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1. Introduction
Copper is a highly conductive material with ac-

ceptable level of strength, ductility and formability. 
Therefore, it is widely used in industry where re-
duced production costs in addition to high con-
ductivity are required. Indeed, electrical copper 
is mostly used in the form of rolled sheets at fully 
annealed condition, i.e., recrystallized grain struc-
ture with minimum defect density, which is likely 
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to show the highest conductivity [1,2]. Due to its 
superior value, increasing electrical conductivity 
of copper is not an easy job. Such high electrical 
conductivity of copper would be easily degraded 
instead of being improved by changing process-
ing conditions. For example, cold deformation has 
been found to significantly degrade electrical con-
ductivity of copper due to imposing a high density 
of defects including, vacancies, dislocations and 
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grain boundaries [3].
Fabrication of composites and nanocompos-

ites is found to be an effective method to acquire 
products with simultaneously improved physical 
and mechanical properties [4–6]. For example, 
mechanical strength [7–9], wear [10,11] and fa-
tigue and corrosion resistance [12] and few other 
properties have been found to improve in different 
metallic or non-metallic materials. Composite fab-
rication approach is mostly based on the hypothe-
sis to combine and benefit different positive effects 
of additives and matrices [4–8]. For example, in 
metal matrix composites (MMCs) the metallic ma-
trix provides the ductility and/or toughness while 
reinforcing particles or fibers provide wear resis-
tance and hardness [4–8]. Therefore, it seems to be 
possible to fabricate a copper based MMC with si-
multaneously improved mechanical properties and 
electrical conductivity.

Copper-based MMCs have been previously 
fabricated by different methods and approaches 
[13–24] with various additives [25–29]. However, 
no considerable improvement in strength has been 
achieved with negligible achievement in improving 
conductivity. Among different methods, solid state 
deformation may be a unique processing method 
due to the high deformability of copper in addition 
to the fact that it may result in an optimum distri-
bution of reinforcing particles [13–22] which is a 
vital parameter to achieve the maximum out of a 
composite structure. It should be noted that elec-
trical conductivity is likely to be degraded during 
deformation because it results in enhanced crystal 
defects [30–33]. 

In a previous attempt to fabricate copper-based 
nanocomposite, slight improvement in electrical 
conductivity was only achieved by addition of 2 
wt.% CuG and application of 6 cycles of ARB while 
the ductility was reduced to half of its initial value. 
Both parameters, i.e., conductivity and ductility, 
may be possible to be improved by application of 
annealing treatment. In the current article, effects 
of post-fabrication annealing treatment on the 
evolution of microstructure, tensile properties and 

electrical conductivity of ARB-fabricated Cu-CuG 
nanocomposites are investigated. It is supposed that 
with annealing, the defects and dislocations density 
reduce and reach to its initial numbers in the an-
nealed pure copper sheets. Therefore, variations in 
microstructure and tensile properties are expected 
in addition to changes in electrical resistivity. 

2. Experimental procedure
Hot rolled sheets of electrical copper were re-

ceived with 0.5 mm thickness and chemical compo-
sition shown in Table 1. In order to remove effects 
of previous deformation, the plates were fully an-
nealed at 500 °C for 2 h and cooled in the furnace. 
Prior to rolling, the sheets were cut into 150 by 150 
mm plates, cleaned, washed and degreased by ace-
tone followed by brushing using 0.3 mm thick steel 
brush. 5 layers of the plates were prepared to be 
stacked on each other prior to rolling.   

Multilayer graphene powder with an average 
thickness of 10 nm was used as additive to fabricate 
copper-graphene nanocomposite. For preparation 
of the graphene additive, 0.2 g graphene was mixed 
with 9.8 g copper powder in ethanol and dried in 
air to achieve a mixture of copper and graphene 
(CuG). The CuG powder was milled in a H13 tool 
steel cup and balls for 4 h at 400 rpm. The diameter 
of the balls was 10 mm and the weight ratio of balls 
to CuG powder was 15:1.

Accumulative roll bonding (ARB) was used to 
fabricate copper-graphene nanocomposites. For 
this purpose, 1 and 2 g of CuG powder were added 
onto the plate. The assembly was rolled for 50 % 
using a 50-ton rolling stand having mills with 170 
mm diameter and 200 mm width, resulting in a 
sandwich of Cu and CuG. The resulting sandwich 
was ARB rolled for 2, 4 and 6 cycles and a multilay-
er Cu-CuG nanocomposite was fabricated with 10, 
40 and 160 layers but a similar percentage of CuG 
powder. The samples were annealed at 500 °C for 
2 h in salt bath. After annealing, the samples were 
cooled down to 100 °C in the salt bath, continued 
by air cooling to room temperature. 

