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Abstract: Copper and its alloys are structural materials used in industries and engineering applica-
tions due to their excellent thermal and electrical conductivity and chemical stability. Integrating
graphene, known for its exceptional electrical conductivity, into the copper matrix is a promising
strategy to enhance mechanical properties without sacrificing electrical conductivity. The Accumu-
lative Roll Bonding (ARB) process can effectively and homogeneously introduce graphene into the
metal matrix and is adaptable to an industrial scale. This study investigates the impact of varying
graphene concentrations and two heat treatment protocols (without a controlled atmosphere) on the
mechanical and electrical properties of ARBed copper/graphene composites. Optical microscopy
revealed minimal voids and graphene clumps, and the energy dispersive spectroscopy analysis
revealed the absence of copper oxide in some samples. The conductivity test showed little influence
of the graphene content and stress relief heat treatment temperature on electrical conductivity (~86%
of the International Annealed Copper Standard) within a limited number of ARB cycles. The tensile
tests did not reveal a significant influence of the graphene content and stress relief heat treatment
temperature on the ultimate tensile strength (220–420 MPa) and elongation (~2%).

Keywords: copper; copper composite; graphene; electrical conductivity; mechanical properties; yield
strength; ultimate tensile strength; annealing; heat treatment; accumulative roll bonding

1. Introduction

Copper and its alloys are structural materials widely used in industry and engineering
due to their excellent thermal and electrical conductivity and chemical stability. However,
their mechanical properties often fall short of ideal standards, prompting the need for
improvements to broaden their applications [1]. The presence of reinforcement agents in
the metallic matrix can enhance the properties of these materials. While oxides and carbides
can increase mechanical strength and wear resistance, they tend to reduce thermal and
electrical conductivity [1]. Achieving materials with improved mechanical strength and
maintained electrical conductivity is crucial for energy efficiency, resource conservation,
and sustainable manufacturing.
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Graphene, known for its excellent conductivity, is a promising choice as a reinforce-
ment material for copper and its alloys. One effective method of incorporating graphene
into the metal matrix is the Accumulative Roll Bonding (ARB) process. ARB involves de-
forming and bonding stacked material sheets through repeated rolling (without lubricants),
cutting, and stacking. The bonding between the layers occurs during the severe rolling pass
thanks to micro-welding, which is established when cracks occur in the surface oxide film
of each layer, and the virgin metal of one layer passes through these cracks (microextrusion)
and comes into contact with the virgin metal of the adjacent layer [2–5]. The ARB process
is cost effective and can be used in small-scale laboratory settings with rolling machines
and large-scale industrial production of workpieces [6,7].

One must guarantee an even distribution between the metal sheets undergoing the
ARB process to incorporate graphene successfully and achieve the desired mechanical
and electrical properties. One challenge with graphene and similar nanomaterials is
their tendency to clump together, which usually requires complex chemical treatments to
achieve a good dispersion [8]. However, besides reducing chemical use, the ARB process
can achieve good graphene dispersion within the metallic matrix as the number of process
cycles increases [8,9]. Liu et al. reported achieving a good graphene dispersion in eight
ARB cycles (reduction in thickness—Rt = 50%) using oxygen-free copper sheets measuring
1 mm in thickness and graphene nanosheets measuring 15 µm in diameter and 10 nm
in thickness [9] This improvement in dispersion throughout the cycles is caused by the
spreading that lamination causes as result of the increase in the length of the strip as its
thickness decreases. The successive cuts and stacking that occur throughout the process
guarantee homogenization along the thickness and length of the strips. ARB also offers
advantages such as directly producing sheet-like workpieces, refining grain structures, and
enhancing graphene properties by exfoliating its layers during the rolling process [10].

