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Table 1 Composite method and mechanism of gallium-based liquid metal and filler

LM ok il g ik il 1 5E HAENL E= BTN
Ga e N T A+ =5 Gtk [25]
qweGa AL R HUBR T F: 75 Ak [26]
Ga 4 WA 0RE (4% , 40 wm) BT T =5 Ak e [27]
EGaln BEFURE (5~20 pm) HEPEREFES (1 h) 255, 300 °C G4k [28]
EGaln ZAAAkEE BRIBHLIR A =5 AR L [24]
EGaln BRI AN AL (5 um) BT T 755 AR L [29]
EGaln AAbE N THFEE 255 PIREEL - oF i o7 [30]
EGalnSn i A A R WE 1P PrAs Hhm et [14]
EGalnSn Gd#} (425 pum) N LA =5 Gatt [31]
EGalnSn FH i it WE I BEFERR 255, AR [32]
EGalnSn ) R G 255, A A [16]
EGalnSn BRI (44 pum) N Lt =R Gatt [33]
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Ag-Sic+tLM " Intermetallic
g - .
LM-based paste <57 ?rmatlon

Silicone oil
(100 ¢St)

Mixing
Ag-SiC+LM+oil

Silicone-based grease LM-bridging

BT EGalnSn/X il #7585 BAHT AR
(a) B AR EGalnSn 7E AR IR A 5 (D) MR M EGalnSn 78 & EAE TR G5 (o) %A BRI E AL EERUR 4> BUfE
EGalnSn AR 1) EGalnSn 565 AT 25 2 BRI Z LIS 5 () ek 3 3 R 1 75 28 PR 2 WL A%
Fig.1 Schematic preparation and morphology of EGalnSn/X

(a) Tungsten powder and EGalnSn mixed in an oxygen-deficient environment; (b) Tungsten powder and EGaInSn mixed in an oxygen-

rich environment™'; (¢) Schematic and optical images of EGalnSn substrate material containing silver-coated silicon carbide particles

dispersed in EGalnSn continuous phase; (d) Schematic and optical images of silicone-based grease containing a mixed filler'”
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Ga-LM 7515345, 1 BA G 19 4 J& B A 0L
BF, RAGE&MERIIE A Tang G EEIR Ga-
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KR R TIOK URL AR B D) A B Ga-LM H1, 3X
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I8 A BNGE #E ST T — A B A ROk A5 Bl fi R L
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P CHEIR R . BFE NGBl s AR T — 1
B B il 5 1R A AR TSR T Sl Ga-LM A
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EGaln W #GEERI M EZ G AR &l 2(a) iR . il
SERRERIE 4 by AR HE 1Y) CPTES JF B A %A1 H 2R
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N5 3 SR A P A R T A PR ST — 2B R
Tk o K 38 e LA Si-O-Cou Bl 12 2 A 00k - . 7E Bl
JE BIE VR RS , AT Ze0d CPTES & i 11
Wi ki (Cu@Cl) . ¥ Cu@Cl 5 EGaln fi] LR & ,
EGaln £ [fil I Ga,0, I FEFERS N T EGaln 5 i f0kL
B ZEBE Ty FEIR A RE T, 3R Ga,0, BY DI iR 2L,
iR ALY EGaln RTH A B TEZ I, B HGHRY
AALIZE o XIS JE R UKL A 2 1] EGaln 5 T
o Iz EN R R AZ S 35, XAl Dou-
drick 2 N A —B. WL, &8 Rk AT
DL ot SR A R I A B A AT B T 2045 A 31 EGaln
Fetkrh, IFPUE RS 5 R 47 () EGaln-CuP & & 41
#l. EGaln-CuP@Cl & & # K Cu/Ga,0, F1H #f%
St R 2(b) s, 41 Ga,0, 22 8] 4 F 1 #ABH
EGaln-CuP@Cl 2 4t th 3 #8240 il 2 4 5
Silane [A] it L T HBH . Silane £ Ga, O, F4 5 1 F4BH A1
Silane fY AT AABH , FLIXRE U 2401 7 AR 1Y) 53 i L
AH HAE FHAE R B AT 2500 3 F $ S Dok 2D 4 A
Ga,0, Z [ By #PH ke = 2R, X f#45 EGaln-
CuP@Cl & 5 M BB AR 3 32 1458 . EGaln-CuP
Ml EGaln-CuP@CI EZE il MR A5, 12 10 KA
RO 2% B (OM) BRI & 2 (e, ¢2) s .
10 d 5, EGaln-CuP & & # ¥} 19 4 J& 675 56 42 18
e, IF ELoaT LW B B 0 2% m ML RS fk . A
EGaln-CuP@C1 & & # B SR PR FF — i 4 JB O

