cos? 6))+&, (1—J, ){cos? 6)
KL = K 00 }

EMAI82]

1—/gpd) (1=(cos? 6))+&, J, (cos? 6)]
2+ /(g (1=J) (14{cos? 6))+e1 (1=J ) (1—(cos? 6))]

composite PC-TIM without phase change considered

KH = Kmatrix

2—f[d) (1+(cos? 8))+e1 J 1 (1—{cos? 6))] ?

Stefan solution (cylindrical coordinates): the subscripts 1 and s represent the liquid- and solid-phase, respectively; T, K, ¢, r, and L denote the temperature,
thermal conductivity, time, the radial coordinates, and latent heat, respectively; s(¢) is the position of the phase interface; A is the dimensionless

K (To—Tm)

parameters calculated by the equation % exp (712) + £\ (R2a/0s)
1 s

exp (—A204/a) = A2aipsL, where the subscripts m and O represent the melting

temperature and the initial temperature, respectively, ¢, p, and g denote the thermal diffusivity, density, and heat flux.

Stefan solution (spherical coordinates): the subscript | represents the liquid-phase; 0, 7, X, and 7 are dimensionless parameters about temperature, radius,
the location of phase change surface, and time, respectively; ¢p, AT, and L denote the specific heat capacity, the temperature difference, and the latent

heat of the material; Ste is the Stefan number.

EMA: the subscripts L and || represent the cross- and in-plane, respectively; f and J are the fraction and the geometric factor of fillers; 6 is the angle
between the cross-plane direction of the PC-TIM and the axis of symmetry of the fillers; € is a dimensionless parameter about thermal conductivity.
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2.4.3. Strategies for enhancing thermal conductivity

For polymer-based TIMs,
caused by factors such as molecular chain disorder, grain

severe phonon scattering

boundaries, and interfacial defects significantly limits thermal
conductivity. Material design strategies for thermal conduc-
tivity improvement have mainly focused on enhancing phonon
transport efficiency. Efficient heat transfer can be achieved ei-
ther by enhancing the intrinsic phonon mean-free path of poly-
mer chains through structural design or by introducing sec-
ondary phase fillers with intrinsically longer phonon mean-
free paths.”l Zhu et al.1®3 synthesized polyethylene glycol
(PEG)-based block copolymers through molecular engineer-
ing by reacting the -N=C=0 groups in diisocyanate with the
—OH groups in PEG (Fig. 6(a)). The alignment of the PEG
chains resulted in extensive m—m stacking, which enhanced
phonon transport thereby increasing the thermal conductivity
from 0.25 W/(m-K) to 0.35 W/(m-K). Meanwhile, this copoly-
mer can be directly thermally pressed to phase change films
with properties such as machinability and flexibility towards
thermal interface applications without requiring additional en-
capsulation, as shown in the illustration in Fig. 6(a). However,
it is worth noting that research on tuning intrinsic molecular
structures is relatively limited, primarily because the intro-
duction of block structures or molecular rearrangements of-
ten restricts the mobility of the main chains and hinders the
crystallization behavior, resulting in a significant reduction in
phase change enthalpy. Introducing highly thermally conduc-
tive fillers is the mainstream method with research primarily
focusing on the alignment of fillers and their interfacial con-
tact with the matrix material.[¥*851 Enhancing thermal con-
ductivity is achieved by constructing continuous thermal path-
ways and reducing the resistance between fillers (Rgjier/fitter)
and filler/matrix (Rfyier/mauix)- For organic PC-TIMs, con-
tinuous thermal pathways are typically established through
the incorporation of structural frameworks, which also func-
tion as encapsulating matrices. Yang et al.%¢) created a ther-
mally conductive framework by impregnating paraffin into a
graphite powder skeleton formed after the evaporation of am-
monium bicarbonate (Fig. 6(b)). This design ensured both ex-
cellent thermal stability and leakage resistance (virtually no
leakage after > 100 cycles), resulting in a thermal conduc-
tivity of 19.27 W/(m-K), accompanied by faster thermal re-
sponse. Jiang et al.'¥") impregnated paraffin into a 3D porous
skeleton composed of self-bonded graphite fiber monoliths,
as shown in Fig. 6(c). The Rgyper/sner Was reduced through
in-situ carbonization of the skeleton. The final PC-TIMs ex-
hibited in-plane and out-of-plane thermal conductivities of
36.49 W/(m-K) and 2.9 W/(m-K), respectively, achieving a
48.4 °C temperature reduction in LED chip applications com-
pared to pure PCM installed.

