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Reduced graphene oxide (RGO) reinforced copper matrix composites

(RGO/Cu composites) with volume fractions of RGO from 0.6 to 4.8

vol.% were produced based on a molecular-level mixing method

(MLM). High-shear mixing was introduced in the process of MLM by

using a rotor-stator mixer, which could make the RGO sheets

distributed in the composite more homogeneous and improve the

properties of the composites. The MLMmethod integrated with high-

shear mixing is abbreviated asM-H. The effect of high-shear mixing on

the mechanical properties of the composites with different volume

fractions of graphene was studied. The yield strength of the 2.4 vol.%

RGO/Cu composite produced by M-H method is 501.3 MPa, which is

more than three times higher than that of the Cu matrix. RGO shows

extremely high strengthening effect; the apparent strengthening

efficiency of RGO in the 0.6 vol.% RGO/Cu composite is as high as

321.7, even higher than CNTs. The results show that the M-H method

is hopeful to be applied to produce many kinds of graphene based

composites. sp
.
1 Introduction

Graphene, a two-dimensional atomic crystal composed of sp2-
bonded carbon atoms,1 has a range of extraordinary mechanical,
physical and chemical properties, such as outstandingly high
strength (130 GPa),2 remarkable electron mobility (15 000 cm2

V�1 s�1)3 and super high thermal conductivity (5000 W mK�1).4

Many methods have been developed to produce graphene and
CNS,5 such as micromechanical cleavage of graphite,1 chemical
vapor deposition (CVD),6 epitaxial growth on SiC,7,8 exfoliation by
sonication,9 chemical oxidation and reduction method,10,11 self-
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propagating high-temperature synthesis,12 conventional calcina-
tion,13 unzipping of carbon nanotubes14,15 and laser reduction of
graphene oxide,16–19 arc discharge technique.20 The superb
properties of graphene make it an excellent candidate for
many applications such as thermal managements, catalyst,21

batteries,22 super capacitors23 and composites.2 Among them, one
of the most immediate application for graphene is used as
reinforcement in composite materials.24

The potential of graphene as a reinforcingmaterial for polymer
composites has been shown in many works. It has been reported
that the electrical conductivity, Young's modulus, tensile strength
and other properties of the polymer matrix were remarkably
increased with the introducing of graphene.25–30 Graphite oxide,
which is obtained by oxidation of graphite,31 is usually used as a
precursor for the preparation of these composites.27,28,32,33

It has been well recognized that copper matrix composites
reinforced by nano llers, such as carbon nano tube and nano
diamond, could not well manufactured by traditional prepara-
tion.34,35 Recently, Hwang et al. demonstrated that molecular
level mixing (MLM) could be used to produced reduced gra-
phene oxide (RGO) reinforced copper matrix composites (RGO/
Cu composites) with a tensile strength of 284 MPa.36 MLM is a
good choice for Cu matrix composite, for it produces a highly
homogeneous dispersion of graphene oxide in Cu by distrib-
uting graphene oxide in copper acetate solution, followed by
heating the solution to obtain a homogeneous powder of gra-
phene oxide, CuO and Cu2O, and then reducing the powder to
obtain RGO/Cu composite powder.36 However, the agglomerate
of graphene sheets is still a great challenge for the production of
composites, few works have been done to improve the homo-
geneity of graphene in composites.

High-shear mixing is a general method used in chemistry and
food industries, which can produce high-shear force on the
materials in liquids by high-shearmixer and has been widely used
to handle energy intensive processes such as de-agglomeration,
emulsication and homogenization.37 High-shear mixing is
usually used to disperse nanoparticles by breaking up the nano-
particle agglomerates in liquid.38 Recently, Paton et al.39 proved
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that high-shear mixing could also be used to exfoliate graphite
into graphene in liquids using only high shear mixer.

