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Abstract The progress on the integrated circuits promotes the development of chips towards high integration
and high performance. The resulting high heat flux brings serious challenges to the thermal management
of chips. Polymers are favored to be used as materials for the purpose of heat dissipation since they have
the advantages of excellent mechanical properties characteristic of softness and the ease of processibility.

Limited to the low intrinsic thermal conductivity of polymers, filling highly thermally conductive fillers
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to fabricate polymer-based composites with high thermal conductivity is the currently main approach to
realize the commercial applications. This paper reviewed the advances and applications in liquid metal-filled
polymer-based thermally conductive materials. Based on the previous work, the distribution of liquid metal
in the polymer matrix can be classified into three classes including discontinuous distribution, unidirectional
continuous distribution and three-dimensional continuous distribution. The heat transfer mechanism of thermal
interface materials, polymer-based liquid metals, methods of fabrication, thermally conductive properties and
technical bottleneck of these composites with different distribution of liquid metal have been introduced. At
last, the outlook on the future studies on the liquid metal-filled polymer-based thermally conductive materials
has also been proposed.
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Fig.1 Schematic diagram of heat dissipation and thermal
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Table 1 Physical properties of gallium based liquid metals
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BREWES R JE AL (°C) I (g-em ) HS% (S'm ) MFE (W-m K
Ga 29.8 5.90 6.35X10° 29
Galnaa s (EGaln) 15.4 6.25 3.40X10° 26~39
Gassg sIna1.5Snio (Galinstan) —19.0 6.44 3.46 X 10° 16~39
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Fig.2 Schematic illustration that shows the preparation of the liquid metal hybrid filler by one-step ball milling
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Fig.3 The schematic of the preparation of PDMS-based composites with dispersed Galinstan droplets by the

method of mechanically mixing
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[44]



5 B H, dF AR

R G 3 MR FUE e 7

MM GE LN 1.68 Wem™ "K', iX—%[f) ik
T R NARLE R 5181 SEM 3R AF M %2 31 17K
e BAEE A W B AR R RHEARTT o

AR L, Rl ANAHLR . SRS R A
WA S BAER AV B E M HEFR SEILZ )T 1A E
W&, SARESammt, Ex s
Jimal b, REARERTEAE R, B RS
SIEBL AR — ) B SR B RS X
ANFE P RE BN 6, w3k A R 6 &
W, VASEELE ARG A B S AMERE AL . XS TR
FHEM B SN B AgETE, TRHS2
W, EEEMEHIN AT RARETE, T T8
S ) R T S 3 6k, R R e B
JERIITVE, R AT R T
43 =HFEES

WA S B R EWEEAR T I =Yg LE i fa
ER AN EZ AT L, WEEREEES:
oA, TE=4E I YRRt S Avm K, A,
B3 5 &k AG S mFEEN @SR, §
AT, BEAGE R LIRS &8 = 4 sk A £ 2
Hil TV, T BT AR ) = 4E M 2 254, He g
WA SR =ML, TSI = 48 %8257

Yu 28 B AP, A SR Ga R
ZFLFESEIFLRR, TEA KA RFEG 3] Ga
M. BEJE, M Ga WZHEE PDMS, 1535
i Ga W%t PDMS S &M A (B 5) . 4 Ga
ARFL BN 25% I, i3 EA MRS X
M&%E?@%&

B 5 BRIUEHEAGSRSEBENENRADES SN RREER"

A5 (2.7402) W-m™ "K' Yao %55V i b
BOEHI1F PDMS K, Bl 5, @i 37 ab B AT
EGaln 3i% %] PDMS ik H, JER EGaln 1)1k
N 15% FI=4EM L. 1E 60% 4N A
N, BT A ARG T P AN A5 2 0 Sl ik B
425W-m “K ' fl4.05W-m K, SR
VIR

B EREMN T EBESSEMLES, E5
GAEL IR R = 4T 1) B S AGE RS, AT
DB EERRNIEI T, [R5 & A A 4
LT ARG ER, R EAMEIER T
SRR EEY S, BAT RN 2R,
HHT, 7ERAVEEAEF @RS EE =M
TE BTG, TSl TR, Rk,
AR RN, RIGHEAE. KRN EE
PR Z T 0 7 . R TR A VS B R = 4 2% 45 1)
(732, T S i T 34 B % 1) [ 12 1) R
SHM R DA R R .