In contrast to organic PCMs, LMs have a higher intrin-
sic thermal conductivity (~ 30 W/(m-K)), which generally en-

ables them to meet the thermal conductivity requirements of
TIM2. However, LMs can leak upon heating and melting,
potentially contaminating the circuit board and even causing
short circuits. To address this issue, researchers have encap-
sulated LMs within flexible matrices. These matrices typi-
cally have low thermal conductivity, making the overall ther-
mal conductivity enhancement of the system a key research
Research on the use of LMs as PC-TIMs has pro-
gressed through two stages: increasing the LM content and

focus.

using LM as a binder for filler particles. Increasing the LM
content primarily involves improving the dispersion of liquid
metals through ultrasound and shear forces. Krings et al.!%3]
achieved uniform dispersion of LM in PDMS elastomers us-
ing shear forces. At 50 vol% LM content, the thermal con-
ductivity of the PC-TIM increased from 0.25 W/(m-K) to
~ 1.7 W/(m-K). Considering the weight increase associated
with high LM filler content, they incorporated hollow silica
microspheres into the LM droplets, as shown in Fig. 6(d).
At a 50% addition level, the thermal conductivity slightly de-
creased from 1.7 W/(m-K) to 1.35 W/(m-K). They also found
that after applying a 400% tensile strain, the thermal conduc-
tivity of the PC-TIM along the stretching direction increased
to 3.8 W/(m-K). This was attributed to the ability of liquid-
phase thermal fillers to alter their shape under strain, thereby
enhancing thermal conductivity, a property not exhibited by
other rigid fillers. Using LM as a binder for filler particles
primarily exploits its liquid nature at low temperatures to cre-
ate soft connections with conventional rigid thermal particles.
Inspired by the structure and function of bone joints, Xie et
al.!3%! developed a thixotropic slurry composed of Al,O3 and
LM (Ga—In-Sn), which was mixed with PDMS to produce
LM-based PC-TIMs, as shown in Fig. 6(e). The resulting ma-
terials achieved a thermal conductivity of 6.7 W/(m-K), with
the Ry reduced to 14 mm?2-K/W, resulting ina 5 ° C temper-
ature reduction in chip cooling applications compared to com-
mercial thermal grease. Similarly, Jia et al.®"! used LM (Ga—
In—Sn) as a sintering agent for BN sheets at room temperature
and employed hot-pressing techniques to fabricate LM-based
PC-TIMs. These materials exhibited in-plane and out-of-plane
thermal conductivities of 82.2 W/(m-K) and 20.6 W/(m-K),
respectively, achieving an 8.6 °C and 8.0 °C temperature re-
duction in LED chip and CPU applications. Another report
involves filling self-supporting porous frameworks with LMs.
For example, Chen et al. U filled a combination of Bi—Sn—In
alloy and Ag particles into a copper foam, resulting in a ther-
mal conductivity of 42.7 W/(m-K) and a similar temperature
reduction in chip applications, as shown in Fig. 6(f). However,
it is crucial to select an appropriate pore size since smaller
pores may not hold enough PCM while larger pores could lead
to leakage issues.
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Fig. 6. (a) Reaction mechanism for the -N=C=O groups in diisocyanates with the —OH groups in PEG by Zhu et al, the inset shows the
favorable flexibility, reproduced with permission from Ref. [83]; (b) preparation strategy of the thermally conductive framework composed
of paraffin and graphite powder skeleton by Yang et al., reproduced with permission from Ref. [86]; (c) schematic of the 3D porous skeleton
composed of self-bonded graphite fiber monoliths by Jiang et al., reproduced with permission from Ref. [87]; (d) material schematic showing
the dispersion of multiphase LM inclusions embedded in a soft, elastomer matrix by Krings et al., reproduced with permission from Ref. [88];
(e) diagram of the internal structure of the prepared LM (Ga—In—Sn) based PC-TIM by Xie et al., reproduced with permission from Ref. [89];
(f) schematic illustration of the preparation process for present composites by Chen et al., reproduced with permission from Ref. [91].

