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ABSTRACT: Graphene is a two-dimensional material composed of hexagonal carbon atoms. Due to its unique physical,

chemical and mechanical properties, graphene has been considered as an ideal reinforcement phase of metal materials.

Researchers have prepared composite coatings of various metals and graphene. In this paper, the composite coatings of graphene

and various materials are reviewed in detail, including the preparation method and processes of the composite coating, the

dispersion of graphene and the effect of graphene on the properties of the coating. Preparation methods such as electrodeposition,

electroless plating and electric brush plating can obtain uniform and dense composite coatings. The addition of graphene refines

the grains of the coating and changes the microscopic morphology of the coating. When graphene is added as the second phase

particles, the mechanical ultrasonic dispersion effect is poor. Generally, the graphene is dispersed by adding a surfactant and then

combined with mechanical ultrasonic dispersion. Among the surfactants, the dispersion effect of the combination of anionic and

cationic surfactants is better. In addition, another method to maintain the dynamic equilibrium of graphene concentration in

solution has also achieved good results. The addition of graphene as the second phase particles enhances the thermal conductivity,

electrical conductivity, wear resistance, hardness and corrosion resistance of the metal coating. Finally, the development trend of

metal and graphene composite coatings are analyzed.

KEY WORDS: graphene; composite coating; electrodeposition; dispersion; performance
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Tab.1 The electrolyte composition, deposition conditions, microstructure and
deposition methods of metal-graphene composite coatings

Coating Bath composition Parameters Microstructure evolution Performance Method  Ref.
. The Gr content is 0.12wt%.
I;ISIE)NEZS}(I) gzo pH=4 Gr changes the preferred Thermal conductivity increased
Ni-Gr o ;D’L Ni él 3 6=50 C orientation of the electrode- by 15%, 6.85 GPa DC, ED [24]
) Og /L) GO 12 e CD=5 A/dm*>  posited Ni growing from 4-fold than Ni layer
g/t & (200) to (111)
. A fine grained and intact
Eig?“ 42542 /E/L’ 0=50-80 (C  Arrangement of Ni crystals The hardness increased,
2 ) . I~ . . . o .
Ni-Gr  H;BO; 30 g/L, CD=1 A/dm? mhthe comp"sﬁt.elfoatmgf’ 2}?3 f?ZSHVO-Z’ ftfk}e red‘fe ' Dipulse ED [25]
SDS 0.05 g, Gr =28 h T e.ave.raget ickness o the rlct}on coef 1cient for the
0.1~0 5 /L7 coating increases with composite coating
A8 increasing amount of Gr
The hardness of the coating is
H4N,;NiO4S, 300 H=3.74 1.27 times that of Ni coating,
g/L, NiCl, 30 g/L, rg): 50 ."C The grain size of Ni-Gr reaching 756.4HV,. When the
Ni-Gr H;BO; 35 g/L, P=10 MPa coating is small and duty cycle of pulse plating is Pulse ED  [26]
SDS 0.2 g/L, Gr =60 min compact 0.25, the coating has the

