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ABSTRACT

Graphene has excellent physical and mechanical properties so that the use of graphene as reinforcement for
structural composites is very attractive to produce exceptional mechanical/functional properties and unique
physical/chemical characteristics. Graphene/metal oxide composites have received great attention because of
their synergetic effects possibly provided by the combination of metal oxides and graphene. The preparation of
uniformly mixed GO/metal oxide hybrid and the fabrication of its ceramic matrix composites are demonstrated
by the use of chemically derived graphene which is the exfoliation of graphene oxide (GO) and subsequent
reduction to graphene (rGO). The unique functional properties endowed by graphene to rGO-CMCs such as
enhanced electrical conductivity, thermoelectric performance and improved mechanical properties are over-

viewed.

1 FC®IC FIEEICEHEL <, DWWl CHBELENISAE S
b Z ElE7%h o7z Novoselov HA3A Ty F 7 —

75 7 x v (graphene) (&, sp’ fA L7zmKRET T 7ML T 7 7 = v O BB E)
BNZA AR FORE Y — M ThY), 7977 L 72D %%2004 4£°C, #5032 O THEN 7R
A4 b (graphite) OIEARMER L=y b LTHOLN  WHEEZHOL2IILAEZZET, 7972 OFEHNY
Twapl, ZNE2HARL LTRHIENICHTETLZ L FIAAGAE O R S AR SN2 PP i, FRTORE

10 Copyright © 2018 The Author. Published by Hosokawa Micron Corporation. This is an open access article under
BY the CC BY 2.1 JP license (http://creativecommons.org/licenses/by/2.1/jp/).



%‘Z? The Micromeritics No.62 (2019) 10-21

WEBEIE (200000 cm® (V - 5)) 75 FEARM R, &
FEOEE S KEELZE EOBHER, T L
F— 2 WM R B v —, AR T N A R,
Z L CRERE VA 35 A GRS R 5 R 8 22 S0 2310
fFENTwp Wl

WD TEN - EAIEN, BREs, el £
I T 52—, 2 ook R IR
(BN 2 D & &A%, BEREVERE S IR
BRI L CHEICHE N2 b DIZ LT
Wh, spr R EN 797 2 v OENORERIZ
0.5~ 1TPa, HIIRIEEEIL 130 GPa ([Z3ET 5 2 &A%
HENTWDL D F7- 2 kIchhE 2o 2 & 13,
H—AKRrF/)F2—7 (CNT) 75774 bk
DRFFAFEREL D S HERHFAIRELLY, B LD
P RG2S € 70 B 2 & h B FEM EAEHI AR & <
Y, BY - 747 N EESLITHMU
ET DI EHRL, NS ORI BEREVERE ST
BMAEMB OSBRI E LTEETHY), LDk
MR (R)~—, &8, £5Iv 7 A%L) &%
M) v 7 AT BHGETORKRTH S, T2, B
FEITHRIET A 70X X Tld, FZ2ROD CNT 1373y
7 v 7 RMEENE LR WS, S 2 oo
DTFT 72 FENEZEMT LI ENTES, 2D
L9, PR 2 RoCHEZFFOZ DS, TNET
ML SN TEZCONTR I 774 MDD
PEREVERE S A M B~ OIS H 2 HR 2 b DT LT
Who Fi, —RICERSTE T CRESIN SRR
BLUOET Iy 7 ZAREEME O HEEE LT
HWLTWEEEZBND,

B1ix, 777z YEHEMBHIET 2B OE
BERLZLDOTH S, 2004 SELIRE, AKX

700
600
500
400
300
200

Number of publications

100

2005 2010 2015

B1 777 Y HaHFHIET 5 dscr

Fig. 1 Publications of graphene reinforced composites ™.
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Fig.2 Publications of graphene reinforced metal compos-
ites (MMCs) and ceramic composites (CMCs) ™.
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£ 2 FLG/ALO, B &R O BEME G 2L B

Table 2 Characteristics of monolithic Al,O; ceramic and FLG/ALO; composite ™"

Filler fraction Young’s 4-point bending Strain to failure K¢

(vol%) modulus (GPa) strength (MPa) (X 10°) (MPa - m'?)
a-Al,O; ceramic 0 401 403 +£50.7 1.005 43=%0.2
FLG/ALO, 2.18 298 417+46.4 1.399 53%02
composite

HELWOT, Zhid, KEMGHERTH L. Bz
SiC/ALO, EEMB EE 2 5L, Y ¥ 7HEILSICO
KFEGEORINNE & BB 4 IZHINT 5, K—F &
BEIIv AT, R7TOHNELBICY V7
ETL, 2R d %o THIBEERED KA T %,
FIR L7z & 912 tGO/ALO, 1%, 2D % rGO A3Hi
RS20 L, ENoH 3 RICHICHER L7z
Dy M7= Wi E LR AR 5> T b,
bL, TOXIBRGONRTELTRAE) IR
E L, ERIRET & AR O IEH 2 2 RICIEAR
RTWZEEFH RO VVEMT 2562525 L,
MIPEIZCT L, BURICY > ZRPTT 52 057
manzp b,

