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Properties of Graphene-Reinforced Metal Matrix Composites
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Abstract: Metal matrix composites, which are composed of a high-strength reinforced phase and metal matrix, have shown
excellent potential for applications in a variety of fields due to their comprehensive performance. Compared with the conven-
tional reinforced phase, graphene is a two-dimensional carbon nanomaterial consisting of carbon atoms in sp” hybridized or-
bitals with an overall hexagonal honeycomb lattice, which has superior electrical, mechanical, thermal, and optical proper-
ties due to its unique structure. Graphene-reinforced metal matrix composites have become a research hotspot in the field of
advanced composites, and for metal matrix composites, their comprehensive performance is closely related to the structure
and properties of the interface. Based on the recent researches on the microstructure and theory of the interface of graphene-
reinforced metal matrix composites, this review summarizes the interface structure and mechanical properties of common gra-
phene-reinforced metal matrix composites, as well as concludes the progress of computer simulation in analyzing the interface
structure, interface bonding strength, and interface micro fracture mechanism, which provides a theoretical basis for the de-
sign and optimization of the interface of metal matrix composites.
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Fig. 1  Schematic diagram of no reaction interface between graphene

and metal matrix
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Fig. 2 Schematic diagram of the wettability of metal matrix on gra-

phene: (a) wetting angle<90°, (b) wetting angle>90°
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Fig. 3 Wetting behaviour schematics of Al on graphite substrate (a), Cu-

coated graphite substrate (b), and Ni-coated graphite substrate (c)
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Fig. 4 Multilayer interface structure of graphene nanoplates ( GNPs) re-

inforced Al metal matrix composites observed by HRTEM'*! .
(a) Al/GNPs/Al interface, (b) the Al/Al,0;/GNPs/Al,05/
Al interface formed after spark plasma sintering (SPS) , (¢) Al/
Al,0,/GNPs/Al/GNPs/Al,0,/Al interface formed after SPS

and hot extrusion
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5 500(a), 540(b)Fil 580(c) CHELEME AR GNPs/AL FHif 9 HRTEM B, [ Sa~Sc "2 EHERTbR/R K BRI CR P (d~£)
Fig. 5 HRTEM images of the GNPs/Al interface in the composites sintered at 500 (a), 540 (b) and 580 (c¢) °C, the enlarged view of the area

marked by the red frame in fig. 5a~5c¢(d~f) (301

6 GNPs/AII0SiMg 54k - HRTEM IR H-(a) , 8 6a I (A IEHE AT EDS 348 (b) FIXT A 9 SAED 3% () [
Fig. 6 HRTEM image of the GNPs/Al10SiMg composite (a), EDS spectrum (b) and SAED pattern (¢) of the rectangular region in fig. 6a>’
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Fig. 7 Uniaxial compression test sampling plots of micro-pillars with different RGO concentrations and lamination orientations and corresponding

. 41
true stress-strain (:urves[ !
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Fig. 8 HRTEM image of graphene-reinforced AZ91 magnesium matrix composites interface (a) ; inverse fast Fourier transform ( IFFT) images of

MgO/a-Mg (b) and GNS/MgO (c¢) interface in fig. 8a, respectively, the insets in fig. 8b show the fast Fourier transform( FFT) patterns of

a-Mg (top) and MgO (bottom) , the inset in fig. 8c shows the high magnification image of the distortion area; schematic illustrates the inter-

face of MgO/a-Mg and GNS/MgO observed in fig. 8b and 8c(d) (4]
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Fig. 9 TEM images of the spindle-shaped precipitated phase in GNPs/AZ91 composite (a, b), HRTEM image and SADE patterns of area

A in fig. 9b (¢), inverse fast Fourier transform image of area B (d) and area C (e) in fig. 9cl#]
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Fig. 10 HRTEM images of RGO and MgO dual-phase reinforced AZ61 magnesium matrix composites overall interface (a) , RGO/MgO interface

(b) and Mg/MgO interface (c¢), IFFT transform of a-Mg/MgO interface (d); schematics of the a-Mg/MgO/RGO interface (e),

MgO/RGO interface (f) and a-Mg/MgO interface (g) -+’
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Fig. 11 TEM images of Ti/TiC/GNPs interface in GNPs/TC4 titanium matrix comp()sites“g]
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(a), B 12a A, B fl C X HRTEM &} (b~d) Y Fig. 13 Compressive stress-strain curves of Ti-43. 5A1-6. SNb-2Cr-
Fig. 12 Bright-field TEM image of RGO/Ti-43.5A1-6. SNb-2Cr-0. 5B 0. 5B composite materials with different RGO contents "’

composite (a), HRTEM images of zone A, B and C in fig. 12a
(b~d) 3"