5 BRI

HAl, WA E)E BREIRZ GUHEA &) IH
IR AT S, SRS &R A R S AE & 34
MBI A IR 2 fios. B —SERM
M, TEEARIAELL R LT

TR AR & RIS MRIE R &
AR ERETHIMEL, WS EE NG RAA

e WEREH
S pHRST AP

E

Fig. 5 The schematic of the preparation of the polymer-based composites with liquid metal network based on

the method of sugar-template
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Table 2 Summary of advantages of various types of liquid metal filled polymer based thermal conductivity materials

BEN SCHR A G R Gy AR HER (Wm K ek
T Mei ££6¢ Galinstan E|Buss it 5.27 RERZEEZ S o e Y
PDMS Jeong %517 Galinstan ElBe2 %, ¥ifl 2.20 AL rE . TR
T Fan %1% EGaln AR LA i 6.73 EER . SR
RER IR Tutika £ EGaln(Cu) A Lo A 6.70 G ER, BAggE
AN Gao 2511 EGaln e Lo i 4.30 S FR T A BH
TERPER  Krings 45141 EGaln AEFELES A 1.00 T
PDMS Bartlett 2] EGaln A B T ) AT 9.80 SR
FER IR Ralphs 24! Galinstan(Ag. Ni) isn Pk R A R 3 A 6.00 EREE
ANF Jia 2140 Galinstan T PA) L[] S ) A 7.14 AR SR
PDMS N EGaln =Yk 4.25 RS E, mAGR

REfE e, e RN A T v A SR Rk AR
W HAE RIS A B SRt BE . HAT, X T1%
F i, R, RS RS RS BMREN
HRME, 2R T AT R SR RN
BRI S, Biltn, Zeng &M Md I 4 NI AR
ARG IHEERE RS S EERRE SR
PUEE] 120 W-m™ "K' TR, X IZAIR T
W TR T B 0 R T T

TEXHRAS & @ AT SR eI, Fh T 4
LSRRI R R 2, 4 AR
R BRI RHR N A, (EIX P A #
HAR, WK FHARIAEE . Flhn, AR
ZH A A A R, R R S & JE AT LR, R
FEZS AR, DMEES RS S8 A A
A ER NS, AT 5 B U R D VRN A, 1T 4R
AR B AT AR T SR 51N 1 ST K B AT A e
WG R, FHESHHFEHOBLS A — & W
F£. 2022 4, Kuang %V EABE %, 7E
FAEREAIR AT OL T, ARk BORH B
BHSHASREERS, NERSHESEN
TRATREE 7B .

BRitz 4b, MOoMSEBESH. B%E)E
B ST A S . BB S SH T ]
MORIEARRELL, B0 i 7 e i i, X PR

IS & BT AR N SEBR A o X5 I 1]
W, HATA AR DT A R a2 gk T B0
PV AS 4 )/ AR AT 40 BE . 9140: Handschuh-
Wang %PV 7E [ 1 42 J8 R 1 R B e RUA W, A%
ik &R 5WAs S BRES A Mel 2P K%
WA G &S FERRS, AR RS
RHTHE T, el R FHRE S [ R 4 8 1) 1) g
Tl Fan 25500 208 7 43 B S50 SR A i ik
AT REALH, f& 7 ETHREESEE
() e e T S AR}, AT ) BRI H AL
e RN, DL A S o

6 4 B

REMEBE &R E MRS HE Ge A
JIEEPERE, AR AVE BLUSA BN I 7). Tl
SR IR R E N A R E SR
et 7 2RI & T, IR R] RS S
JRAER G WA AR B o3 A, DASRAGIE N5 P BV
BN AR SRR . BT H AT T AR
R, JEaE S ARBAMEIZIIBIR R LR, R
K, RIERGWHBE SR FAE GBI E
FIECAT LA T (1) RT3 S LR &
WP BRGNS B =M K L1 (1 RSPk