Huvitz optical microscope was used to inves-

Table 1- Chemical composition of the alloy used in this investigation
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tigate the microstructures of the fabricated nano-
composites. The cross sections chosen for the 
microstructure observation were in RD-ND di-
rection. The etchant used for this purpose was a 
solution of 1 g FeCl3, 10 ml HCl and 10 ml distilled 
water. The samples were etched for 5 sec in the 
solution after grinding and polishing. Hondsfield 
H50Ks tensile testing machine was used for eval-
uation of mechanical properties of the composite. 
The tests were conducted at 0.1 mm/sec accord-
ing to ASTM E8 standard. The length, width and 
thickness of the specimens were 10, 2.5 and 1 mm, 
respectively. Fracture surfaces were investigated 
using Tescan VEGA/XMU SEM microscope. Elec-
trical resistivity of the samples was measured using 
MICROHMMETER CA 6250 equipped with a two 
points probe. 

3. Results and discussion
3.1. Constituents of the composite
3.1.1. Graphene powder

SEM, X-ray diffraction pattern and Raman spec-
trum of the powder prior to mixing are shown in 
Figure 1. It is clear that graphene has a laminar 
structure. The layer’s thickness of this powder has 
been previously measured and fall into the range of 
less than 10 nm [34]. In the XRD pattern, a single 
peak related to the (002) plane of graphene is de-
tected. Raman spectrum indicates that the intensity 
of the 2D and G peaks are 4720 and 3657. 

3.1.2. Copper powder
The size and morphology of the copper powder 

prior to milling is shown in Figure 2 (a). The ini-
tial average size of the copper powder is around 5 
µm. It can be seen in Figure 2 (b) that after mixing 
with graphene and milling (to produce CuG pow-
der), the average size of the particles increases to 12 
µm. This size increase is attributed to coarsening 
of the particles during milling. This is indeed be-
cause of the high ductility of copper which flatten 
and increase in size instead of fragmentation and 
size reduction. XRD pattern and EDS spectrum of 
the prepared CuG powder are shown in Figure 2 (c) 
and (d). A single copper phase is detected during 
XRD. Graphene is not detected which is due to its 
low weight percentage, which falls beyond the de-
tection limit of XRD. In addition, graphene is not 
detected by EDS, as carbon is an element which 
is too difficult to be detected. The absence of iron 
is extremely important since trace impurities can 
significantly degrade the electrical conductivity of 

copper [35,36]. 

3.1.3. Copper sheets
The initial microstructures of the copper sheets 

after full annealing and prior to ARB processing 
are shown in Figure 3. The grain structure is fully 
recrystallized and the microstructure is composed 
of fine and equi-axed grain structure in addition to 
a few numbers of annealing twins. Average grains 
size of the sample was measured according to 
ASTM E112 standard to be around 27 µm. 

 

(a) 

 
(b) 

 

Fig. 1- Results of (a) SEM, (b) XRD and (c) Raman spectrum of 
the initial graphene nanopowder prior to milling.
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3.2. As-fabricated nanocomposite
Tensile stress-strain curves of the as-fabricated 

nanocomposites with 2, 4 and 6 cycles of ARB in 
comparison with that for the initial copper sheet 
are shown in Figure 4. The values of yield strength 
(YS), ultimate tensile strength (UTS) uniform elon-
gation (eu) and elongation to failure (ef) of each 
sample is extracted and presented in Table 2 and a 
comparison between the extracted data is present-
ed in Figure 5. It can be seen that with application 
of 2 cycles of ARB, the strength is significantly in-
creased and the ductility is reduced. Indeed, YS and 
UTS increase from 49 and 204.2 MPa to 255 and 
420.1 MPa. However, the uniform elongation (eu) 
and elongation to failure (ef) reduce from 43.6 and 

48.9 % to 3.3 and 8.4 %, respectively. The enhance-
ment in strength can be attributed to an increase in 
dislocation density which causes significant work 
hardening and increased strength [37]. Due to the 
significant work hardening caused by severe plastic 
deformation (SPD) during ARB, there is not more 
room for plastic deformation during tensile testing. 
Therefore, the samples break shortly after they yield. 
Indeed, the tensile test sample starts to deform lo-
cally, leading to necking, and final fracture. Such 
deformation behavior of the material would clearly 
affect the ductility in terms of reduced eu and ef. 
Indeed, the capacity of the fabricated nanocompos-
ite to withstand deformation during tensile testing 
is significantly reduced and the sample enters the 