[ 14 SiC,-FLG/Ti64 S4B KT BF-TEM S8 A LL K HIRL Y HAADF F1 EDS ST M 1458 (a~c), SiC,-FLG F T4k 1) HRTEM J

HAADF J A (d~1) )
Fig. 14 BF-TEM image and corresponding HAADF and EDS elements mapping of SiCp—FLG/Ti64 composites (a~c), HRTEM and HAADF ima-

ges at the SiC -FLG interface (d~f) (3]
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Fig. 15 Nanoindentation curves of FLG/Ti64 composites (a) and SiC -FLG/Ti64 composites (b) from the interface to the matrix; hard-

ness from the interface to the matrix (¢) and matrix (d) of as-fabricated bulks %!
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Fig. 16 SEM image and schematic of GNPs-(TiB,, )/Ti micro-pillar for interfacial property investigation (a), compressive load-depth curves of

micro-pillars (b), SEM (c, d) and TEM (e, f) morphologies of post-compressed GNPs/Ti and GNPs-(TiB,, )/Ti mi(:ro-pi”ars:ﬂ:

FI17  RGO/Cu AR TEM BT (a), 1 17a i HOX A7 B BEFE (), 1 17a KIS 1A I ARG HRTEM B (¢, d) 1™
Fig. 17 TEM image of RGO/Cu composites (a), schematic of the location of the oxygen diffusion zones in fig. 17a (b), HRTEM images of the
selected area I and II in fig. 17a (¢, d) (s8]
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Fig. 18 HRTEM images of interfaces at different positions of GNPs/Cu-Ag al]loyLSgJ
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Fig. 19  Iron/graphite oxide composite interface observed by HRTEM (a) , XRD pattern (b) and micro-Vickers hardness (¢) of the compos-

ite after coating and laser sintoslringmoJ

4 ABHILEEEEEAMHSFEIEIEHR

FURIAMTEE S A S5 060 38 508 4 Ja S 52 5 ek 1) AL T 4l
TP T HE0ETE, aias— e S TEhi i AR
JURAE T-Be, 2 RUBEJZ 10 b0 524 B RS T E AT T4
JEURBIBLBRAR RS, WFFE S5 A BT I A v 1 BE A1 80 1
SRR A SRR AR T RO A 80 0 4 Ak
A PP S BE W A R T T R4S
4.1 FEESERENERHHE

TEE RIEE A AR B s AL HL B T LAY 5
Al . SR . Orowan SRALAF, fix 82 AY SR AL AL 2
—hEfriRA, AR

1
Aoy, :7‘7;“. Vi(s+2) (1)

K, Ao, AUEREAT RIS AE R s8R, vV, ARG R
EARBIE, s R RRRRAR L, o, ARERY
AR AR B S IZS G IR FRTAS S OR ER B E
A E SR LA P 9 SRR 00, PRI e X = SRR
Ry VAT 2 AR, il 42 e
SEE GRS R T RHOW R EE , HES T 45 5 0 R TR 52
B PRI S0, R4 A otk AL L) E ARl
K TIRIME, R — R TR Ty R ROl
T T AZ I, T 22 E R ELAE A AT DA DA TR S50 ) o
BRI | 6% BEAEAFPE Y B — MR RS



206 Hh A ik

543 &

PUHSRAF 7T AR R Y5 2 RIAAH AR, DAY e R 45
PERRRN, HERERE S, fEH sk E g B AR
FRIFER . Fe 4 @3 A MR, SR — P s
AT LAREAR B B A YV S8 (A s i it | A M PR
HeAAMEREAE ), L RT LURDLEE A 5 4 S A 2 (8] Y A1
JEFHEA AL SO Ss AR | AR AR

Liu %57 FIFH CASTEP #X14 %t A #H5/A1 LK N, B
BaA B /AL A OB IR 45 A R AT TS
PR AN ] 20 iR o R T S GF AUl A SR A 42 )E
Rk i SE bR B, TE AT LT ARAL S, M T
A1(111)/Graphene/AL(111) By FE AL FRAR 4 AR F N
B JTER MBI LG AT T R A &2 (w,,) MITHE,
mE 21 FiR, fTES—MREEHE S, W, ZEMRZE RS
FMASEREAFIEE LR R, B R AR, AL+
B R F B 2495 2% Lo 0 A SR 0/ AL(11L) B W, H B %
R, AL(L11) /B2 7 880/ A1 (111) AT W,
KT AL /A BIE/ALCI) RS, #t— SRk
B, AL(LLD) /B2 B A /AL(11) FEm BRI w, MiE
BRI B m g N, HAEA ST N-B R dhis e
FerE A7 B B — N R T a B B 2%t W, BB S
WHEGF AL(111) /8B4 A BIR/AL(111) T 25 4 58 5 #H
BT AL /47 B/ ALLL) Rl , BAEN 4.08%
B AL(111)/N-B B A B I5/AL(111) F G IE
o DIRIFRE R RN, ASKE B AR T
AL /A 8805/ A1(111) Fm s AR 10 50 1,
TERRABZR BT, A7 80 b N-B S48 20 i il 38 ROR B
U, Chen 25" BIF5T T B b A1 88 0/ 50 (14 FL 1D 405 45 58