The most effective strategy for enhancing the thermal
conductivity of organic-based PC-TIMs remains the construc-
tion of conductive pathways within the composite system,
with organic PCMs primarily functioning to wet the contact
surfaces.[°?! This has led to limited research on the intrinsic
thermal conductivity of organic-based PC-TIMs. In contrast,
for LM-based PC-TIMs, the primary role of LMs is to cre-
ate soft connections with rigid thermal fillers, enhancing the
formation of conductive pathways between the fillers and re-

ducing the yield stress of the PC-TIM.

3. Encapsulation mechanisms and strategies

The primary purpose of encapsulation is to enhance
the stability and lifetime of the material while mitigating
the risks of leakage and chemical degradation during phase
transitions.*>°41 The encapsulating structure not only pro-

vides mechanical support for PC-TIMs but also effectively
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constrains morphological changes during phase transitions,
thereby maintaining interface integrity and optimizing thermal
conduction. The significance of encapsulation lies in its con-
siderable impact on the overall performance of the material,
ensuring stable and safe application in advanced electronic de-
vices and high-efficiency energy conversion systems. Encap-
sulation strategies for PC-TIMs generally fall into three cate-
gories: physical adsorption via porous materials, the design of
chain-crosslinked networks, and the formation of core—shell
structures.

The porous materials, such as aerogels,®! template-
etched structures,® and open-cell foams,[®®! can effec-
tively immobilize PCMs within their pores through capil-
lary action. To enhance thermal conductivity, porous mate-
rials with high-thermal-conductivity frameworks (such as ex-
panded graphite®”! and metal foams®®!) are considered the
most promising candidates. Dong et al.”®! prepared a PC-
TIM by compressing paraffin adsorbed onto extended graphite
(EG) through cold pressing (Fig. 7(a)), achieving signifi-
cantly improved leakage resistance. The paraffin was re-
tained within the EG framework by surface tension and cap-
illary forces, resulting in minimal reductions in melting en-
thalpy and solidification enthalpy of 0.4% and 1.4% after 50
thermal cycles. Furthermore, the inherent high thermal con-
ductivity of the EG increases the thermal conductivity of the
PC-TIM to 24.887 W/(m-K), demonstrating superior thermal
regulation (with surface temperatures during heating 5.2 °C
higher than those of pure PCM). However, since EG usu-
ally exists in a powder form, its discontinuous macroscopic
structure increases thermal resistance between adjacent parti-
cles and reduces the flexibility of the PC-TIM. Compared to
carbon-based and inorganic porous frameworks, covalent or-
ganic frameworks (COFs) exhibit stronger interactions with
PCMs, further enhancing leakage prevention. Luo et al.['%]
incorporated COFs to improve the adsorption of PEG within
reduced graphene oxide (rGO) aerogels, Fig. 7(b). This en-
hancement is attributed to the extensive hydrogen bonding
formed between the C, N, and O atoms of the COF and PEG,
resulting in a maximum encapsulation capacity of 96.1 wt%,
which is 1.7 wt% higher than that of rGO aerogels alone. The
PEG leakage rate remained below 0.1 wt%, and no change
in enthalpy was observed after 100 thermal cycles. Addition-
ally, the presence of rGO increased the thermal conductivity

of the PC-TIM to 0.455 W/(m-K). It is noteworthy that pa-
101,102]