EGaln-CuP & & A KK K 52 T8 B 14 [ 4 CuGa,
IMC, EGaln [ #E 1 /3 24 B R e, MELZ T,
EGaln-CuP@CliZ & & MBI FE iR, X &
EGaln 78 #8# [t EGaln-CuP & 5 BL O M FE &
INEZ . F W EGaln-CuP@Cl & & 1 BHJG 9K 44 15
BIS 0 E R, IF WOR X CuGa, 5 42 T8 WA
fil o WE 20, &2)Fin, WEKF 1210 K,
EGaln-CuP & & #4 L/ i) CuGa, W K IE I N, Cu-
Ga, (P I I FE TS ER , 3 1 57 3%
1A KL ¥ . EGaln-CuP@Cl & & #1 B, CuGa,
WS TR BF 14 384 10 [ EGaln-CuP B39 g 18 £, &
AR A s b St i T AR 7 ik, FEAR KRR kg T
B A RTE BGE ISR T2 A AR RS M
23 Ga-LM5FEEMBMESHE

Ga-LM H 85 Y 3 36 7 e i 18 £ 4 D Uk 6 Ak
2 R AL T8 AN TR) 2 B M O 0E A B Ga-LM
W, THFEER T LB R B A 4, XA LM 1k
Ay B 3L S A, T R EOR A W, IR
fiX T Ga-LM [ & & B4 BHFE A8 5C 1 o iy AL A
B CuGa, fb & WIE BB 25 T £ 1l [ 44 5 7 2 T
TR U T e, BRI . Ga-LM Al
LB AW RS2 Ga-LM F145 J8 B 4 45 1 e
bt B, Ga-LM 1B A s iy AL 2 e H 59k 4
BA R E AR Ga- LM 5 @A R E &
i A PR 5 — R AL IR T A
5 TR RE 1 Ga-LM AIEHLAL R 22 18] Y O e, 1 Xof
A EE

Ga-LM FIEE 4 J& # Rk 2 A £ 2 2 i A fk
BRI A, 1 Wang 25 18 2h 1) 4846 2 B
B E A B R A A B A8 bRk
4N AR S Bk 2 5 o Chang 552 P Fil
D5 ¥ i 4 EGaln A 3E 4 & J00k A7 508y 52 A M KL
W 3(a) iR, EGaln/Si0, 5 A5 A1k Hl £ i F
ALY o SRR R AR SRR T A EGaln
2580 mL AN} 10 g, FHBG ISR LLBEPE . BTt
10 min Ji5 , B AR ST B ), 122 EGaln/
SiO, Gk BB R R I ERESHLRERE , B — i
i H Y EGaln FLA JEBREA NAE N 52 mm ., &N
42 mm BIERBEGL T, EGaln Fl4 JLW WOk & 44 R
T it AR AN 3 (b) B« B f el B v A 0 ok fi
i Ga-LM 3R, %Ak J2 B 35 76 A e ks I, Rl S
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.. Toluene, .Dlyin 0‘-9_“,. T Cu CuGaz
oo o ang overnight _ & | Cu
particles(CuP) Cqu;riJ?at;gwwth Liquid z2 | J | J
metal | z 10 days
v Mechanical mixing ) g
: - | “ | .| Sdays
Silane capped Mixi Vo =
Eﬁ s (O VT
- 10 20 30 40 50 60 70 80 90
& iquid metal po g mg:i;g;clleiﬁed cuP 20/%)
(d2)
EGaln-
CuP@Cl
oy Cu
= CuGa, | CuGa,
£ |CuGa, lIl - LCU CuGa,Cy
= 1 [y
E 10 days
=
[ | l | L L 5 days
1 1 |I Il 1 Il = .ll day
10 20 30 40 50 60 70 80 90
20/(°)

K2 EGaln 54 @A EYE A AR AESS
(a) % EGaln 22 & F B /R Z K5 (b)EGaln 282 & 41K CuP/Ga,0, F 1 L F/R 2 K5 (¢1)EGaln-CuP 1 (c2)EGaln-
CuP@CI P EGaln JE & A M BRI OM B B A A28 T A 1 R 2 10 K122 4k 5 (d1) EGaln-CuP #i1(d2) EGaln-CuP@CI
EGaln 38 A M BERIRIRAJE 1 2 10 KA X A7 5 (XRD) 1%