5 1 MR mR, 25 S SRIEAM RS YR SRR R 9
SEMEFEZER T, Q) EEmESEeEER [9] He H, Fu RL, Han YC, et al. High thermal
BB SYIE TS, R RREASE conductive Si;N, particle filled epoxy composites

ith a novel structure [J]. Journal of Electronic
- éHXA A H H 3 TN ~T AN wit
5REWIRK S AP () S R AR Packaging, 2007, 129(4): 469-472.
ERAEREHEE AT 4IRS E SR

(fodRa e s LAIE A IR 1] ) il T AR R
(5) P2 TR RS 85 R 2R T R, DL
WS R IR B R (6) BN R i HRAE
I 7E AL AN SEBRAE P i 1 46 05 1555

2 % X u

[1] Huang CL, Qian X, Yang RG. Thermal conductivity
of polymers and polymer nanocomposites [J].
Materials Science and Engineering R-Reports,
2018, 132: 1-22.

[2] Xu YF, Kraemer D, Song B, et al. Nanostructured
polymer films with metal-like thermal conductivity
[J]. Nature Communications, 2019, 10(1): 1771.

[3] Singh V, Bougher TL, Weathers A, et al. High
thermal conductivity of chain-oriented amorphous
polythiophene [J]. Nature Nanotechnology, 2014,
9(5): 384-390.

[4] Shen S, Henry A, Tong JK, et al. Polyethylene
nanofibres with very high thermal conductivities [J].
Nature Nanotechnology, 2010, 5(4): 251-255.

[5] Kim G-H, Lee D, Shanker A, et al. High thermal
conductivity in amorphous polymer blends by
engineered interchain interactions [J]. Nature
Materials, 2015, 14(3): 295-300.

[6] Xu YF, Wang XX, Zhou JW, et al. Molecular
engineered conjugated polymer with high thermal
conductivity [J]. Science Advances, 2018, 4(3):
eaar3031.

[7] Feng CP, Yang LY, Yang J, et al. Recent advances
in polymer-based thermal interface materials
for thermal management: a mini-review [J].
Composites Communications, 2020, 22: 100528.

[8] FuYX, He ZX, Mo DC, et al. Thermal conductivity
enhancement with different fillers for epoxy resin
adhesives [J]. Applied Thermal Engineering, 2014,
66(1-2): 493-498.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Wang XW, Wu PY. Preparation of highly thermally
conductive polymer composite at low filler content
via a self-assembly process between polystyrene
microspheres and boron nitride nanosheets [J].
ACS Applied Materials & Interfaces, 2017, 9(23):
19934-19944.

Yuan H, Wang Y, Li T, et al. Fabrication of
thermally conductive and electrically insulating
polymer composites with isotropic thermal
conductivity by constructing a three-dimensional
interconnected network [J]. Nanoscale, 2019,
11(23): 11360-11368.

Chen HY, Ginzburg VV, Yang J, et al. Thermal
conductivity of polymer-based composites:
fundamentals and applications [J]. Progress in
Polymer Science, 2016, 59: 41-85.

Wi, MRE, T, & s REKE SR
TERRIR S S AR FCRERE [J]. ThREATEL, 2014,
45(20): 20001-20006+20011.

Yuan T, Zhou XH, Wang F, et al. Progress of high
thermal conductivity and low expansion composite
silicone rubber and thermally conductive filler [J].
Journal of Functional Materials, 2014, 45(20):
20001-20006+20011.

Tutika R, Zhou SH, Napolitano RE, et al.
Mechanical and functional tradeoffs in multiphase
liquid metal, solid particle soft composites [J].
Advanced Functional Materials, 2018, 28(45):
1804336.

Xing WK, Xu Y, Song CY, et al. Recent advances
in thermal interface materials for thermal
management of high-power electronics [J].
Nanomaterials (Basel), 2022, 12(19): 3365.

JR, ZEORIC. TR T A AL R
PR A) 8 [0]. R, 2013, 42(2): 89-99.

