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Abstract: Graphene and its derivatives are regarded as promising reinforcing agents in the metal matrix because of their
excellent intrinsic mechanical properties. Considering the availability of graphene with various types, defect states and
intrinsic properties, there exists a large space in tailoring the mechanical behavior of graphene reinforced metal matrix com-
posites. This article reviews the recent developments on the processing and structure-property correlations of these
composites. Particular emphasis is given to the structure and properties of the graphene/metal interfaces, as the external me-
chanical load is transferred between nanocarbon and the metal matrix across their interfaces. Moreover, in addition to the in-
tuitive load-bearing effect of graphene, a copious interplay between graphene and dislocations in the metal matrix has been
found, which alters the deformation mechanism and leads to additional strengthening. To meet the requirements of structural
applications, scalable fabrication routes for the graphene/metal composites should be developed and the study on the me-
chanical behavior under real service conditions is to be carried out.
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Bottom-up self-assembly powder metallurgy fabrication route of graphene/Al composite based on electrostatic adsorption: (a) Characterization of
raw materials used for composite fabrication; AFM image of exfoliated graphite oxide monolayers deposited onto a mica substrate (left) , and SEM
image of the spherical Al powders (right); (b) SEM image of the Al flakes after ball-milling for 4 h; (¢) SEM image of the RGO/ Al composite
flakes with uniformly adsorbed RGO sheets on its surface, with a magnified rendition shown in the inset; (d) SEM image showing the morphology
of the fracture surface of RGO/ Al nanolaminates after uniaxial compaction; (e) OM image of RGO/Al composite samples prepared for uniaxial
test; (f) SEM image showing the nanolaminated structure after rolling; (g) Raman and C 1s XPS spectrums of GO and the as-fabricated RGO/

Al nanolaminated composite!®]

R 1R W B AR AT A S8 M 2 20 0 A 1) 41 280/ 2 )
BEMAKZIN, Cao %7 R CVD ke B A AR
G R b RS TET (AR | B ) LR A KA SR ok S BA
LRI R 2 0B, SRSl A R A 4
PRI SIEPA I/ BRI A PRL % TR
ARG 2 frR, SOTEA R ML, THEAR
M S I L BRBE > FERER R I O, %
HOTE IR ODAET CVD AR fr 8, INIAE A G e vk

WA RENR, Ao T2E RS AURZ B0 %
B SR, PRI B A A M A AR S R AT A R R/
BRI, A 4 SR R Y IS AL A K A BT B B
OGPy 33 P
2.1.2  4F RJE B4 % (molecular-level mixing)

OrF RBER ALY B AU 4 B 3R 2E i rh i B TR
JF) 453 A 15 - RO A B0 R TE Y B RE AT AL BT AL, Gl
J 39 8 S P D Ak AT 53 Je UKL 24 5 7 8 T AR 0 OB



o5 38 %

208 A
~ (] [e] N\ [€]

03’\08 H-milli ” /‘. i V4 s
F=n =

o
Cu spheres Cu flakes PMMA@Cu
Gr growing
. [E —~
&2 o
. - , S
Consolidation Self-assembly @
Bioinspired Gr/Cu composite Aligned Gr@Cu Gr@Cu

Pl 2 BETF IR A K AT AR A b R AR A TR 4 7 B R S R 1 Sl RS T M BB A K () 578 U W
(b)), RERAF B R R 1 5 TP ZE DY AR IR HY R ( PMMA ) B2 HY VA P Gl BTk 080N T 1%) , SRIG R T, 7k BIp
HEEISIE) PMMA B (c) , WA PMMA FHELE R B IO K AT 8B AR IR (), A7 8800/ 2 5 B oA ol TR IR LU T £ g
TERT AR IR (o), BRI T 2R Z AR

Fig. 2 Bottom-up self-assembly powder metallurgy fabrication route of graphene/Cu composite based on in-situ growth of graphene!?’

!, spherial Cu pow-
der (a) were first transformed into Cu flake (b) by a ball-milling process, the as-obtained Cu flakes were soaked in an anisole solution of PMMA
(typically less than 1 wt% ) and then dried in vacuum, forming a uniform PMMA film on the surface(c) , the coated PMMA was used as carbon
source for in-situ growing graphene at elevated temperature (d) , the Gr/Cu composite powders were self-assembled into green compact by gravity

because of its large aspect ratio(e) , a nacre-inspired composite was finally obtained by a hot-pressing and hot-tolling process (f)
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Fig. 3 Schematic of fabrication process of RGO/Cu nanocomposite based on molecular-level mixing: (a) pristine graphite, (b) graphene oxide by the

Hummers method, (c¢) dispersion of Cu salt in graphene oxide solution, (d) oxidation of Cu ions to Cu-oxide on graphene oxide, (e) reduction

of Cu-oxide and graphene oxide, (f) sintered RGO/Cu nanocomposite powders 2
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Fig. 4 Fabrication of nanocarbon-reinforced composites based on the layer-by-layer approach. Graphene is first grown using CVD and transferred onto the

evaporated metal thin film on an oxidized Si substrate, the PMMA layer is then removed, and the next metal thin film layer is evaporated; by re-

peating the metal deposition and graphene transfer process, Cu/graphene and Ni/graphene nanolayered composites were fabricated ; the mechani-

cal properties of the as-fabricated nanocomposites were characterized by compression test of nanofillers milled by FIBL®)
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Fig. 5 Experimental setup for the electrodeposition of graphene/Cu composite foil (a) ; representation of the current waveforms of Cu and Gr prepared by

DC (b) and PRED (c), respectively; schematic of the co-deposition of Cu/Gr nanocomposite foils (d, e)

[29]
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Fig. 6 Quantitative measurement of the interfacial strength of RGO/ Al nanolaminated composites: (a) schematic of the micropillar compression test by

which the interfacial strength of RGO/ Al nanolaminated composite can be quantitatively measured; (b, ¢) typical SEM images of RGO/ Al nano-

laminated micropillar before and after compression test, respectively; (d) typical TEM image of RGO/ Al nanolaminated micropillar after com-

pression test (33
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Fig. 7 The mechanical properties of nanolayered graphene/metal com-
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nm), (b) TEM image of a Cu/graphene nanopillar after deform-
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graphene interface ( scale bar, 50 nm) tel
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Fig. 9 Tensile properties of RGO/Al nanolaminated composites: (a) engineering stress-strain curves for RGO/Al composites and the unreinforced Al

matrix, the inset shows the comparison of the normalized strain hardening rate of RGO/ Al composites with that of the unreinforced Al matrix; (b)

comparison of the strengthening and stiffening efficiencies of graphene in RGO/Al nanolaminated composite with various reinforcements in Al

maltrix composites (5]
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Fig. 10 TEM image of an Al grain tilted to [ 011] zone axis, the white arrow represents the direction when taking the successive five HRTEM images for

dislocation density measurement, A and B indicate the boundaries on either side of the selected lamella, respectively (a) ; the evolution of dislo-

cation density across the thickness of the Al lamellas in the RGO/ Al composite and pure Al pillars compressed at different strain rates (b) "}
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Fig. 11 Screenshots of in-situ TEM tensile test of RGO/ Al nanolaminated composites!™!
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