101

rameters of porous frameworks, such as porosity,! pore

geometry, '3 and skeleton thermal conductivity,[!°!! signifi-
cantly influence PC-TIM performance, particularly in terms of
phase-change behavior and thermal conductivity. High poros-
ity coupled with high-thermal-conductivity skeletons can ac-
celerate phase-change rates, while unique framework geome-

tries may induce directional thermal conductivity. Addition-

ally, the lower thermal resistance between the framework and
PCM enhances overall thermal conductivity and accelerates
PCM melting. However, porous frameworks may have weaker
adsorption forces on PCMs, reducing the durability of PC-
TIMs.!'%4 Moreover, high-viscosity PCMs may have diffi-
culty penetrating the framework, leaving residual air pockets
that impede heat transfer.!'%195] Overall, the porous frame-
work adsorption strategy offers advantages in improving heat
transfer and preventing leakage. By adjusting parameters such
as porosity and pore size distribution, PC-TIMs can be tai-
lored for various applications. Nevertheless, challenges re-
main, including increased thermal resistance due to insuffi-
ciently tight or uniform contact between the framework and
PCM, higher manufacturing costs due to complex preparation
processes, and potential issues with volume expansion.
Unlike the adsorption mechanism in porous structures,
the chain cross-linking network design involves introducing
PCMs into the matrix before polymerization. %108 Through
chemical or physical interactions between molecular chains,
the PCM becomes securely entangled and encapsulated within
the matrix structure. Due to the relatively strong inter-
molecular forces, this method generally provides superior
encapsulation performance. Additionally, PC-TIMs require
a certain degree of flexibility at room temperature, mak-
ing elastomers commonly used as matrix materials owing to
their high mechanical strength and well-established produc-
1091 Typical materials include ethylene-vinyl
acetate copolymer (EVAC),[''% silicone rubber (SR),!!'!
polydimethylsiloxane (PDMS),'>-114] olefin block copoly-
mer (OBC),[0 propylene-based elastomer (POE), [115.116] apnd
polyborosiloxane elastomer (PBSE).!'!'7] Hu ez al.['1%! devel-
oped a PC-TIM using EVAC as the elastomer, EG as the ther-
mal additive, and paraffin as the PCM, as shown in Fig. 7(c).

tion methods.!

The PC-TIM was fabricated via a lamination method, and
the in-plane thermal conductivity could reach 7.01 W/(m-K).
The temperature was reduced by 6.5 °C when applied to
battery cooling of the cell phone. Another typical material
is the gel-based elastomer, such as hydrogel,!'!®!"° organic
gels,“zo’m] ion gels,[122’123] which offers favorable surface
adhesion, facilitating the installation and fixation of PC-TIMs
while further reducing CTR. However, solvent evaporation
from the hydrogel during use may cause device failure.[!>4]
Therefore, Cao et al.!'® replaced water in the hydrogel with
PEG, creating a solvent-free phase change gel that maintained
latent heat stability after 100 thermal cycles (Fig. 7(d)). The
unique phase change flexibility improved contact with rough
surfaces, reducing the temperature of a copper mesh heat
source by 14.8 °C compared to non-deformable TIMs. It is
worth noting that the enhancement of thermal conductivity

in chain cross-linked PC-TIMs is generally limited and often
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mation of effective heat transfer pathways. Moreover, a high
content of thermal conductive additives can degrade the flexi-
bility of PC-TIMs, further impeding interfacial heat transfer.

lower than that achieved with porous material-based PC-TIMs.
This limitation arises from the difficulty of orienting thermally
conductive additives within the matrix, which hinders the for-
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Fig. 7. (a) PC-TIM fabrication by compressing paraffin adsorbed onto EG through cold pressing by Dong et al., reproduced with permission
from Ref. [99]; (b) incorporation of COFs for the PEG adsorption improvement within rGO aerogels by Luo ef al., reproduced with permission
from Ref. [100]. Schematic illustration of the preparation of PC-PCM using different elastomers as encapsulation matrix: (c) EVAC by Hu et
al., reproduced with permission from Ref. [110]; (d) solvent-free phase change gel by Cao et al., reproduced with permission from Ref. [125].
Preparation strategies for PC-TIM with different core—shell structures: (e¢) phase change fibers by Lu et al., reproduced with permission from
Ref. [130]; (f) thermally conductive magnetic particles as the oriented thermal conduction framework with LM as the PCM by Lu et al.,

reproduced with permission from Ref. [132].