Using heat treatments like annealing and stress relief has been shown to improve
the ductility [11,12] and electrical conductivity of metals subjected to ARB [13]. Liu and
coworkers reported that final annealing (300 ◦C, one hour) improved the ductility of ARBed
pure copper strips (initial thickness 1 mm, six cycles, Rt = 50%) by a factor of 3.7 with a
decrease of 35% in the yield strength [12]. A final annealing treatment can significantly
improve ductility with some decrease in mechanical strength. Intermediate annealing in
ARBed composites would provide a softer matrix before rolling. This softer matrix could
better conform to the particle incorporated in the ARB process and thus provide better
adhesion to the particle. Better adhesion could guarantee a small decrease in mechanical
strength and electrical conductivity compared to what just a final annealing would do.

It is essential to note that precautions should be taken to prevent blistering (formation
of bubbles on the metal surface) during copper annealing in uncontrolled atmospheres, as
blistering can compromise mechanical strength.

There are few studies about ARB with associated heat treatments applied to copper [12]
and copper/graphene composites [13,14]. These studies typically focus on single graphene
concentrations or single-temperature heat treatment methods. This article addresses this
knowledge gap by investigating the microstructure, mechanical properties, and electrical
conductivity of copper/graphene composites manufactured via accumulative roll bonding
associated with thermal treatments.

2. Materials and Methods
2.1. Fabrication of Cu/GNP Composite

We fabricated a composite material with electrolytic pitch copper (UNS C11000—
99.90% min) sheets measuring 0.81 mm in thickness, donated by Termomecanica São Paulo
S.A. (São Paulo, Brazil), and with graphene nanoplatelets (GNP) in powder form bought
from Sigma-Aldrich Company (St. Louis, MO, USA). XGSciences, the supplier of the GNP
powder, informs that the GNP particle size is inferior to 2 µm, its thickness is of a few nm,
and its surface area is 750 m2/g. The true particle density is 2.1 g/cm3. Figure 1 shows, in
general terms, the process followed to produce the composite material strips.
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the desired amount of graphene (c). After the graphene coating, the strips were heated up 
to 80 °C for 1 min to evaporate all the alcohol/acetone solution and only leave the graphene 
powder on the surface of the strips (d). A stack of three strips was mounted so that the 
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The graphene powder spread over a 6 mm wide and 220 mm long central band area in the 
bottom and middle strips. Then, the stack of strips was subjected to severe rolling (Rt ≥ 

Figure 1. Diagram of the steps followed in the production of composite material strips. (a) Annealing,
(b) cleaning and brushing, (c) spraying, (d) drying, (e) fastening, (f) rolling, (g) cutting, (h,h′)
covering with copper strips, (i) annealing, (j) final rolling, (k) stress relief heat treatment. Some
steps or elements that do not occur or appear in all cycles (α) are inside brackets, e.g., (A1) and
(A3). After completing four ARB cycles (α), the strip is redirected from the bifurcation (A2) to (h′).
(I) Copper sheet cuts to obtain strips using a guillotine. (II) Strip cuts in a waterjet machine for
making test specimens.

The letters or numbers appearing in parentheses along the text of this Section 2.1 refer
to steps or items shown in Figure 1.

Initially, copper strips were cut (220 × 17 × 0.8 mm3) on a sheet metal guillotine
(I). After cutting, they were annealed in a muffle furnace at 550 ◦C for two hours in air
(a). Since the furnace did not have a controlled atmosphere, the copper surface suffered
oxidation; however, we introduced steel wool in the furnace during the annealing to act as
an oxygen trap to minimize the oxidation.

Before each rolling pass in the ARB cycles, the oxide layer was removed from the
surface of the strips by rubbing a Scotch Brite sponge. After that, the strips were degreased
with an acetone and ethanol solution (1:1) using an ultrasonic cleaning tank for 10 min
(b). After this cleaning step, the strips were wire brushed until the surfaces had a uniform
finish (b).