X 111, K&H T rGO/ALO, A2 mak L,
GO ZRBEX T, ALO, ¥ MY v 7 AN 5541
R L7BOIET) - O FTABRNERLIZDbDTH
bo BHEICEMERL, YUY 7RIIEDLDIE RV,
—77, 1GO ZEAIIkRET B LRI 5, L
72h o T, 3WILAR Y BT — 7 HERED rGO 1E GO/
ALO, HAEMELOMIPEIIHS L GBBE5 2%

500
+ monolithic ALLO, ce‘ramlc Toughening
+ FLG/ALO, composite
+ composite after burn-off for 20h

Stress (MPa)

T T T T
0.00 0.02 0.04 0.06 0.08 0.10 0.12 014
Strain (%)

B 11 20 W BRAL BR 25 9 % il 2 @ 2.18 vol.% FLG/
ALO, BAME DI T - O A Y
Fig. 11  Stress-strain curves of monolithic Al,O; ceramic
(black), FLG/ALO; .omposite with filler fraction
of 2.18 vol.% before (red) and after (blue) burn-off
for 20 h®.

V) A, BREEB X O ICIE rGO 2%5E < BIFR L C
Wb Z Il 5,

C O ¥ R L RS R L B 2 5
A A = X L, “stretched-filler bridging mechanism”
ELTHMERTw S (B12)™, 2 KILD 1GO A*
BRITIMIZA Y bT— 7R E 2> THBY, K3
FRICBT2EL ) G o 2ABHITLDLIRD rGO
FEWE, BHIERTLHILENTE D, 20X
D ML, KT LRI T AEANCAHRTH

R 12 Y > 75 AL 2 7 = X A (Stretched-filler

bridging mechanism) "

Fig. 12 Schematic illustration of the load transfer in FLG/
Al,0; composite before (a) and after (b) crack ini-
tiation during 4-point bending test. Top: composite
specimen under 4-point bending test. Middle:
local microstructure under tensile stress (red lines
denote FLG platelets where bold ones are overlap-
ping platelets). Bottom: (a) wrinkled structure of
FLG platelet at triple junction inducing inefficient
load transfer and low stiffness in composite; (b)
stretched filler bridging of FLG platelet with both
ends embedded into fracture surfaces due to effi-
cient load transfer ",
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D, MY 7R EEHICBRL TS, 3 HEEDA
DGO & ALO, ¥ MY v 7 ZDOFRMIZERFTH 5,
EHNFEAET L L, R 3IHEMIIH D LHLIKRD GO
A SINTHEMMICR Y, RFICDH S GO 13+
Ty h) T ENLTD, BERRINIZE - 72 1GO
WFERE TV V7T BT %5, GO, < h
Voo 7 ANSAEMCHBELES N, FRMITTY v
VUL, EROEBEIE LD, TNH5D GO I,
EWTICE S £ T &N b 2 & AEOFAMIC
if 2 %0 TORKL LT, EikBEAL, EPWMALFE
Hahas,

FEHWIZT L F T TNGEED 2 RITH 1GO A3y
—IZAWL 3KIT A v b7 — 7 i L 75 72 GO/
ALO, AN, 2=— 27 BT L LT
YT SRR I EBLTB Y,
“stretched-filler bridging mechanism” |&, ZN % F
CHBLTWwS,

7 rGO/SITiO, HEA&MEI D B4

SITiO; (STO) I8 F¥ ¥ v 79K E W (3.2¢V)
720, EARMIZITHHEATH S, LL, 1293K &
Wz 5T, BFIICBERBEIEZY, B
FELEETZEL L, BERERETIE, S5I1TEZ
D4 < %Y, STO @ SPS Bk Tl&, BAEERK
PLLEL b, AL, BERILIZNIEILES S
ARY—TH B2, ZOMIET—HKIALL, STO D
SPS BEAE R DB LAIZEFIL, FITI18 Sm ' BET
Bbo KFERICHFP R THLI L CRuMINY 1B 2
LA EAT 2L, BROBLALEFIL 640 Sm' F
Tl L9 %, —7, rGO/STO @ SPS Bk KD HEA
fRis %, KL T1633Sm ' TH O, KFE@ETOH
b7, HIZGO 2L SE727213THHDT,
I IR (K 14(@@)) -