In addition to the aforementioned two methods, the core—
shell structure design is renowned for its optimal encapsu-
lation performance. The term “core-shell structure” here
generally refers to a configuration in which the PCM serves
as the core, encapsulated by an organic or inorganic shell
material.[!) This design isolates the PCM, confining phase
transitions to a limited and enclosed space to achieve effective
encapsulation.!?°! The design of the shell thickness is critical:
too thin shell could not sufficiently contain the PCM, while
excessive thickness reduces the latent heat capacity. Core-
shell structures are typically categorized into two types: phase-
change microcapsules and phase-change fibers.!'?’-12%1 The
former consists of PCM processed into discrete microbeads,

whereas the latter encapsulates larger volumes of PCM into
elongated fiber structures. To ensure the shell layer pro-
vides long-term stability in practical applications, core—shell
structures often require additional processing (2nd encapsula-
tion) to finalize the design, such as compression techniques or
polymer chain locking. Lu et al.l'*") prepared phase change
fibers using coaxial electrospinning, with PEG as the core and
thermoplastic polyurethane (TPU) as the shell, incorporating
BNNS to improve thermal conductivity (Fig. 7(e)). The latent
heat value remained at 96.3% even after 50 thermal cycles. In
the thermal management of three types of chips in the 5G base
station (main chips, timing chips, and RF chips), the PC-TIM

outperformed commercial thermal silicone grease, achieving
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temperature reductions of 11.5 °C, 4.5 °C, and 9.6 °C, re-
spectively. Moreover, LMs exhibit the phenomenon of engulf-
ing other metals, which provides a novel approach for reverse
encapsulation. (81311 Ly ef al.13%] utilized silver-coated mag-
netic particles (NdFeB @ Ag) as the core and leveraged the in-
ternal engulfing effect of liquid metal on the Ag layer to de-
velop an innovative PC-TIM (Fig. 7(f)). No obvious leakage
was observed even after three thermal cycles and mechanically
induced deformations, owing to the strong interaction between
the LM and the Ag layer, which effectively locked the LM
phase in place. After 100 thermal cycles, the decrease in la-
tent heat was only 2.07%. With a high thermal conductivity

of 17.29 W/(m-K) and a low R value of 0.055 K-cm?/W,
this PC-TIM achieved a temperature reduction of 48 °C when
applied to LED cooling. It is important to note that the 2nd en-
capsulation of core—shell structures may introduce additional
interfacial layers, potentially increasing thermal resistance and
reducing overall thermal efficiency. If the shell material lacks
sufficient elasticity or deformability, it may lead to shell crack-
ing or failure, compromising the encapsulation performance.
Table 5 compares the characteristics of three encapsulation
strategies in terms of leakage prevention, thermal conductiv-

ity enhancement, and flexibility.

Table 5. Comparison of the three encapsulation strategies.