 
(a) 

 
(b) 

 
(a) 

 
(b) 

 
 (c) 

 
(d) 

Figure 1- (a) SEM image of copper powder prior to mixing and milling, (b) SEM image, (c) XRD pattern 
and (d) EDS spectrum of the mixed CuG powder after milling.  
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(d) 

Figure 1- (a) SEM image of copper powder prior to mixing and milling, (b) SEM image, (c) XRD pattern 
and (d) EDS spectrum of the mixed CuG powder after milling.  

 

 

 

 

 

 

 

Fig. 2- (a) SEM image of copper powder prior to mixing and milling, (b) SEM image, (c) XRD pattern and (d) EDS spectrum of the mixed 
CuG powder after milling.
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localized deformation zone rapidly which results 
in limited eu. Eventually, the negligible localized 
deformation might be attributed to the occurrence 
of delamination of the stacking layers of the nano-
composite, as observed in Figure 6. The fracture 
surface of the tensile test samples at higher magnifi-
cation which is shown, in the case of 1%CuG-4ARB 
nanocomposite, in Figure 7 consists of few stack-
ings but separated layers (delaminated layers) of 
copper which indicates debonding of multiple lay-
ers during tensile test. Observed delamination may 
have been initiated from voids (see Figure 8) and/
or debonding of the CuG particle from the matrix. 
The presence of the voids can be related to an unac-
ceptable or poor bonding quality between succes-
sive stacking layers of the nanocomposites [37]. It 
can be seen in Figure 8 that the void density and 
size reduce with increasing ARB cycles. This results 
in a more solid bonding and consequently further 
resistance of the composite to delamination. The 
net result of improved bonding quality can be ob-
served in terms of enhanced localized deformation 
and increased difference between eu to ef. Howev-
er, the strength is not significantly increased with 
further deformation, e.g., not a significant differ-

ence between 1%CuG-4ARB and 1%CuG-6ARB 
nanocomposites. This may be attributed to the fact 
that the work hardenability of copper becomes sat-
urated with a level of SPD deformation. Previous 
investigations show that the required level of defor-
mation to reach saturation is around an equivalent 
strain of 2 [38] which is known to be the case after 
2 or more cycles of ARB. 

In the 2%CuG-6ARB nanocomposite which is 
fabricated by addition of 2% of CuG, further voids 
are observed in comparison with 1%CuG-6ARB. 
In addition, higher fraction of CuG may result in 
increased debonding between the additives and the 
matrix which facilitates fracture initiation. Conse-
quently, earlier fracture is expected during tensile 
testing which is also observed in Figure 4 (b). In 
addition, enhancement in YS and/or UTS can be 
hardly noticed in comparison to the sample with 
1% CuG. Therefore, one can conclude that the 
graphene nanoparticles are not expected to have 
significant strengthening effects in the fabricated 
composite.

3.3. After annealing
Tensile stress-strain results on the nanocompos-

 

 

 

 

 

 
(a) 

 
(b) 

Figure 2- Initial microstructure of the copper sheet after annealing at 500 °C for 2 h, at (a) low and (b) 
high magnification.  

 

 

 

 

 

 

 

 

 

 

 

 

 
(a) 

 
(b) 

Figure 3- Engineering tensile stress-strain curves of the (a) initially annealed copper sheet and (b)as - 
fabricated nanocomposite. 

 

 

 

Fig. 3- Initial microstructure of the copper sheet after annealing 
at 500 °C for 2 h, at (a) low and (b) high magnification. 

Fig. 4- Engineering tensile stress-strain curves of the (a) initially 
annealed copper sheet and (b)as- fabricated nanocomposite.
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ite samples after annealing are shown in Figure 9. 
In comparison to the as-fabricated nanocomposite, 
the flow stress, YS and UTS reduce. For example, YS 
has reduced after annealing from 255, 262 and 270 
to 60.5, 69.3 and 63.8 MPA in 1%CuG added nano-
composites fabricated with 2, 4 and 6 ARB cycles. 
This can be correlated to the effect of annealing on 
the microstructure of the nanocomposites which 
are shown in Figure 8. It can be seen that the micro-
structures are fully recrystallized and composed of 
fine equi-axed grains. Such recrystallized structure 
is reduced in internal energy and consequently, no 
share of work hardening and cold plastic deforma-
tion remains in the strength of the composite and 
eventually reduction in strength occurs. 