MIEE T G 20, B A 6 B FG f1 B8 ) (single vacancy gra-
phene, SVG) . B Ji 545 2% i B 23 a7 R [ A1 28 4 (boron
doped single vacancy graphene, BVG) | WUz 5] B A BRI
(double vacancy graphene, DVG) 5402 [A] f¥) 4 F 5 T
B IFEHA T I UAMRAR IS 23 A S 45 G o, anlsl 22
JIR e THESE SRR, £ RIGE/ALK W, AU 1.03 J/m’,
FLE AR RAR, T SVG/AL B /R o4 Y A i
SEME, W, 8562 )/m*, g4 PRI IR {H; BVG/AL
W, k512 J/m*, BJRFRIBIME T BVG/Al F i
ARG AL Z IR AR EAE T, BRI 45 5 0 A
fH.SVG A1 BVG 5 Al I IS S e ot 350 PR e A 25 i A2
B, B EHRARE A MOBHY )2 vEae, iR 23 s,
1M DVG/ Al SIS &5 B A R e, (HAEEAREE G T4
N, TR ORRE R G ST 45 G SR (W, M 3.98 J/m?)
X BT R A A  H OR AR B A SRR B T S
5%,
4.2 RERBMEHITTZRALE K R0

XF T ARG vl s JE L S S MORE, SEBRAY S 45
AR AR, 7R o A S BRAE XS R, Xt 45 i
— DR SR G O 5 B S R RUBE TR 1 ST
WO IEAT ke 1 IRME, 4318l 70 2% 2 — Bk T 2 1t
S I S RO 43— R B (1432 Bl R B % UL o )
FTRBITE S 57 Bh Jy 23w IS b R 2
POy AL 2 S Y BRI, 3 AT LA DR AR 480 52 2% 14 2 i
W, SRR, 5T sl e E S AR AR
BRI MRL R AR B AR B B S TRTOWAT SRy R AR B AL
A &) 2 R R

P20 A 8d AR MU B LI (o), B2 ALCT11) RIAAIIALIA (b) , ALCT11)/f7 805/ AL(111) SRS A AR I (o)

FMRFRLIE () [

Fig. 20 Top view of graphene unit cell (a), top view of single layer AI(111) surface slab (b), side view (c¢) and top view

(d) of the A1(111)/graphene/Al(111) sandwich interface model 7]
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Fig. 21  Top view of doped graphene/Al(111) interface model ™" ; (a) N-doped graphene with the doping ratio of 1. 02%, (b) N-doped graphene
with the doping ratio of 2. 04%, (c) B-doped graphene with the doping ratio of 1.02%, (d) B-doped graphene with the doping ratio of
2.04%, (e) N-B co-doped graphene with N-B ortho position and doping ratio of 2. 04% , (f) N-B co-doped graphene with N-B ortho posi-

tion and doping ratio of 4. 08% ; work of adhesion (W ;) of Al (111)/doped graphene/Al (111) (g) [67]
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Fig. 22 Schematic diagram of the interface between graphene and aluminum and defective graphene structure
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Fig. 23 Schematics several defective graphene structures (a~c) and
corresponding structures of graphene layers after structure relax-
ion (d~f) (e8], (a, d) single vacancy graphene (SVG), (b,
e) boron doped single vacancy graphene ( BVG), (¢, f)
double vacancy graphene (DVG)
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Fig. 24  Initial simulation model of Cu/graphene interface (a) , top view
of Cu side (b) and graphene side (c¢) of the Cu/graphene in-

terface model'”")
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Fig. 25 Atomic structures of relaxed Cu/graphene interface =0 viewed from top (a), Cu side (b, ¢) and graphene side (d, e), interfacial

patterns colored with excess potential energy; disregistry vector plots of Cu atoms for relaxed interface, dotted lines indicate the misfit

dislocation lines and black arrows depict the Burgers vectors (f) ; detailed misfit dislocation structures with Burgers vectors of disregistry

vector plots show structures around I, I, Il and IV, green and blue triangles are dislocation nodes, green triangles indicate structure

I, orange squares indicate structure Ill, blue triangles indicate structure IV (g) (71
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Fig. 26 Damage distribution in crack stable propagation stage for various graphene weight fractions' ! . (a) pure Al, (b) 0.06%, (c) 0.12%
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