Based on the ref. 39 and our technique,40,41 we introduced
high-shear mixing method into the process of MLM. Two MLM
methods according to the mixing styles were used to produce
the composites, which were typical MLM method using
magnetic stirring (MLM) and MLM method using high-shear
mixing (M-H). The effect of high-shear mixing on the mechan-
ical properties of composites with different volume fractions of
graphene was studied.
m

2 Experimental
2.1 Sample preparation

2.1.1 Graphene oxide preparation. Graphite oxide powder
(Nanjing XF Nano Materials Tech Co., Ltd) was dispersed in
water to obtain an aqueous graphite oxide solution with a
concentration of 0.5 mg ml�1. The solution was treated by a KQ-
800KDE ultrasonic cleaner (800W, 40 kHz; Kun Shan Ultrasonic
Instruments Co., Ltd.) at room temperature for 120 min; then a
luminous yellow graphene oxide colloid was formed.

2.1.2 Fabrication of composites powders by MLM method.
A typical MLM route of the composite powder of RGO and
copper was as follows: 46 grams of copper acetate (Cu(Ac)2$H2O,
analytic reagent) was dispersed in 92 ml of ammonia (analytic
reagent, 28–29%) to obtain a cuprammonia. The graphene
oxide colloid (46 ml) was then added to the cuprammonia and
treated by sonication for 30 min. The solution was evaporated at
100 �C with magnetic stirring to produce a dried powder, which
was heated at 200 �C in air for 12 h and then reduced at 200 �C
for 2 h in hydrogen under atmosphere pressure. At last, the
RGO/Cu composite powder was produced.

2.1.3 Fabrication of composites powders by introducing
high-shear mixing. High-shear mixing was introduced into the
process of MLM and the method is abbreviated as M-H. During
the evaporation process of the solution of the cuprammonia
and graphene oxide, a rotor-stator mixer (FA25, Gongyi City
Yuhua Instrument CO., LTD) was used to offer high shear force
in the solution. The line speed of the rotor vs. the stator is 5.9 m
s�1 and the rotating speed is 4500 rpm in our experiments.
Other conditions for M-H were same with the MLM method.

2.1.4 Consolidation of RGO/Cu composite powders. The
RGO/Cu composites were sintered with the composite powders
by spark plasma sintering (SPS) at 600 �C for 5 min with a
vacuum of 0.1 Pa and an applied pressure of 40 MPa. The nal
sizes of the sintered RGO/Cu composites were 20 mm in
diameter and 5 mm in thickness. The corresponding volume
fractions were 0.6, 1.2, 2.4 and 4.8 vol.%, assuming the density
of graphene oxide is 2.2 g cm�3.27 For simplication, the
composites were abbreviated as xRGO/Cu(y), according to the
volume fraction of RGO (x vol.%) in the composite and the
method (y is M or M-H).

www.sp
2.2 Characterization

Sample for atomic force microscopy (AFM) imaging was
prepared by dispersing graphite oxide solution on a silicon
51194 | RSC Adv., 2015, 5, 51193–51200
wafer by dip-coating method for 5 times, which was then dried
in 90 �C in air. AFM images were taken on a Ben Yuan CSPM
5600 scanning probe microscope in a tapping mode. X-ray
diffraction (XRD) analyses were performed on a Philips X'Pert
X-ray diffractometer with Cu K radiation. Raman spectra were
preformed from 500 to 3000 cm�1 on a B&W Tek Confocal
Micro-Raman spectrometer using a 532 nm laser. Scanning
electron microscopy (SEM) analyses were carried out on a
Quanta 200F scanning electron microscope. X-ray photoelec-
tron spectroscopy (XPS) measurements were conducted with a
K-alpha (Thermo Fisher) system. Non-monochromatic Al Ka
radiation was operated under vacuum 1.0 � 10�8 mbar; the
constant-pass energy mode is 50 eV with a step size of 0.1 eV for
the C1s photoelectron line.