Encapsulation strategy Anti-leakage improvement

Thermal conductivity enhancement

Flexibility

Physical adsorption limited (weak capillary force)

Chain-crosslinked networks  obvious (strong chain interaction)

Core-shell structure dramatic (fully enclosed encapsulation)

dramatic (high thermal conduction of
the skeleton)

limited (incomplete heat conduction
pathways)

obvious (high thermal conduction of the
shell)

poor (depending on the flexibility of
the skeleton)

favorable (provided by interaction
structure)

favorable (elastic housing for pro-
tection)

4. Extended applications

The application of PC-TIMs in electronic device cooling
primarily focuses on their heat transfer and leakage preven-
tion capabilities, with relatively few studies addressing the la-
tent heat storage characteristics inherent to their phase change
properties. This emphasis arises because the primary concern
in electronic device cooling is the effective heat conduction
to prevent overheating. In this context, the thermal conduc-
tivity and CTR of PC-TIMs become their most critical per-
formance metrics, as the main task is to rapidly reduce tem-
perature. Electronic devices often operate in high-frequency
switching modes, where heat must be managed in real time.
The latent heat storage feature is more effective during grad-
ual temperature increases and is typically unable to respond
quickly to rapid heat load fluctuations. However, the seam-
less integration of phase change behaviors and interfacial wet-
ting properties endows PC-TIM materials with the capability
to function as specialized TIMs across diverse application do-
mains, including thermoelectric systems, thermochromic de-
vices, thermosensor, and personal health management. This
unique combination enables them to deliver high-performance
thermal management solutions.

Thermoelectric devices contain pairs of P- and N-type
semiconductors, functioning as thermoelectric coolers (TEC,
Peltier effect) or generators (TEG, Seebeck effect).[!33] TECs
offer fast response and refrigerant-free operation. Integrat-
ing PC-TIMs with TECs (PC-TEC) improves temperature
control duration and reduces power consumption. Efficient
hot-side heat dissipation is critical to prevent efficiency loss
from heat backflow.!!3* Ren et al.l'* used BN, PEG, and
PDMS as the top heat sink layer, Ni foam, BN, PEG, and

PDMS as the intermediate PC-TIM layer, and TEC with
PDMS as the bottom TEC layer to assemble a multilayer
flexible PC-TEC. The heat sink layer together with the PC-
TIM layer improved the cooling performance of the TEC by
55%. In the practical personal thermal management tests, a
current supply of 0.45 A demonstrated better cooling perfor-
mance than 0.7 A, achieving a temperature drop of 4.2 °C, as
shown in Fig. 8(a). PC-TEG integration harnesses tempera-
ture differences to generate power, supplementing energy for
smart electronics.!3%137] Sun er al.1'38) incorporated graphene
clusters into phase change microcapsules, observing an im-
proved thermal conductivity (103 W/(m-K) at in-plane direc-
tion, 12 W/(m-K) at cross-plane direction) and a higher phase
change enthalpy (94.2 J/g). When integrated with the TEG, the
device achieved an open-circuit voltage of 1.6 V and an output
power of 50 mW, which can power various electronic devices,
as shown in Fig. 8(b). Future work will focus on optimizing
thermoelectric-PCM thermal design, developing adaptive reg-
ulation, and integrating smart controls.

PCM heat exchange triggers temperature-driven color
changes in thermochromic materials. This enables applica-
tions like smart windows, coatings, and sensors where vi-
sual temperature response is needed for indication or adap-

139 Wang et al.l'*01 developed a smart wrist-

tive control.!
band using paraffin/nonadecane/PDMS flexible phase change
fibers with dual phase transition temperatures, combined
with 6'-(diethylamino)-1’, 2/-benzofuran functioning as ther-
mochromic agents, resulting in a color evolution across three
stages. Their work demonstrates the potential for high-
temperature warning and human thermal management ap-
plications (Fig. 8(c)). Current research focuses on align-

ing PCM thermal output with thermochromic thresholds.
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Future work will develop hybrid systems combining PC-  while the phase change of paraffin induces internal stress in

TIMs, thermochromics, and smart materials (e.g., self-  the material, resulting in a change in electrical resistance.
healing/conductive) for next-generation wearables, health sen-

This property can be utilized in temperature sensing applica-
sors, and adaptive construction.

tions (Fig. 8(d)). Current PC-TIM/thermosensor integration
Smart sensors enable real-time thermal management in