A graphene suspension in acetone and ethanol (9000 mg GNP + 80 mL acetone +
alcohol in q.s. to 100 mL of suspension) was homogenized for 10 min before the spraying
coating. Two strips were sprayed simultaneously with the graphene suspension to obtain
the desired amount of graphene (c). After the graphene coating, the strips were heated
up to 80 ◦C for 1 min to evaporate all the alcohol/acetone solution and only leave the
graphene powder on the surface of the strips (d). A stack of three strips was mounted so
that the graphene was in between the strips. Finally, the stack was tied with copper wires
at both ends to fasten the strips (e).The strips received graphene only in the 1st ARB cycle
(A1). The graphene powder spread over a 6 mm wide and 220 mm long central band area
in the bottom and middle strips. Then, the stack of strips was subjected to severe rolling
(Rt ≥ 50%) (f). A rolling mill with a roll diameter of 70 mm, a single-phase motor of 1.5 HP
at 220 V, a rolling speed of approximately 7 m/min, and a roll rotation speed of 32 rpm
was used for ARB processing.

After rolling, the composite strip was eventually cut to fit in the muffle furnace and
annealed (g,h). The first two cycles of ARB (α) were performed with a stack of three strips
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each cycle, while the last two cycles of ARB were with a stack of two strips. Before each
rolling cycle, the annealing process consisted of a heating ramp, time spent at a specific
temperature, and a short cooling ramp, as depicted in Figure 2.
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Figure 2. Time–temperature curves for intermediate and extra annealing (T0 ≈ 180 ◦C, T1 = 345 ◦C,
T2 ≈ 300 ◦C, tB ≈ 60 min, tC = 120 min, tD = 125 min). AB—heating ramp, BC—soaking, and
CD—cooling ramp.

The time–temperature cycles applied for these annealing procedures were defined
after some preliminary experiments to reduce the effect of blistering formation; in addition,
the upper and bottom surfaces of the rolled Cu/GN composite strips were protected with
copper strips to minimize blistering and oxidation. Metal binder clips were used to fasten
the copper strips to the composite strips (Figure 1h,h′), and steel wool was put inside the
furnace during the annealing to act as an oxygen trap.

Four cycles of annealing and ARB (Figure 1, α) were performed. After that, we
executed an extra annealing (Figure 1i) (see Figure 2), a subsequent severe rolling (Figure 1j),
and a final stress relief heat treatment (Figure 1k) in each sample.

We fabricated four pairs of samples in four compositions (0%, 0.15%, 0.22%, and
0.46 vol% of GNP) and subjected each pair to two different stress relief heat treatments
(180 ◦C and 220 ◦C) for an hour. Table 1 shows the processing route and identification of
each strip.

Table 1. Processing route each strip went through.

Strip ID %vol. of GNP Processing
Route

Stress Relief
Heat Treatment

T (◦C)

A00-180 0 The material goes through four ARB
cycles with annealing 1 before each cold
rolling, Rt = (63%, 67%, 50%, 50%). After

this, the material undergoes extra
annealing 1 and cold rolling (Rt = 40%).

Finally, the material is subjected to a
stress relief heat treatment for one hour
(see temperature in the next column).

180
A00-220 0 220
A15-180 0.15 180
A15-220 0.15 220
A22-180 0.22 180
A22-220 0.22 220
A46-180 0.46 180
A46-220 0.46 220

1 Annealing: 1st = (550 ◦C, 2 h); 2nd = 3rd = 4th = 5th = as depicted in Figure 2.

Two of the three layers that made up each initial stack of strips A46-180 and A46-220
were slightly machined along their lengths (220 mm × 6 mm) with a small grinding wheel
before the initial cleaning step (b) to accumulate more graphene and minimize delamination.