Transmission electron microscopy (TEM) analyses were
taken with a JEM-2100 type transmission electron microscope
equipped with an energy-dispersive X-ray spectrometer (EDS).
The composite samples for TEM were shaped with a thickness
of 30 micrometers and a diameter of 3 mm; and then a thin
zone was prepared in the middle of each sample by ion milling
using a Gatan 691 Precision Ion Polishing System. Compressive
tests were performed using an Instron 5500R All-purpose Elec-
tronic Tester with a crosshead speed of 0.5 mm min�1. The
samples for compressive tests had a cylindrical disc shape, with
3 mm in height and 3 mm in diameter. The loading directions
are parallel to the pressing direction of the specimens.

3 Result and discussion

AFM is one of the most direct methods of measuring the
thickness of graphene sheets or graphene oxide sheets. An AFM
image of typical graphene oxide sheets produced by the graphite
oxide aer sonication is shown in Fig. 1a. A graphene oxide
sheet can be found in Fig. 1a with a thickness of �0.9 nm
according to the height prole inserted, indicating a 1-layer
graphene oxide sheet, since the interlayer spacing of one-layer
graphite oxide varies with the amount of absorbed water, with
values such as 0.63 nm and 0.61 nm reported for ‘‘dry’’ GO
samples (complete drying of GO is probably impossible42) to 1.2
nm for hydrated GO.43 Both the size and thickness of graphene
oxide may inuence the properties of the composites, since it is
well known that “size effect” is an interesting topic in the
composite research and thickness is a key parameter for gra-
phene based composites. 20 pieces of graphene oxide sheets
were selected randomly and analyzed by AFM measurements,
the distributions of the size and thickness were shown as
histograms in Fig. 1b and c; the average size of RGO sheets is
�1.16 mm and the average thickness is �1.90 nm, indicating
that most of the RGO sheets are 1 or 2 layers. The result shows
that the luminous yellow solution produced by sonication is
well-exfoliated graphene oxide solution and that the sonication
treatment is sufficient to transfer graphite oxide into graphene
oxide.

Raman spectroscopy was applied to characterize the struc-
ture of graphite oxide, as shown in Fig. 1d. The Raman spec-
trum of graphite oxide shows a D peak at 1354 cm�1 and a broad
G peak at 1580 cm�1, similar to previous reports.29,36,44,45 The
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Fig. 1 Characterization of the reinforcement. (a) A tappingmode AFM image of exfoliated graphene oxide sheets on silicon with a corresponding
height profile; (b) size distribution of graphene sheets; (c) thickness distribution of graphene sheets; (d) Raman spectrum of graphite oxide.
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prominent D peak is from the structural imperfections created
by the attachment of epoxy, hydroxyl and epoxy groups on the
carbon basal plane;38 the G peak is corresponding to the rst-
order scattering of the E2g mode.46

Fig. 2a shows the XRD patterns of the RGO/Cu composite
powders fabricated by the MLM method, M-H method and the
composite powders aer reducing in H2. The peaks at 43.3, 50.4
and 74.1 degrees are assigned to (111), (200) and (220) crystal-
line planes of Cu (PDF No. 851 326), respectively. The peaks at
36.5, 42.3, 61.4 degrees are assigned to (111), (200), (220) crys-
talline planes of Cu2O, respectively. And the peaks at 38.7, 35.5,
48.7 degrees are assigned to (111), (�111) and (�202) crystalline
planes of CuO, respectively. The peaks corresponding to CuO
and Cu2O in the composite powders disappear aer H2

reducing. The results indicate that the hydrogen treatment can
effectively reduce the oxides in the composite powders. As the
main peak of (001) graphite oxide diffraction is around 11.2
degree,47 no obvious diffraction peak near 11.2 degree is
observed for the composite powders, suggesting no graphite
oxide was produced during MLM process.

In order to investigate the effect of M-H method on the
particle size of the oxide particles in the composite powder,ww.sp
Fig. 2 XRD patterns of the composite powders (a) and composites (b).