After annealing, a slight improvement in the 
bonding quality can be observed as well. Indeed, 

in some areas the grains have grown into the adja-
cent layer forming a coarse grain and consequently, 
no sign of the interface remains. Yet in some other 
areas, the interface can be detected which may be 
an indication of no solid bonding between the lay-
ers. Such improvement in bonding quality may be a 
reason for improved tensile strength and ductility, 
as it results in reduced delamination during tensile 
test.

The microstructures of the nanocomposites af-
ter annealing are shown in Figure 10. It is also pos-
sible to see that the recrystallized grain structure 
is typically finer that that in the initially annealed 
sheet (see Figure 3). It is important to note that de-
spite of reduction in the strength of the composite 
after annealing, the strength is still higher than the 
initially annealed sheets. This can be attributed to 

Table 1- Extracted values of yield strength (YS), ultimate tensile strength (UTS) uniform elongation (eu) and elongation to failure (ef) 
of the nanocomposites
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Figure 4- A comparison between extracted tensile test data 
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Figure 4- A comparison between extracted tensile test data 

 

 

 

 

 

 

 

 

 

Fig. 5- A comparison between extracted tensile test data.
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the finer grain structure and the interfaces which 
remain between the stacking layers which contrib-
ute in increasing the strength of the composite. In 
addition, one may note that the elongations of all 
annealed nanocomposites are more than the ini-
tially annealed copper sheet and reduces with high-
er ARB cycles. This may be attributed to the finer 
grain structure which is achieved in the annealed 
samples with higher cycles of ARB processing. 

One can see in Figure 10 that the grain struc-
ture is finer in the case of the samples with higher 
number of stacking layers, i.e., further ARB cycles. 
This is despite the fact that all samples have gone 

through a full anneal treatment at 500 °C. Indeed, 
after such severe annealing treatment, all previous 
effects of deformation are likely to be removed and 
a grain structure with constant grain size would be 
achieved. Such constant grain size or limiting grain 
size is expected to be determined by the percent-
age of the particles with Zener pinning effects. CuG 
particles are likely to have such an effect. However, 
the difference between nanocomposites with simi-
lar levels of CuG, i.e., 1% in 2, 4 and 6 ARB can only 
be explained by reduction in the thickness of the 
stacking layers. One can see in the microstructures 
that no grain is observed to be grown trans-layer, 

 
(a) 

 
(b) 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 5- SEM images showing the fracture surfaces of the nanocomposites, (a) 1%CuG -2ARB, (b) 1%CuG-
4ARB, (c) 1%CuG-6ARB and (d) 2%CuG-6ARB.  

 

 
(c) 

 
(d) 

Figure 5- SEM images showing the fracture surfaces of the nanocomposites, (a) 1%CuG -2ARB, (b) 1%CuG-
4ARB, (c) 1%CuG-6ARB and (d) 2%CuG-6ARB.  

 

Fig. 6- SEM images showing the fracture surfaces of the nanocomposites, (a) 1%CuG-2ARB, (b) 1%CuG-4ARB, (c) 1%CuG-6ARB and 
(d) 2%CuG-6ARB. 
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Figure 6- Top-view SEM image of the fracture surface of the 1%CuG-4ARB nanocomposite showing 
delamination of the stacking layers of copper and debonding of the CuG particles from the matrix.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7- Top-view SEM image of the fracture surface of the 1%CuG-4ARB nanocomposite showing delamination of the stacking layers 
of copper and debonding of the CuG particles from the matrix. 

 
Figure 7- Grain structure of the nanocomposites, (a) and (b) 1%CuG-2ARB, (c) and (d) 1%CuG-4ARB, (e) 

and (f) 1%CuG-6ARB and (g) and (h) 2%CuG-6ARB in as-fabricated (a), (c), (e) and (f) and after annealing 
(b), (d), (f) and (h). 