PC-TIM systems.
capabilities allow dynamic temperature control.l'*! Guo er

o o o faces challenges in achieving rapid heat transfer and response
Their interconnectivity and monitoring

synchronization while mitigating phase-change-induced errors

(e.g., thermal expansion/stress). Future research must focus on

al.l"*?1 developed phase-change microspheres with high ther-
mal conductivity and excellent stability based on paraf-
fin/polydopamine/graphene blends. The electron-hole pairs
in graphene dynamically balance with temperature changes,

BBNPEGPDMS

developing extremely durable sensors with improved accuracy
while optimizing thermal response characteristics to enhance

system compatibility and coupling performance.
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Fig. 8. (a) The preparation and performance tests of the multilayer flexible PC-TE by Ren et al., reproduced with permission from Ref. [135];
(b) PC-TEG driven by photothermal conversion by Sun et al., reproduced with permission from Ref. [138]; (c) temperature-regulating wristband
with tricolor transition functionality designed by Wang e al., reproduced with permission from Ref. [140]; (d) phase change-driven temperature
sensor by Guo et al., reproduced with permission from Ref. [142]; (e) the designed flexible PCMs used for thermal management devices
(including a belt, knee protector, mask, and footpad) by Lin et al., reproduced with permission from Ref. [145]; (f) heat engine utilizing volume
changes during phase transitions of PCMs by Wang et al., reproduced with permission from Ref. [146]; (g) robot driven by volume changes
during phase transitions of PCMs by Xu et al., reproduced with permission from Ref. [147].

PCMs can serve as the interface layer between the skin
and the external environment, making the thermal energy stor-
age and release capabilities of PC-TIMs highly promising
for personal thermal management applications.!!4>144] Lin et
al."1 prepared flexible PCMs based on SEBS, EG, paraf-
fin, and silicone oil, which offer a high energy storage den-
sity of 164.5 J/g, a large volume electrical conductivity of
193.76 S/cm, and a high thermal conductivity larger than
3.5 W/(m-K). The high electrical and thermal conductivities

make it suitable as a core component for electric heating,

with promising applications in thermal therapy for the human
body, such as for the waist and joints (Fig. 8(e)). The key
challenges persist in PC-TIM applications: slow dynamic re-
sponse to rapid environmental/human activity changes, phase-
change-induced uneven heating/expansion affecting comfort,
and material biocompatibility concerns. Future development
priorities include boosting thermal conductivity, improving re-
sponse speeds, and enabling multifunctional integration for
wearable/smart clothing applications.

The volume change induced by phase transitions in PCM
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can drive thermal engines, making it a promising environmen-
tally friendly power source. Wang et al.['46! discovered that
the thermal conductivity of n-hexadecane gradually increases
as it transitions from solid to liquid. Upon adding an appro-
priate amount of graphene, the thermal conductivity further
improves. Based on these findings, they designed a thermal
engine that reduced the energy storage time of the accumulator
from 35.23 min to 31.01 min, meeting the power requirements
of underwater vehicles (Fig. 8(f)). Another application field
is biomimetic science, which involves mimicking the sensory-
motor functions of biological neuromuscular systems, which
requires materials with both sensing and driving capabilities.
Xu et al.'"*") demonstrated that internal stress generated by
PCMs can induce reversible deformation, which could enable
the contact and separation of conducting components (CNTs).
This process effectively modulates the conductive network:
when CNTs are in contact, the network is formed, and when
CNTs are separated, the network is broken. Based on the elec-
trical signal change, they developed a walking robot integrated
with a feedback-controlled system (Fig. 8(g)). It can be sum-
marized that the extended applications of PC-TIMs are primar-
ily based on the secondary utilization of the thermal energy
they store. Specific application scenarios include but are not
limited to aerospace, underwater equipment, energy storage
and conversion, and biomimetic science.