Zhou J, Li BW. The physics of heat dissipation in
micro-nano-scale devices [J]. Physics, 2013, 42(2):
89-99.

Hopkins PE, Norris PM. Effects of joint vibrational



10

£ W

¥

7N 2023 4F

(18]

(21]

(22]

(23]

[24]

[25]

[26]

(28]

states on thermal boundary conductance [J].
Nanoscale and Microscale Thermophysical
Engineering, 2007, 11(3-4): 247-257.

Wang XL, Guo R, Liu J. Liquid metal based soft
robotics: materials, designs, and applications [J].
Advanced Materials Technologies, 2019, 4(2):
1800549.

Daeneke T, Khoshmanesh K, Mahmood N, et al.
Liquid metals: fundamentals and applications in
chemistry [J]. Chemical Society Reviews, 2018,
47(11): 4073-4111.

Song H, Kim T, Kang S, et al. Ga-based liquid
metal micro/nanoparticles: recent advances and
applications [J]. Small, 2020, 16(12): €e1903391.
Zavabeti A, Ou JZ, Carey BJ, et al. A liquid metal
reaction environment for the room-temperature
synthesis of atomically thin metal oxides [J].
Science, 2017, 358(6361): 332-335.

Dickey MD. Stretchable and soft electronics using
liquid metals [J]. Advanced Materials, 2017,
29(27): 1606425.

Wang XH, Lu CN, Rao W. Liquid metal-based
thermal interface materials with a high thermal
conductivity for electronic cooling and bioheat-
transfer applications [J]. Applied Thermal
Engineering, 2021, 192: 116937.

Lu Y, Hu QY, Lin YL, et al. Transformable liquid-
metal nanomedicine [J]. Nature Communications,
2015, 6(1): 1-10.

Kalantar-Zadeh K, Tang JB, Daeneke T, et al.
Emergence of liquid metals in nanotechnology [J].
ACS Nano, 2019, 13(7): 7388-7395.

Ma KQ, Liu J. Nano liquid-metal fluid as ultimate
coolant [J]. Physics Letters A, 2007, 361(3): 252-
256.

Tang JB, Zhao X, Li J, et al. Gallium-based
liquid metal amalgams: transitional-state metallic
mixtures (TransM2ixes) with enhanced and tunable
electrical, thermal, and mechanical properties [J].
ACS Applied Materials & Interfaces, 2017, 9(41):
35977-35987.

Kong W, Wang ZY, Wang M, et al. Oxide-mediated
formation of chemically stable tungsten—liquid

[29]

[30]

[32]

[34]

[35]

[36]

[37]

metal mixtures for enhanced thermal interfaces [J].
Advanced Materials, 2019, 31(44): 1904309.

Wei S, Yu ZF, Zhou LJ, et al. Investigation on
enhancing the thermal conductance of gallium-
based thermal interface materials using chromium-
coated diamond particles [J]. Journal of Materials
Science: Materials in Electronics, 2019, 30: 7194-
7202.

Xing WK, Chen S, Wang H, et al. Construction
of 3D conductive network in liquid gallium with
enhanced thermal and electrical performance [J].
Advanced Materials Technologies, 2022, 7(5):
2100970.

Yao B, Xu XW, Li H, et al. Soft liquid-metal/
elastomer foam with compression-adjustable
thermal conductivity and electromagnetic
interference shielding [J]. Chemical Engineering
Journal, 2020, 410(8): 128288.

Xu JY, Guo HD, Ding HY, et al. Printable and
recyclable conductive ink based on a liquid
metal with excellent surface wettability for
flexible electronics [J]. ACS Applied Materials &
Interfaces, 2021, 13(6): 7443-7452.

Wang XL, Yao WH, Guo R, et al. Soft and
moldable Mg-doped liquid metal for conformable
skin tumor photothermal therapy [J]. Advanced
Healthcare Materials, 2018, 7(14): e1800318.
Chen S, Deng ZS, Liu J. High performance
liquid metal thermal interface materials [J].
Nanotechnology, 2020, 32(9): 092001.

Deng YG, Liu J. Corrosion development between
liquid gallium and four typical metal substrates
used in chip cooling device [J]. Applied Physics A,
2009, 95(3): 907-915.