F=VHEICE->T, FXYVTEELFYITE
B 2 A A L 7245 R 2 R 3 12/R ¥, rGO/STO BEAS
KoFx ) 7BEBEZIZIZRAEETDH LD, Fx
U 7L 1.59% 1020 cm” T, KFERITLBE L 72
STO (4.54x1019cm”) DR 35 TH D, Lizdio
T, rGO/STO BEASAR D AL RE AR AR FE TR L
72STO LD EwDIX, EELTHFr ) 7HEEDOH
IR LTws, LA L, rGO/STO i HiiZ rGO
A EDDOTHADT, F 1) 7HEI
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W L7z H ?

i 85 Tl R 724K FE 5% 0.6 vol% @ rGO/ALO, #
HMEORIRICBIT 2 ERIEEHEIL, 842 Sm ',
Fx ) 7HEE393X1018cm’ TH Y, it rGO/
STOBEGM LD, 2RV ETH 2, Lizao
T, 1GO HHDESIZE53DTE RV, Z2T,
EELS 74T % 47\», rGO/STO 3 & UF pureSTO (2817
% EFIREOE N Z MEt L7z, B 13 1%, EELS 4
Wk RZ2/RL7Z2D DT, rGO/STO D Ti-L T v VI

%3 pure STO, KFEFEICMILL 72 pure STO-H, rGO/
STO HAEMEL D F ¥ ) 7% & BE)E
Table 3 Carrier density, mobility and effective mass for

pure STO, hydrogen reduced STO (pure STO-H)

and rGO/STO composite at room temperature .

Carrier density Carrier mobility Effective mass

=3 271 -1
(n) (em ™) (m) (cm’V's') (m*)
Pure STO  3.64x10" 0.29 0.41m,
pureSTO-H  4.54%10" 0.49 2.41m,
rGO/STO
) 1.59 x 10 0.64 4.39m,
composite
* m, is mass of free electron
a Inner grain Pure STO
= Grain boundary Ti-L, , edge
3
3
£
g
=
450 455 460 465 470 475
Energy loss/eV
Inner grain without RGO rGO/STO composite
b Grain boundary with RGO Ti-L,  edge
23
3
s
£
£
z
450 455 460 465 470 475

Energy loss/eV

13 EELS i 4

Fig. 13 EELS spectra for pure STO and rGO/STO compos-
ite. (a) (b) Ti-L2,3 edge, the Ti-L edge shifts from a
4 to 3 valence with increasing oxygen vacancies,

. 38
as the oxygen vacancies are electron donors ™
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BWT, 1GO AT AR R TIE, WA ITRNE R
o THBY, rGOFEND T 4 4 v DEFHIRE
NTWb, A—KRVFLD, STO K T-EMDOMH
JEF & BSOS L CEERZEILETRIR L, ZOMEZELLA
rGO L ICHER LCEASN, ZDOEAHSTO XD
FEPE L 2D I ENBERILERORE YHICD
Lol EZOLND,

72, LAADF 73T R 5 b, EREZESLoBmM
AR N7, —F, B 14(b) I2¥ =Xy 7 RZED
WrEAE R 2RI

KIWRLAXIIT, BERLOABITAHRE
mEWMS eI LICRY, ZOMELLT Fx
) TEEDSEML T X=Xy 7RO ELI D 2%
Vo L72A55 T, 1GO/STO DI — 7 7 7 & —I3,
Pr-dope # & WK L CH #tar il e 72, &
72, 1GO DR FRAPHIRN RN X 0 SRl & 2 % 72
B, BAZEHRIZ 57 W/(m - K) IR Sh, KT
PERETEEL 2T 1%, 760K TIX 0.09 12#E T 5 Z L AVR
a7z,

P bEo X912, rGO/STO HAM AL, #ENIZEA
RERICWE SN, BB REELIRAE O H
LWER & FEZRT 0L LTHiffFsh s,

8 &BHUIC

b9 7= (GO) 2L CTr 77 x> (1GO)
1L, ALFER T A Th Y, HEN
AE L KBIERTE L7720, Kighegins o
D, FORERENEZ G0 L2IRIE WIS & FHALA
fFENbd, ZOENTYYED X OBEMIY T % PO

a 6000
—&— Pure STO

- —&— Pure STO-H
5 5000 —4&— RGO/STO composite
£
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<
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=
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o
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= 1000

o - = T = T & T - T
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Temperature/K
b 0
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g 200
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S ]

3 -300 -
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3 -400 -
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AR E B =Ny ZAREY

Fig. 14 (a) Electrical conductivity, (b) Seebeck coefficient

of pure STO, pure STO-H and RGO/STO compos-

ite ™"

L 72FAb F 7 KL F-HHER R R B RE VA 2 P LG bR
ANDIEH, FLTYFY—3BRICL b= — 7 2k
BEVEDA G- % B S Twad, Be il wT
A 74 T7EMRMEEZRWEZ LR, Zbt—E
R, RO W GO BT A0
AT X B EaEAL - SRR, GO D IHENY 2
Mk 2F 7 K= 2k a—74 7% GO, &
5% 5 5RO BRI L 72w,
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