This journal is © The Royal Society of Chemistry 2015

w

Cu2O was selected as a representative. The Full Width Half
Maximum (FWHM) of Cu2O peak at 61.5 degree was measured.
The FWHMs of Cu2O at 61.5 degree for 0.6RGO/Cu(M) and
0.6RGO/Cu(M-H) are 0.581 and 0.667 degree, respectively. The
FWHM result indicates that the grain size of Cu2O in the
composite powder produced by M-H method is smaller than
that produced by MLM according to Scherrer formula. It's
reasonable to expect that the distribution of graphene oxide in
the composite powder produced by M-Hmethod would be more
homogeneous than that by MLM method because graphene
oxide sheets should be well separated by smaller oxide particles.

The XRD patterns of RGO/Cu composite fabricated by the
MLM and M-H are shown in Fig. 4b. All the composites show
similar diffraction patterns, mainly corresponding to Cu, indi-
cating that little oxidation of copper occurred during the
process of SPS.

XPS was employed to analyze the state of carbon in graphite
oxide powder, 1.2RGO/Cu(M)-H2 composite powder and the
composite. Curve tting of the C1s spectra was performed using
a Gaussian–Lorentzian peak shape aer performing a Shirley
background correction. In Fig. 3a, the C1s XPS spectrum of
graphite oxide clearly indicates a considerable degree of
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oxidation as a result of the high relative intensities of epoxy
carbon (C–O, 286.7 eV)38 and carboxylate carbon (O–C]O, 288.4
eV)36 with respect to sp2-hybridized carbon (284.4 eV). Fig. 3b
shows the peaks of oxygen groups at 286.2 (C–O) and 288.3 eV
(O–C]O) for 1.2RGO/Cu(M)-H2 composite powder. The relative
intensity of C–O peak to that of sp2-hybridized carbon in RGO
was obviously reduced, indicating the reduction of C–O group
by hydrogen treatment, while the relative intensity of O–C]O
peak shows little change compared with graphite oxide indi-
cating that the hydrogen treatment has little effect on O–C]O
group. Fig. 3c shows C1s XPS spectrum of 1.2RGO/Cu
composite. It can be clearly seen that the relative intensities
of peaks corresponding to sp2-hybridized carbon and oxygen-
containing functional groups of composite show little change
compared to those of the composite powder, suggesting that the
SPS process had little inuence on both sp2-hybridized carbon
and the residual oxygen-containing functional groups. In
addition, it was doubted that carbon material was damaged or
reacted with the matrix material during the SPS process,48

however, the result indicates that the RGO sheets could be
preserved aer the SPS process.

These results can be explained by the unique properties of the
thermal reduction of graphene oxide. When the exfoliated gra-
phene oxide in composite powders were heated below 550 �C,
the epoxy group, which was mainly attached to the interior of an
aromatic domain in graphene oxide sheets, decomposed rela-
tively fast, and its content declined rapidly. However, the
carboxylate group attached to the edges of an aromatic domain
was more thermally stable, which would not decline sharply
until the temperature is over 1000 �C in inert gas.38
Fig. 3 C1s XPS spectra of (a) graphite oxide powder; (b) 1.2RGO/Cu(M)-

51196 | RSC Adv., 2015, 5, 51193–51200
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SEM image of the RGO/Cu composite powder is shown in
Fig. 4a. It can be found that the carbon sheets were decorated
randomly with copper particles. This is mainly attributed to the
reaction between Cu ions and the functional groups on gra-
phene oxide surface during the process of molecular-level
mixing.36

Many thin curved RGO sheets are connected and clearly seen
in the 2.5RGO/Cu composite aer etching in FeCl3 for 30
minutes as shown in Fig 4b, which suggests that the RGO sheets
keep their sheet structure aer SPS sintering.