Finally, samples of each strip were taken from the rolling direction–normal direction
(RD-ND) plane and the transverse direction–normal direction (TD-ND) plane and were
cold embedded in resin for microstructural characterization. Test specimens for tensile and
electrical conductivity tests were cut from the strips.
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2.2. Microstructural Characterization

The microstructural observations were made in the TD-ND and RD-ND planes. The
samples surfaces were prepared by grinding, polishing, and etching with an ammonium
hydroxide solution (40 mL of NH4OH, 40 mL of distilled H2O, 20 mL of 3% H2O2) to
observe the dispersion of GNP, grains morphology and microstructure of the composite
in an optical microscope (Zeiss Axiovert A1, Carl Zeiss MicroImaging GmbH, Göttingen,
Germany). A Scanning Electron Microscope (SEM), brand JEOL, model JSM-6010LA (Jeol
Ltd., Tokyo, Japan), with energy dispersive spectroscopy (EDS) was used to verify the
presence of GNP in the specimens.

X-ray diffraction (XRD) patterns of the annealed copper and of graphene powder were
recorded on a Rigaku model Miniflex II Desktop X-ray Diffractometer (Rigaku Corporation,
Tokyo, Japan) using Cu Kα radiation.

Raman measurements were performed using a Raman triple grating spectrometer
system (T64000—Horiba Jovin-Yvon, Horiba Ltd., Kyoto, Japan) coupled with a Horiba
confocal microscope. The excitation wavelength of the source was 532 nm, and its maximum
power was 5 W.

A Jeol JSM-6701F (Jeol Ltd., Tokyo, Japan) scanning electron microscope was used to
analyze the fracture surfaces.

2.3. Mechanical Properties

A waterjet cutting machine cut dog-bone-shaped tensile test specimens from the
composite strips. The specimens had a gauge length, width, and thickness of 20, 4, and
0.6 mm, respectively.

The tensile test was performed in a universal electromechanical testing machine
(Instron—model 3369, Instron, Norwood, MA, USA) controlled via the sofware Bluehill
version 2. The deformation speed of the tests was 0.5 mm/min, corresponding to a strain
rate of 4.17 × 10−4 s−1. Data analysis allowed us to calculate the elongation, the yield
strength, and the ultimate tensile strength (UTS) of the samples.

2.4. Electrical Conductivity

A digital micro-ohmmeter was used to measure the electrical resistance twice in the
tensile test specimens, just in their narrowest straight part (the second time, we reversed
the polarity in the micro-ohmmeter). The arithmetic mean was chosen as the most probable
value of the resistance, and half of the difference between the values obtained in the two
measurements was used as uncertainty. One can determine the electrical conductivity
using the following formula:

σ =
L

Rwt
, (1)

where L is the gauge length, w is the width, t is the thickness, and R is the resistance of the
narrowest and straight part of the specimen.

3. Results
3.1. Constituents of the Composite
3.1.1. GNP—Graphene Powder

Figure 3 shows the results of two analytical techniques applied to the GNP powder:
(a) the Raman spectrography and (b) the X-ray diffraction analysis.

The peak in XRD occurs at approximately 27◦, which differs from the XRD graphite
typical peak by 1.1% since the distance between the graphene layers is almost the same
in graphite. The Raman spectrum reveals shift values for the D, G, and 2D bands near
the typical values of graphene bands found in the literature. An intense D band in the
spectrum indicates many defects in the graphene structure.
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3.1.2. Copper Sheets

After the initial annealing of the electrolytic tough-pitch copper sheets, its microstruc-
ture became uniform, as shown in Figure 4a. Figure 4b shows the XRD spectrum of the
annealed copper. The principal peaks of the spectrum correspond to those reported in the
literature for the copper, the (111), (200), and (220) crystallographic planes.
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Figure 4. (a) Initial annealed copper micrograph (550 ◦C, 2 h); and (b) XRD of the initial
annealed copper.