0.15 g/L

highest microhardness and the
best wear resistance
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Coating Bath composition Parameters Microstructure evolution Performance Method  Ref.
The coating with 0.4wt% Gr
has the best friction and wear
NiSO,4 150 g/L, H=4-6 With the increase of Gr performance, the friction
NiCl, 30 g/L, IZ# 50 C content, the micro bumps on  coefficient is 0.61, which is
Ni-Gr H;BO; 25 g/L, CD=2 A/dm? the surface bulge and gather, 31% lower than that of Ni Pulse ED  [27]
Na,S0,4 12.5 g/L, ~4h and the quality of the layer ~ coating, and the wear rate is
Gr0.1~0.4 g/L is improved 1.9x10 *mm*/(N-m), which is
65% lower than that of pure
nickel coating
The hardness of Ni-Gr coating
is 427HV, while the hardness
CH;CONH, of pure Ni coating is only
37.4wt%, 6=50 C With the addition of Gr, the =~ 265HV. The average friction
. CO(NH,), 28wt%, _ > grain size of Ni in coefficient of Ni-Gr coating is
Ni-Gr NH4NO; 34.6wt%, (;]Z hl A/dm composite coating is finer 0.14, which is much less than DC, ED (28]
NiCl, 0.05 mol/L, than that of pure Ni coating.  0.43 of pure Ni coating, and the
H;BO; 30 g/L wear rate of Ni-Gr coating is
more than 90% lower than that
of pure Ni coating.
. Gr has different forms in the
Ig;{s %628]%51/ L, V=12V coating, and there are certain ~ The addition of Gr improves
45 3 " 4 =5 min impurities adsorbed on the the hardness of Ni coating. Brushin
Ni-Gr gL - surface. The addition of G When the Gr is 0.5 g/L, the g [30]
(NH4)3C6H5 07 Speed— 10~ . . . . - ED
50 g/L. 12 m/min reﬁne‘s Ni grains, the coating hgrdness of coating is the
Gr 0~6 6 /L has high density, and there highest, reaching 570HV
08 are no pores and cracks
pH=1+£0.02 . .
CuS0,200 g/L, CD=8 A/dm’ ;Fh;l eixnlls te:ced(l)f 1(1}1? G e tensile strength is 1.4
H,S0,4 50 g/L, Pulse frequ- sirucaturey Tiee n?o 161010 times, reaching 2.11 GPa. With
Cu-Gr  PAA25mg/L, ency=SkHZ v RGO and c?f.méé the addition of 0.5 g/L GO, the pulse ED  [31]
GO/RGO/TRGO Duty cycle= coating obtained the best
appears denser than that of .
0.1~1 g/L 30% . hardness and wear resistance
=90 min Cu-GO coating
CuS0,4250 g/L, The tensile strength of the com-
H,SO,4 130 g/L, 6=25~55°C  Gr presents a flake shape posite coating reached 60MPa
Cu-Gr GO 0.2/0.5/0.8 CD=5~20 with wrinkles on the surface  In hydrochloric acid, Cu-Gr DCED [32]
g/L, PAA 50 times ~ A/dm? of the coating coating shows stronger corro-
GO-content sion resistance than pure Cu foil
CuS0,410 g/L, The Gr acts as the effect of The Fensﬂe strength of C}l-Gr is
Na;Ce¢Hs05 15 g/L, _ . . 4.2 times that of Cu coating,
pH=9~9.5 nucleation and increases the .
NaH,PO, 28 g/L, o o . reaching 3.46 GPa. In HCI1
Cu-Gr 6=65 C possibility of refining the . Electroless [33]
H;BO; 30 g/L, o . soltuion, Cu-Gr showed
) t=1h grain size to obtain a dense . .
NiSO,4 1 g/L, GO coatin stronger corrosion resistance
20~100 mg/L & than pure Cu foil
The synergistic effect of Cu-(CNT + Gr) has the lowest
Cu-(CNTs+ IguSS 8 4 %38 gj]i’ CD=10 A/dm’ CNT and Gr makes the corrosion current density, the
Gr) CIZ\TTS40 05 g/L’ 0=25 °C coating more compact and largest linear polarization DCED [34]
GO0 Oi 5 %L ’ the interfacial bonding resistance and the largest
V8 strength improved. positive potential
The addition of Gr improves
CuS0, 16 g/L, . the hardness of Cu coating.
EDTA-2Na 65 g/L, © Gr becomes the nucleation
NaKC4H,O6 500 6=50 center of copper particles When the content of Gr reac_hes
Cu-Gr 4 pH=12.5~13 . 3%, the hardness of the coating Electroless [24]
g/L, 2, 2'-Dipyridyl . and promotes the nucleation . .
=30 min reaches the maximum, reaching
1 g/L, K4Fe(CN)g of copper 65 3M d also sh h
1 g/L, CHO 16 g/L :3HV, and also shows the
’ best friction performance
Il;eHCléf 358 g;II:, The hardness of Fe-Gr coating
Mn4Cl 5 /% éDS pH=1~2 Fe-Gr coating is closely is twice that of Fe coating,
Fe-Gr 01 /i égacéharin CD=1A/dm* combined with Fe substrate  reaching 248HV. The corrosion DC ED [36]
8 =30 min and has good adhesion. resistance is 3.75 times that of