The SEM images of the 1.2 RGO/Cu(M) and 1.2 RGO/Cu(M-
H) aer 60 min etching are shown in Fig. 4c and d. It can be
found that RGO sheets in the composites were connected to
porous structure. The size of holes (about several mm) in the
image of 1.2RGO/Cu(M) is much bigger than that (less than 1
mm) of 1.2RGO/Cu(M-H), suggesting that more agglomeration
of RGO exists in the composite prepared by the MLM method
and that M-Hmethod has positive effect on the improvement of
RGO distribution.

Fig. 5a shows the TEM bright image of 0.6RGO/Cu(M)
composite, and Fig. 5b–d is the dark eld images correspond-
ing to Fig. 5a. According to Fig. 5b–d, we can found that some of
the Cu grains in the composite are not regular balls but near
rectangle, and the length and width of the rectangle are near
200 and 500 nm, respectively. The small size of Cu grain could
benet the mechanical properties of the composites by ne-
grain strengthening.

The fractography micrograph of 1.2RGO/Cu(M) and 1.2RGO/
Cu(M-H) are shown in Fig. 6. It can be found that the fractog-
raphy micrograph of 1.2RGO/Cu(M) is not homogeneous,
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H2 composite powder and (c) 1.2RGO/Cu(M) composite.

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Representative SEM morphologies: (a) 0.6RGO/Cu(M)
composite powder; (b) 2.4 RGO/Cu(M-H) etched for 30 min; (c) 1.2
RGO/Cu(M) etched for 60 min; (d) 1.2 RGO/Cu(M-H) etched for 60
min.

Fig. 6 Fractography micrographs of the composites: (a) 1.2RGO/
Cu(M) and (b) 1.2RGO/Cu(M-H).

Communication RSC Advances

Pu
bl

is
he

d 
on

 0
1 

Ju
ne

 2
01

5.
 D

ow
nl

oa
de

d 
by

 D
al

ia
n 

U
ni

ve
rs

ity
 o

f 
T

ec
hn

ol
og

y 
on

 1
6/

07
/2

01
5 

02
:4

6:
32

. 
View Article Online

m

thicker RGO sheets, crack and holes can be found. However, the
structure of the fractography of 1.2RGO/Cu(M-H) is relatively
homogeneous and not rough; no thicker RGO sheets can be
found and the sizes of the dimples are similar and small. The
result suggests that the high-shear mixing is useful to produce
more homogeneous composites.
Fig. 5 TEM images of 0.6RGO/Cu composite: (a) bright field image;
(b)–(d) dark field images corresponding to (a).

This journal is © The Royal Society of Chemistry 2015
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The mechanical properties of the composites were charac-

terized using compressive tests. The “technical compressive
strain” used here contains the strain of both sample and tester
system. As a result the stress–strain measurements can offer the
actuate stress values; however, they have the limitation that
Young's modulus cannot be calculated with the strain. As
shown in Fig. 7a, the yield strengths of 0.6RGO/Cu(M), 1.2RGO/
Cu(M), 2.4RGO/Cu(M) and 4.8RGO/Cu(M) are 410, 434, 410 and
197 MPa, respectively. It can be found that the yield strength of
the composite by MLM method increases at rst and reaches
the maximum for 1.2RGO/Cu(M), and then decreases with the
increase of the volume fraction of RGO. The maximum yield
strength corresponding to 1.2RGO/Cu(M) is about three times
higher than that of Cu (about 150 MPa34). However, the strength
of the 4.8RGO/Cu(M) is much lower than those of the
composites with lower volume fraction of RGO. These results
indicate that the MLM method is superior in fabricating
composites with the volume fraction of graphene less than
1.2 vol.%. However, when the volume fraction of graphene is
higher than 2.4 vol.%, the yield strength is much lower than the
expectation. The main reason is that the RGO sheets tend to
aggregate in solution during MLM process when the volume
fraction of RGO is high.