3.2. Micrographs of the Composite Cu/GNP

The optical microscopy images in Figures 5–7 illustrate the microstructures at the
RD-ND plane of nano-composites fabricated using up to five passes of rolling (four ARB
cycles + final rolling) and five heat treatments (annealing + final stress relief). The final
strips have 36 layers, 35 interfaces between layers, 24 with graphene, and 11 without the
nanomaterial. The mean thickness of the layers is approximately 16.7 µm. The delamination
shown in Figures 5–7 generally occurs in the 18th or the (3n − 1)th or (3n − 2)th interlayer
(where n is a whole number and 1 ≤ n ≤ 12).
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Figure 6. Micrographs of A15-220, A22-180, and A22-220 strips in the RD-ND plane. Blue arrows in
(c,d) indicate fragmentation. Black arrows in (c) indicate undulation, and in (f) indicate indentations.
Meaning of the labels, e.g., L_A22-220—Longitudinal section of the A22-220 strip with 0.22 vol% of
GNP, with final stress relief heat treatment at 220 ◦C. See Table 1 for more details.
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Figure 7. Micrographs of A46-180, and A46-220 strips in the RD-ND plane. Black arrows in
(b) indicate a thinner layer compared to the mean layer thickness (16.7 µm). Meaning of the la-
bels, e.g., L_A46-220—Longitudinal section of the A46-220 strip with 0.46 vol% of GNP, with final
stress relief heat treatment at 220 ◦C. See Table 1 for more details.

The 18th interlayer is the last one to be bounded; therefore, it is the interlayer with
fewer microextrusions. The (3n − 1)th or (3n − 2)th are interlayers with graphene, which
can reduce the bonding force since there is less area for microextrusions from one layer to
the other. We can observe in Figure 6c that there is some undulation in the form of some
layers. One can also see some layer fragmentation in the specimen at some point along
their length (Figure 6c,d). This fragmentation leads to poor mechanical properties, such as
ultimate strength, and total elongation.

Poorly adhered wavy layers full of indentations (Figures 6f and 8a) present stress
concentration points, which can lead to premature fracture of the material, giving the
material a more brittle behavior when faced with mechanical stress.
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Figure 8. SEM Micrographs and EDS spectra of A15-180, A15-220, A22-180 and A22-220 strips in the 
RD × ND plane. Black arrows in (a) indicate indentations. Meaning of the labels, e.g., L_A22-220—
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EDS in a sample is 0.1 wt% [21]. The minimum amount of graphene we put in the samples 

Figure 8. SEM Micrographs and EDS spectra of A15-180, A15-220, A22-180 and A22-220 strips in
the RD × ND plane. Black arrows in (a) indicate indentations. Meaning of the labels, e.g., L_A22-
220—Longitudinal section of the A22-220 strip with 0.22 vol% of GNP, with final stress relief heat
treatment at 220 ◦C.
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In the micrograph of specimen nine, Figure 7b, we can observe that the layer thickness
of two layers is less than half of the mean layer thickness. This dissimilarity may result
from differences in strength and work hardening caused by non-homogeneous rolling or
non-homogenous heat treatment in a particular cycle. One can find a similar formation
of layer instabilities in ARB-processed bi-metal multilayered composites [15–18]. Strain
incompatibility due to differences in strength and work-hardening ability between con-
stituent layers causes this phenomenon. The softer layers are stretched more during rolling
than the harder ones, resulting in shear stress at the harder/softer interfaces. This stress
leads the more rigid layers to behave as they would in tensile tests, causing necking and
layer instabilities when shear stress surpasses the layer’s yield strength [15].

Some layer cracks may have arisen due to the blistering phenomenon. The aris-
ing of these bubbles probably results from the action of some gas (Hydrogen from the
atmosphere’s water vapor or encapsulated air) on the surface of the strip during anneal-
ing [19,20]. The superficial blisters that eventually appear during annealing can burst when
they are brushed (cleaning operation) or rolled, causing a partial rupture of the layer at a
specific position on the strip. This localized rupture could worsen or lead to a complete
layer rupture during subsequent rolling cycles.

The corresponding EDS spectrum of the SEM micrographs depicted in Figure 8 shows
the presence of carbon, copper, and eventually oxygen in the samples.