Fig.2  Characterization of composite of EGaln with metallic materials

(a) Schematic diagram of preparation of EGaln matrix composites; (b) Schematic diagram of heat conduction at CuP/Ga,0; interface

in EGaln matrix composites; OM images of appearance of (¢1) EGaln-CuP and (¢2) EGaln-CuP@C composites vary with storage time
from 1 day to 10 days; XRD patterns of (d1) EGaln-CuP and (d2) EGaln-CuP@C composites after initial mixing from 1 to 10 days™”

Ga-LM {id 1 48 Ak A T WOkE , e 208 1832 2] 19 EGaln
Bk, HE3(c) 5, ANF EGaln 7% & 1Y EGaln/
Si0, 5 A M RFHEA AN [ (9 i AR e

i T 3E 4 B OB X Ga-LM B A L2154, 1
34 JE WOk 5 Ga-LM & 8 & M R 6 358 R
BT ILRRE R A ORE, I HoW RS (RIE AL
BRI R ) FDRAR (5100 wm) A 7 F& B9 EESR . Wu
M4 EGalnSn 5L L A LTI K B ik
BRTE IR A ME T 30 5 W B R ZUATF IS 30 min, fff
Ga-LM FITCHLAA B Z 8] B I T X B 455 o

2k 4 Jm DR Ga-LM 114 12 118 7 52 3] B
BF, T LA 2 6 3R 42 R A4 R T EA T 42 JE Ak Ak 2R
M Ga-LM &A=& 44k, M2 A o Kong
SR A R IR JE MR A AR T EGalnSn I E A
TN - BRALREROR (142K 27 um) HAZ BT VIR
A% EGalnSn 1, FaE B LR G, BT
TR il R R A A, T DL B AR Y A 1
EGalnSn 5 A S ARIR A, WL kIS —RA T2
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WAL 210 Ga-LM . Ga-LM 5 HAATRHE A1, 35
Sy UREAT DL i 78 2 % B A ARG T2 ok B
EHREME, A Ga-LM 1T 2 &, Tk E A AR
PEEM R ERE. EERT, BN 47% W IRZE4E
NIl s AT LK 285K 0 S AR BN 29.3 W/ (m-K)
BERER 1125 W/ (m-K) . Wei 256 1E ik bt
FEARFRLE 22 3 VR A B BORN B 5% 5 19 4 NI Bk
HAFTMRA, Wit AR R R O B %
M) 4 WA 2 A o Park %708 4118 16 A9 CNTs Al
EGaln 7EA [ (1 /N H B 75 20 B A AL Rl b, an
EI3(d) s, FEAS R AL I, 1-F JE-2-nkng e
fiil (NMP) & %, CNTs Fll EGaln 5 ¥ 558 5 A9 70 B
. MR HGATE A, @28 & LBk NMP, 155
EGaln/CNT & 5 # %L, B 3(d) 78 T EGaln/CNT
AT &2 . S HNO AL 3] CNTs, 7244
KA TR 100 MR R TIE 2 34 R L, WA 3 id
BT kAR T4 % CNT 19 & @ ik 7 . 4%
Jo . BFSE N B T A A el IS (4 L #A . R . PD-
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MS . B¥EEFIRE ) I EGaln W% 8 i fa o S00E N (gl~g2) 7R T JE 4h EGaln., AN & 5140 K i 1 1Y

SUTH AR R R A A R BRI (797, T LA A
JOT Bz ol R A 2, O R Y A A AR R 1320,
X E X EGaln ()35 A1 )tk B4R 2, WiE 3
(e) 7R . 5 Pt(NH,),(NO,), )L, 7S H
WIEJG , RIEALH CNT IR T84, anfEl 3
(D) AT il B &/ CNT & RAE K1
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Fig.3  Characterization of composite of Ga-LM with non-metallic materials
(a) Schematic diagram of reversible preparation process of EGaln and non-metallic quartz powder particle composites; (b) Schematic
diagram of formation process of EGaln and non-metallic quartz powder particle composites; (c¢1~c3) Optical photographs of EGaln
and quartz powder particle composites with different EGaln content: (¢1) 80%, (¢2) 85% and (¢3) 90%*'; (d) Schematic diagram
of presentation of EGaln/carbon nanotube composites using platinum as an interface material ; (e) Contact angle of liquid metal drop-
lets on bare silicon (top) and platinum-coated silicon (bottom) substrates; (f) TEM image of platinum-decorated carbon nanotubes;
Optical images of (gl) original liquid metal, (g2) EGaln/CNT composites with unmodified carbon nanotubes and (g3) EGaln/CNT