As shown in Fig. 7b, the yield strengths of 0.6RGO/Cu(M-H),
1.2RGO/Cu(M-H), 2.4RGO/Cu(M-H) and 4.8RGO/Cu(M-H) are
440, 469, 501 and 395 MPa, respectively. All the yield strengths
of the RGO/Cu(M-H) composites are higher than those of the
RGO/Cu(M) composites with the same volume fraction of RGO
as shown in Fig. 7c. The yield strength of the composite by M-H
method increases linearly with the increase of the volume
fraction of RGO from 0.6 vol.% to 2.4 vol.%. Themaximum yield
strength of 2.4RGO/Cu(M-H) is 501.3 MPa, which is 91 MPa
higher than that of 2.4RGO/Cu(M); the yield strength of
4.8RGO/Cu(M-H) is 395 MPa, about 2 times of that (197 MPa) of
4.8RGO/Cu(M).

It has been reported that the reaction between carboxyl or
hydroxyl groups (O]C–OH), (C]O, –OH) and copper atoms
can produce Cu–oxygen bonds, these bonds at the interface in
CNT/Cu nanocomposites are the origin of the optimized CNT/
Cu interface49 and graphene/Cu,36 which helps to transfer the
load from the Cu matrix to the CNTs or graphene and reinforce
the nanocomposites. So, the residual functional groups on the
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Fig. 7 Typical compressive stress–strain curves of (a) RGO/Cu(M) composites and (b) RGO/Cu(M-H); (c) comparison of compressive yield
strength of the RGO/Cu composites; (d) apparent strengthening efficiencies of RGO and other reinforcements in copper matrix composites.
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surface of RGO would contribute to the binding force between
RGO and copper and benet the strength of the composite.50 It
also should be mentioned that both the size distribution and
the defect concentration of graphene oxide may have important
effects on themechanical properties of the RGO/Cu composites.
It is an interesting topic which needs more detailed work in the
future.

Strengthening efficiency R has been used to compare the
reinforcing effect of different reinforcements, which is dened
as the ratio of the amount of yield strength increase of the
composite to that of the matrix by the addition of reinforcement
materials.34 However, the actual strength of the matrix is diffi-
cult to measure as it is very difficult to prepare a material with
the same microstructures and properties as the matrix because
of the complex interaction between reinforcement and matrix
during the preparation process of the composites. To avoid this
dilemma, the denition of “apparent strengthening efficiency”
(Ra) is introduced to compare the reinforcing effects of RGO and
other reinforcements.

Apparent strengthening efficiency is expressed as

Ra ¼ sc � s*
m

Vfs*
m

(1)

where sc is the yield strength of composite, s*
m is used as a yield

strength reference of the pure matrix material; considering the
difficulty to obtain an accurate value of the reference, the
reference in this denition is just a common agreement and
arbitrary to some extent; as a result, in order to benet the
comparison between similar composites, we choose the refer-
ence from the rst article of MLM method, which is 150 MPa.34

Vf is the volume fraction of the reinforcement. Ra can reect the
whole improvement of the strength of the composite by the

www.sp
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introduction of the reinforcement, which mainly includes the
load transformation of reinforcement and the ne-grain
strengthening.

The apparent strengthening efficiencies of RGO and CNT are
shown in Fig. 7d. High apparent strengthening efficiency has
been reached for 0.6RGO/Cu(M-H), which is the highest in all of
the composites reinforced by CNT and RGO, indicating the RGO
sheets have remarkable strengthening effect for the copper
matrix composite with low volume fraction of RGO. It can be
found that the apparent strengthening efficiencies of RGO in
the copper matrix composites are increasing with the decrease
of the volume fractions of RGO. The explanation is that the RGO
sheets in the composite with lower fraction of RGO is easier to
be distributed homogeneously than them in the composite with
higher fraction of RGO; so they could transmit the load from the
matrix efficiently and separate the grains of the copper matrix
effectively, which can strengthen the composite by load trans-
formation and ne-grain strengthening. As a result, RGO
worked well as reinforcements and showed high apparent
strengthening efficiency in 0.6RGO/Cu(M-H). However, the
possibility of RGO agglomeration increases quickly with the
increase of the RGO volume fraction in the composite, the
agglomeration could act as a source of crack in the composite
and greatly decrease the strength of the composite.