Some researchers state that the minimum amount of chemical element detectable via
EDS in a sample is 0.1 wt% [21]. The minimum amount of graphene we put in the samples
was 0.15 vol%, corresponding to approximately 0.04 wt%; however, even in the samples
with this amount, the EDS detected the presence of carbon. This detection may be due to
the metallographic process that has spread some graphene confined between the layers
across the entire sample surface, as shown in Figure 9c.
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Figure 9. (a) SEM micrograph of the longitudinal section of the A46-220 strip with 0.46 vol% of GNP,
with final stress relief heat treatment at 220 ◦C (RD-ND plane), (b) EDS elemental mapping of copper
(in green), and (c) EDS elemental mapping of carbon (in red) of the same SEM micrograph (a).

We can observe that the concentration of carbon is more visible in the space between
layers, which did not perfectly adhere to one another.

3.3. Mechanical Properties

The yield strength of the initial annealed copper sheets was approximately 35 MPa, its
ultimate tensile strength was 227 ± 9 MPa, and its total elongation was 73 ± 3%.

The engineering stress × engineering strain curves in Figure 10 are from the test speci-
mens taken from the composite material strips produced. Each strip has a certain graphene
content and has undergone a final stress-relieving treatment at a specific temperature. Each
curve has an identification number to make the citation easier.
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Figure 10. Stress × strain curves of the specimens taken from the strips of Cu/GNP composite.

The initial non-linear snippets of the stress–strain graphs in Figure 10 can be caused
by small bends or twists in flat specimens, slight asymmetry in the reduced sections of flat
specimens, poor alignment of test specimens with the load frame, or minor misalignment
of the load frame.

Table 2 shows the mechanical properties of the Cu/GNP composite obtained in dif-
ferent compositions and subjected to two different heat treatment temperatures to relieve
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stress. The stress relief treatment carried out at a higher temperature caused no improve-
ment in the elongation or the mechanical resistance.

Table 2. Mechanical properties of the strips of copper/GNP composites.

Strip ID %vol. of
GNP

Final Stress
Relief Temp.

(◦C)

Yield
Strength

(MPa)

Ultimate
Strength

(MPa)

Elongation
(%)

A00-180 0 180 347 ± 21 359 ± 12 3.8 ± 0.3
A00-220 0 220 372 ± 28 384 ± 24 3.7 ± 0.4
A15-180 0.15 180 388 ± 3 414 ± 6 2.0 ± 0.5
A15-220 0.15 220 341 ± 13 361 ± 4 2.3 ± 0.3
A22-180 0.22 180 310 ± 29 (1) 312 ± 33 1.3 ± 0.1
A22-220 0.22 220 345 ± 9 356 ± 7 2.1 ± 0.3
A46-180 0.46 180 341 ± 42 (2) 350 ± 49 1.4 ± 0.3
A46-220 0.46 220 - (3) 227 ± 21 0.9 ± 0.1

(1) Two specimens reached the maximum stress value before reaching a plastic strain of 0.2% (the highest stress
in these was used to calculate the average value). (2) One specimen reached the maximum stress value before
reaching a plastic strain of 0.2%. (the highest stress in these was used to calculate the average value). (3) All
specimens reached the maximum stress value before reaching a plastic strain of 0.2%.

3.4. Fractography

Figure 11a–f shows the fracture surface of the composites after the tensile tests. The
layers remain better adhered to each other in the specimens without graphene. The weak
adhesion in graphene samples is due to the smaller micro-welded area and the low number
of severe rolling cycles performed. Some studies with copper composites and aluminum
composites reported such delamination caused by the tensile test [10,12,13,22–24].
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Figure 11. (a,d,g): Photos of the fracture surface of a test specimens. (b,e,h): SEM micrographs of the
fracture surface of a test specimen. (c,f,i): Amplified SEM micrographs of the fracture surface. White
arrows indicate shear dimples. Black arrows indicate tensile dimples. Gray arrow indicates necking.
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We can observe from Figures 11 and 12 that the typical necking of tensile ruptured
ductile materials takes place in each layer [9,12,13]. The fracture in samples without
graphene presents more tensile and shear dimples than those with graphene, which means
that the pure copper specimens are more ductile than those with the nanoparticles.
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Figure 12. (a,d,g,j): Photos of the fracture surface of a test specimen. (b,e,h,k): SEM micrographs of
the fracture surface of a test specimen. (c,f,i,l): Amplified SEM micrographs of the fracture surface.
White arrows indicate shear dimples. Black arrows indicate tensile dimples. Gray arrow indicates
necking. White outline arrow indicates GNP.