5. Conclusions and prospects

This paper provides a comprehensive review of PC-TIMs
from three key perspectives: heat transfer enhancement, en-
capsulation strategies, and extended applications. The inter-
face section considers factors affecting contact heat transfer,
including the mismatch of thermal carriers at the microscale
and contact geometry at the macroscale. The mechanisms
influencing various physical properties and the optimization
strategies are also systematically reviewed. For the heat trans-
fer enhancement, the discussion focuses on intrinsic thermal
conductivity improvements and interfacial heat transfer opti-
mization. In terms of encapsulation strategies, three common
methods are discussed: physical adsorption via porous ma-
terials, the design of chain-crosslinked networks, and the de-
sign of core—shell structures. The effects of each encapsulation
strategy on leakage prevention, heat transfer enhancement, and
flexibility are summarized. Finally, the manuscript explores
the application of PC-TIMs in thermal energy storage, high-
lighting their coupling with thermoelectric, thermochromic,
and thermosensing technologies for extended applications.

The emerging trends in PC-TIMs focus on the develop-
ment of multifunctional composite materials, characterized by
high thermal conductivity, self-healing capabilities, smart re-
sponsiveness, and broad applicability, as well as scalable in-
dustrial manufacturing processes. Standardization efforts and

cross-scale modeling will further bridge laboratory innova-
tions to high-reliability applications in 6G communications
and quantum computing. While significant progress has been
made in recent years, several challenges remain and they are
presented below.

(1) There is a lack of comprehensive models for calculat-
ing the thermal conductivity of composite PC-TIMs. Existing
models for thermal conductivity are limited in scope, typically
applied to pure PCMs or simple composite materials, and do
not align across scales. The underlying reason for this is the
unclear impact of each component on heat transfer during the
phase change process. The heat conduction mechanisms differ
between the solid, liquid, and interface transition regions, sig-
nificantly increasing the complexity and computational diffi-
culty of thermal conductivity models. The future direction lies
in the development of multiscale modeling approaches that
consider the interactions, conduction, and interface effects of
heat carriers from atomic to macroscopic scales. Additionally,
the dynamic behavior of materials in the solid—liquid transi-
tion zone under thermal gradients should be considered, along
with the development of time-varying thermal resistance mod-
els based on nonequilibrium heat conduction theory.

(2) The evaluation of the thermal performance of PC-
TIMs is currently limited to basic material tests, such as ther-
mal conductivity and CTR, with a lack of assessment meth-
ods for their performance during actual use. Electronic de-
vices undergo complex thermodynamic and mechanical pro-
cesses during operation, including heat generation, thermal ex-
pansion, mechanical stress, and increased thermal resistance.
Currently, there is a lack of comprehensive evaluation and per-
formance monitoring methods for PC-TIMs under long-term,
high-power, and high-temperature gradient conditions. Fur-
ther research is needed to develop coupled models for multi-
ple physical fields, including thermal, mechanical, and elec-
trical interactions, in combination with real-time monitoring
techniques. This will enable dynamic evaluation of the ther-
mal performance changes, stress distribution, and the impact
on overall system performance during PC-TIM operation.

(3) Research on materials for enhancing the thermal con-
ductivity of PC-TIMs and designing packaging frameworks
is still in the exploratory stage. Traditional experimental
methods for material screening are often time-consuming and
costly, resulting in low efficiency in performance improve-
ment. Machine learning algorithms (such as deep learn-
ing and support vector machines) can analyze large materi-
als databases for prediction, thereby accelerating the discov-
ery and design of PC-TIMs.[!#4 Additionally, machine learn-
ing algorithms (such as reinforcement learning and genetic
algorithms) can be used to investigate the influence of mate-
rial composition, arrangement, shape, and interface charac-
teristics on heat transfer performance.!'**13% Given the di-
verse application scenarios and varying material performance
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requirements, the future development of PC-TIMs must inte-

grate data-driven Al approaches, enabling the maximization of

benefits with minimal trial-and-error costs.

In summary, phase-change thermal interface materials are

anticipated to evolve toward enhanced performance, multi-

functionality, and sustainability, driven by advancements in

materials science, engineering technologies, and growing ap-

plication demands.
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