It can also be found that all of the apparent strengthening
efficiencies corresponding to the composites produced by M-H
method are higher than those produced by MLM method.
Especially for the 4.8RGO/Cu composites, the strengthening
efficiencies of 4.8RGO/Cu(M) and 4.8RGO/Cu(M-H) are 7 and
34, respectively, the latter is about 5 times higher than the
former. It is obvious that the introduction of high-shear mixing
in the process of MLM has great inuence on the strengthening
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effect of RGO. In addition, the Ra of 4.8RGO/Cu(M-H) is 1.2
times higher than that of 5CNT/Cu(M), however, the Ra of
4.8RGO/Cu(M) is much lower than that of 5CNT/Cu(M). The
results suggest that serious coagulation of RGO happened in the
4.8RGO/Cu(M) composite, while the coagulation of RGO is
prevented in a high degree with the help of high-shear mixing. It
also suggests that the RGO sheets are hard to be distributed
homogeneously in the copper matrix composite compared with
CNT using MLM method. Consequently, high-shear mixing is
an ideal candidate to improve the homogeneity of RGO in the
composite.

Why does the M-H method have signicant effect on the
improvement of the yield strength of the composite and the
strengthening efficiency of RGO? Before discussing the reason,
we would mention some of the technical details on the evapo-
ration process of the solution of graphene oxide and the
cuprammonia. The evaporation process can be divided into
three stages: solution stage, slurry stage and mud stage. For the
solution stage, the graphene oxide sheets homogeneously
distributed in cuprammonia as demonstrated in Fig. 8a; when
the solution was heated, with the evaporation of ammonia
water, copper hydroxide and copper oxide particles were
produced, then the solution turned to be a slurry, and the
particles in the slurry could move with liquid as shown in
Fig. 8b; with the decrease of the slurry volume, the slurry
became a mud as shown in Fig. 8c, the particles in it lost their
mobility and nally became composite powder.

High-shear mixing was introduced during the slurry stage
using a rotor-stator mixer as shown in Fig.8b and d. When the
rotor-stator mixer worked, the line speed of the rotor vs. the
stator was 5.9 m s�1. The graphene sheets and copper hydroxide
and copper oxide particles in the slurry were forced to go
through the narrow gap between the rotor and stator as
demonstrated in Fig. 8d; high shear force was producedp
Fig. 8 The schematic diagram of M-H method: (a) solution stage; (b)
slurry stage; (c) mud stage and (d) mixer head.
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between the gap and acted on the graphene sheets and the
particles, which could homogeneously distribute the graphite
oxide sheets in the slurry and prevent them from aggregating.
Furthermore, the homogeneous graphene oxide sheets in the
slurry could also restrain the abnormal grain growth of copper
hydroxide and copper oxide particles by covering them and
separating them, which resulted in the lower average diameter
of the particles for the composite powder processed with M-H
method as shown in the result of FWHM above-mentioned.
Consequently, the M-H method has signicant effect on the
improvements of the yield strength of the copper matrix
composites and the strengthening efficiency of RGO; it shows
large potential in distributing graphene into other materials in
the elds of composites.
4 Conclusions

RGO/Cu composites with homogenously dispersed RGO sheets
within the Cu matrix were successfully fabricated by MLM
method and by M-H method. The yield strengths and the
apparent strengthening efficiencies of the composites produced
by M-H are higher than those produced by MLM. The yield
strength of 2.4 vol.% RGO/Cu composite(M-H) was three times
higher than that of Cu. RGO shows extremely high strength-
ening effect, even higher than CNTs; the apparent strength-
ening efficiency of the 0.6 vol.% RGO/Cu composite is 321.7 and
is the highest among the copper matrix composites reinforced
by RGO and CNT. The M-H method is hopeful to be applied to
produce many kinds of graphene based composites and
promising perspectives are opened up by integrating high-shear
mixing in the process of composite production.
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