 

 

 

 

Fig. 8- Grain structure of the nanocomposites, (a) and (b) 1%CuG-2ARB, (c) and (d) 1%CuG-4ARB, (e) and (f) 1%CuG-6ARB and (g) and 
(h) 2%CuG-6ARB in as-fabricated (a), (c), (e) and (f) and after annealing (b), (d), (f) and (h).
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i.e., passing from one sheet layer of the composite 
to the next. Such impossibility of trans-layer growth 
causes an artificial obstacle against grain growth. 
Therefore, the limiting grain size achieved in the 
nanocomposites with further ARB deformation 
are finer than those with less deformation. Despite 
the effects of the layers thickness, the percentage of 
CuG particles looks likely to have further effect on 
reduction in grain size, observed by finer grain size 
of 6ARB-2%CuG in comparison to 6ARB-1%CuG. 
Indeed, the interface between stacking layers of the 
copper sheets in the nanocomposites has limited 
the grain growth and has resulted in a finer grain 
structure. At higher level of reinforcing additions, 
i.e., 2% CuG, the minimum values of eu and ef are 
achieved which may, like before, be attributed to 
the occurrence of more delamination caused by the 
existing voids contributing in earlier fracture of the 
composite sample during tensile testing. 

3.4. Electrical resistivity
It can be seen that in the samples which are fab-

ricated by one and two cycles of ARB, the electrical 
resistivity is higher than the pure copper, even af-
ter annealing (Table 3). This is despite of the fact 
that optical microscopy indicated a fully annealed 
sample with recrystallized and equiaxed grain 
structure. Indeed, as graphene with high electrical 
conductivity is supposed to improve the electrical 
conductivity of the nanocomposite, one may con-
clude that the interface between stacking layers in 
the nanocomposite has resulted in an ineffective 
graphene addition on increased electrical conduc-
tivity. This may be attributed to the fact that an in-
appropriate bonding between the stacking plates 
has formed which result in reduced electrical con-
ductivity. It can be seen that in the sample which 
is ARB processed for 6 cycles, this issue is solved 
and eventually reduced electrical conductivity is 

 

 

Figure 8- Tensile stress-strain curves of the nanocomposite after annealing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9-Tensile stress-strain curves of the nanocomposite after annealing.

 

 
Figure 9- Grain structure of the nanocomposites after annealing, (a) 1%CuG-2ARB, (b) 1%CuG-4ARB, (c) 

1%CuG-6ARB and (d) 2%CuG-6ARB. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10-Grain structure of the nanocomposites after annealing, (a) 1%CuG-2ARB, (b) 1%CuG-4ARB, (c) 1%CuG-6ARB and (d) 2%CuG-
6ARB.
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Table 3- Extracted values of yield strength (YS), ultimate tensile strength (UTS) uniform elongation (eu) and elongation to failure (ef) 
of the nanocomposites

achieved. As mentioned before, comparison be-
tween the mechanical strength of this sample with 
the annealed copper sheet indicates that utilization 
of weak graphene additives has not resulted in re-
duced strength. 

4. Conclusions
In this investigation, the effect on annealing 

treatment on the microstructure, tensile properties 
and electrical conductivity of the ARB-fabricated 
copper-based graphene reinforced nanocomposite 
is investigated. The study was aimed at improving 
the electrical conductivity of the nanocomposite 
with controlled loss of strength and re-achieving 
the initial ductility of copper sheets. According to 
the results of the current investigation, the follow-
ing conclusions are made;

1) Yield strength (YS) and ultimate tensile 
strength (UTS) are found to significantly increase 
by 2 cycles of ARB processing while the elongation 
reduces. With further ARB processing, the strength 
is almost unchanged while ductility improves. This 
was attributed to the more significant delamination 
in the nanocomposites fabricated with smaller de-
formation, e.g., 2 cycles of ARB. 

2) After annealing treatment, the elongation of 

the nanocomposite is recovered and reaches to val-
ues eventually slightly higher than the initial cop-
per sheet. 

3) Graphene is found to have no clear strength-
ening effect in the fabricated nanocomposite. This 
effect is neither obvious in as-fabricated nor an-
nealed condition. 

4) A fully recrystallized grain structure is 
achieved after annealing at 500 C for 2 h. However, 
the grain size is not similar for all fabricated nano-
composites. Indeed, two factors, i.e., the percentage 
of reinforcing agent and the thickness of the stack-
ing layers, determine the final grain size. 

5) Electrical conductivity of the nanocompos-
ite is found to significantly improve with anneal-
ing. In addition, the electrical conductivity of the 
annealed 6ARB-2%CuG composite is higher than 
the initially annealed copper sheet while it has an 
increased strength and ductility. This determines 
that the combination of ARB and annealing can be 
used as an effective method for fabrication of cop-
per-graphene nanocomposites. 

5. Data availability
The raw data required to reproduce these find-

ings are available upon request.
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