composites with modified carbon nanotubes with platinum nanoparticles'”
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Fig.4 (a) Schematic diagram of EGaln/Ni composite electronic tattoo printing procedure ; (b) Examples of EGaln/Ni composite

electronic tattoos with LED arrays; (c¢) Temperature monitoring circuits printed on skin on back of the hand;

(d) EGaln/Ni composite electronic tattoo heater can be designed in various shapes ;

(e) Printed three-electrode electromyography recording on forearm of healthy volunteers
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(a)EGaln/CNT & &Mk =4 HHATE RS R 2B 5 (b) T = 430K ATENR EGaln/CNT &2 & A1 RHY ST R AU A
() FTERY EGaln/CNT & 541 B3 45 (SEM) % 5 (D) EGaIn/CNT & A A0 RHAIE IR EGaln MHLE 01 ;
(e) AN B () ED R EGaln/CNT & & 4 B FLBH 3 (O ARHEMERE AR AR, —4E4T EDFI = 24T E) EGaln/CNT & & M BHIWER 58 ;
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Fig.5 Results of 3D printing of EGaln/CNT composites

K5 EGaln/CNTE A MR = 4T EIAH G2

(a) Schematic diagram of EGaln/CNT composite 3D direct printing system; (b) Stereoscopic photographs of EGaIn/CNT composites
printed on a soft three-dimensional substrate; (¢) SEM image of printed EGaln/CNT composite; (d) Raman spectra of EGaln/CNT
composites and raw liquid metals; (e) Resistance of printed EGaln/CNT composites of different lengths; (f) Line widths for EGaln/
CNT composites printed in 2D and 3D printing according to nozzle diameters; (gl, g2) Schematic diagram and (h1, h2)SEM image

of different three-dimensional structures of EGaln/CNT composites'”
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Fig.6  Preparation and application of thermal interface materials
(a) 25%EGalnSn, 25%Cu and 50%PDMS samples made by premixed method after 40 h clamped in aluminum foil at 55 “C and 3

MPa; (b) Condition of EGaInSn on aluminum foil after 24 h at room temperature and (¢) holes out of which aluminum is corroded™**';

Optical images of (d) Ga-LM composite placed on top surface of CPU before installing heatsink and (e) CPU cooling systems; (f)

Temperature comparison of CPU cores using Shin-Etsu 7783, EGalnSn/Cu composites and without any thermal interface materials
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Fig.7 (a) Schematic diagram of EGaSn/Si composite synthesis; (b) Long-term cycling performance of lithium-ion batteries based on

EGaSn/Si composite anodes; (¢) Charge/discharge curves of EGaSn/Si composites at different rates; (d) CV curves of
EGaSn/Si composites at 0.05 mV/s'**
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Research Progress on Gallium-Based Low-Melting-Point Alloy Composite Mate-
rials

CHEN Junjie"?, WANG Shutong', YU Zhenwei'

(1. Shenzhen Institute of Advanced Electronic Materials, Shenzhen Institutes of Advanced Technology, Chinese Acad-

emy of Sciences, Shenzhen 518055, China; 2. Department of Nano Science and Technology Institute, University of
Science and Technology of China, Suzhou 215123, China)

Abstract: In recent years, gallium-based low-melting-point alloys or gallium-based liquid metal composites have demonstrated signifi-
cant potential applications. This is attributed to the diverse properties offered by gallium-based low-melting-point alloys, which exhibit
both liquid flowability and metallic characteristics at room temperature. This paper provided an overview of the development back-
ground of gallium-based low-melting-point alloys and their composites, offering detailed insights into the preparation, properties, and
applications of these composite materials. The methods and mechanisms of gallium-based low-melting alloy composites in the compos-
ites of metallic and non-metallic materials were summarized. Furthermore, the latest research progress of room-temperature gallium-
based liquid metal composites in many fields such as intelligent sensing electronic skin, printing and thermal interface materials were
elaborated. The future development of liquid metal technology was prospected, and it provided strong basic research support for the fur-
ther development and application of gallium-based liquid metal matrix composites.
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