Mei SF, Gao YX, Deng ZS, et al. Thermally
conductive and highly electrically resistive grease
through homogeneously dispersing liquid metal
droplets inside methyl silicone oil [J]. Journal of
Electronic Packaging, 2014, 136(1): 011009.

Jeong SH, Chen S, Huo JX, et al. Mechanically
stretchable and electrically insulating thermal
elastomer composite by liquid alloy droplet
embedment [J]. Scientific Reports, 2015, 5(1):



1

B

[40]

[41]

[44]

[45]

] B w1, S A EBEANR SIS HMR Bt R 11
18257. composites through magnetically induced

Bark H, Tan MWM, Thangavel G, et al. Deformable
high loading liquid metal nanoparticles composites
for thermal energy management [J]. Advanced
Energy Materials, 2021, 11(35): 2101387.

Fan P, Sun Z, Wang Y, et al. Nano liquid metal
for the preparation of a thermally conductive and
electrically insulating material with high stability
[J]. RSC Advances, 2018, 8(29): 16232-16242.
Gao JY, Yan QW, Tan X, et al. Surface
modification using polydopamine-coated liquid
metal nanocapsules for improving performance of
graphene paper-based thermal interface materials
[J]. Nanomaterials, 2021, 11(5): 1236.

Krings EJ, Zhang HP, Sarin S, et al. Lightweight,
thermally conductive liquid metal elastomer
composite with independently controllable thermal
conductivity and density [J]. Small, 2021, 17(52):
€2104762.

Zhao LY, Liu HQ, Chen XC, et al. Liquid metal
nano/micro-channels as thermal interface materials
for efficient energy saving [J]. Journal of Materials
Chemistry C, 2018, 6(39): 10611-10617.

Chen J, Wei H, Bao H, et al. Millefeuille-inspired
thermally conductive polymer nanocomposites
with overlapping BN nanosheets for thermal
management applications [J]. ACS Applied
Materials & Interfaces, 2019, 11(34): 31402-31410.
Bartlett MD, Kazem N, Powell-Palm MJ, et al.
High thermal conductivity in soft elastomers with
elongated liquid metal inclusions [C] // Proceedings
of the National Academy of Sciences, 2017: 2143-
2148.

Ralphs M, Kong W, Wang RY, et al. Thermal
conductivity enhancement of soft polymer

[46]

[47]

[50]

[51]

percolation and particle—particle contact engineering
[J]. Advanced Materials Interfaces, 2019, 6(6):
1801857.

Jia LC, Jin YF, Ren JW, et al. Highly thermally
conductive liquid metal-based composites with
superior thermostability for thermal management
[J]. Journal of Materials Chemistry C, 2021, 9(8):
2904-2911.

Chen S, Xing WK, Wang H, et al. A bottom-up
approach to generate isotropic liquid metal network
in polymer-enabled 3D thermal management [J].
Chemical Engineering Journal, 2022, 439: 135674.
Yu DH, Liao Y, Song YC, et al. A super-stretchable
liquid metal foamed elastomer for tunable control
of electromagnetic waves and thermal transport [J].
Advanced Science, 2020, 7(12): 2000177.

Zeng CZ, Ma CF, Shen J. High thermal
conductivity in diamond induced carbon fiber-liquid
metal mixtures [J]. Composites Part B: Engineering,
2022, 238: 109902.

Kuang HL, Wu BH, Wang JY, et al. Wettability
and thermal contact resistance of thermal interface
material composited by gallium-based liquid metal
on copper foam [J]. International Journal of Heat
and Mass Transfer, 2022, 199: 123444,
Handschuh-Wang S, Wang T, Zhu LF, et al.
Corrosion-resistant functional diamond coatings
for reliable interfacing of liquid metals with solid
metals [J]. ACS Applied Materials & Interfaces,
2020, 12(36): 40891-40900.

Wang H, Xing WK, Chen S, et al. Liquid metal
composites with enhanced thermal conductivity
and stability using molecular thermal linker [J].
Advanced Materials, 2021, 33(43): 2103104.