0.1 g/L, GO
0.1~0.5 g/L

pure Fe layer
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Coating Bath composition Parameters Microstructure evolution Performance Method  Ref.
Al-Gr coating has higher
THF:PhH 6:4, roughness than Al coating,
AICl; 0.75 mol/L, CD=5A/dm> Gr composition is distri- The hardness of the composite
Al-Gr LiAlH, 0.25 6=25 C buted along a straight line, coating is 3.87 times that of Al DC ED [37]
mol/L, GO 5 g/L, =60 min and the crystal size of AI-Gr  coating, reaching 290HV;
PVP 1.7 g/L coating is smaller than that
of Al coating
The surface of the coating is
AgNO; 50 g/L, H=10 flat and compact, and black
C4HsNO, 100 g/L, I:#Z 5 spots can be seen in some The addition of Gr improves
Ag-Gr K4P,0; 100 g/L, CD=1-4 areas. The addition of Gr the corrosion resistance of the  DC ED [38]
GO 0.4 g/L, Aldm? refines the grains of the composite coating
PAA 25 mg/L coating, but has no effect on
the thickness of the coating
CrO;5 180 g/L, Erz_/gg; The composite coating is flat
H,SO,4 130g/L, > mi with obvious cracks, and there
Co-Gr Cri1.8 gL, 2}_— 4:)n1n o are black substances in the — DC ED [39]
SDBS 8 mg/L, C_ - 33 <~ coating which are different
D=20~50 C . .
Gr 80 mg/L . from the matrix Cr coating
=10 min
The addition of Gr improves
the compactness of the
ZI}SO4 160 g/L, cqating, eliminates the ‘ The addition of Gr improves
NiSO, 140 g/L, _ micropores and defects in . -
Fe,SO4 150 g/L, EH_EIZ Jdm? the coating morphology, the corrosion resmta:lncli: of
ZnNiFe-Gr  Na,SO, 80 g/L, ka =LA et the abnormal ZnNiFe coating, and the DCED  [41]
=(43+2) C . . coating with the highest
H;BO; 10 g/L, ; deposition behavior of Zn, .
=45 min . content of Gr and Ni has the
CTAB 0.2 g/L, promotes the adsorption of best corrosion resistance
Gr 0~75 mg/L Ni and Fe in the coating, ’
and improves the proportion
of Ni and Fe in the coating
A large number of light gray
Power= precipitates and acicular
Laser cladding 1.5 kW martensite are formed in the
powders: S. ced= crystal and grain boundary Laser
Ti6Al4V-Gr Al 6.0~6.75wt%, p of TibAl4V-Gr. The compo- — . [42]
. 7 mm/s . . cladding
V 3.5~4.5wt%, Ti Ar flow= site coating forms a good
Bal., Gr<0.03wt% 5.0 L/min metallurgical combination
’ with Ti6Al4V matrix without
cracks and pores.
Power= Ni and Al form NiAl com- Compared with the conventional
Laser cladding 3.2 kW pound under the action of CrAlINi coating, the wear volume
powders: Speed= laser, Gr does not change, of the composite coating decre-
CrAINi-Gr Cr 65wt%, 3 mm/s the cladding layer is closely  ased significantly at 25 C, Laser [45]
Al 15wt%, Ar flow= combined with the matrix, 250 °C and 500 C, and the cladding
Ni 15wt%, 1.3 L/min and there are no obvious gain mass rate decreased by
Gr 5wt% Overlap= defects such as holes and 91% after high temperature
12% cracks. oxidation at 900 C.
The addition of Gr improves
NiSO, 30 g/L, The surface of the coating is  the hardness of the coating.
NaH,PO, 25 g/L, pH=4.5~4.7  composed of amorphous cell When the concentration of Gr
Ni-P-Gr  Sodium actetate 0=(85+2) ‘C  structure, and Gr in a folded is 1 g/L, the comprehensive Electroless [46]
15 g/L, Sodium =2h shape is embedded in the performance of the coating is

citrate 15 g/L

Ni-P coating.

the best when SDBS and
APEO are used as surfactants

Note: —Temperature; +—Deposition time; CD—Current density; DCED—Direct current electrodeposition
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Fig.1 SEM images of Cu-Gr coating deposited with different contents of GOP**!
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Fig.2 OM and SEM images of pure (a) Ag and (b) Ag-Gr coatings deposited at applied current densities of 1.39 A/dm’
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