Some specimens showed delamination with rupture of groups of layers at different
strains and positions. The macroscopic aspect of the surface of these failures is that of a
brittle one, although microscopically, they present ductile fracture characteristics.

Figure 12k,l shows more graphene in certain cavities of sample A46-220 than in
sample A46-180 (Figure 12h,i) despite the two strips having been prepared similarly (just
the temperatures of the final stress relief heat treatments were different). Graphene appears
slightly brighter in the SEM micrograph of Figure 12k,l.

3.5. Electrical Conductivity

The graph in Figure 13 shows the electrical conductivity values of the strips compared
to the International Annealed Copper Standard (IACS). The conductivity values slightly
decrease with the temperature of the final stress relief heat treatment and practically do not
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change with the amount of graphene for a low fixed number of rolling passes imposed on
the strips (four ARB cycles + final rolling pass).
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4. Discussion

The copper layers in the Cu/GNP composite strips of this work are very similar
to those that other researchers have obtained via ARB [9,13] or Accumulative Roll Com-
positing [25]. The micrographs of our study show a low number of voids and graphene
clumps, except the A46-220 strip (see Figure 12k,l), where one can observe some clumps
of graphene. These clumps are probably due to a failure in homogenizing the suspension
since the A46-180 strip had the same amount of graphene and did not show the same
phenomenon. Spreading the graphene through spraying and annealing the strips before
the next rolling pass was probably the cause of this low density of voids and graphene
clumps in five of the six samples.

A geometric criterion adopted by a particular group of researchers for a homogeneous
dispersion and better interaction between the matrix and the reinforcement material is
that the distance between particles of reinforcement must be approximately equal to the
thickness of one layer [26]. This group developed a formula based on this criterion to
determine the critical reduction. Supposing a stack of two layers per cycle, the equation
assumes the following form [26]:

Rc = 1 −
[(

2π

3

)(
1 − f

f

)]1/4( r
t0

)3/4
, (2)

where f is the volume fraction of reinforcement material, r is the mean radius of the particle,
t0 is the initial thickness of each layer, and Rc is the critical reduction.

Equation (2) can handle some results reported in the literature but presents a value
well below what is necessary for the situation presented in Liu and coworkers’ study [27].
If we adopt the geometric criterion that the mean diameter of particles of reinforcement
must be approximately equal to the double of the thickness of one layer, we will obtain the
number of times that the initial thickness needs to reduce via the following formula:

N =

(
2t0

d

)
, (3)

where t0 is the initial thickness of each layer, d is the mean diameter of the particle, and N
is the number of times that the initial thickness needs to reduce.

Using the parameters utilized by Liu and coworkers, d = 0.6 µm, t0 = 0.5 mm, and
f = 0.05, we obtain via Equation (2) a number of seven cycles and via Equation (3) a number
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of 11 cycles. Liu needed 14 cycles to achieve a microstructure with less variance in the
mean distance between reinforcement particles [27]. In this case, Equation (3) gave a better
estimative than Equation (2).

The number of rolling cycles used in the present study was lower than necessary
for the graphene to improve the mechanical properties of the composite. The minimum
number that we should use according to Equation (3) is nine cycles (d = 2 µm, t0 = 0.8 mm).
Unfortunately, it was impossible to achieve this quantity due to the bending that the strips
suffered after each rolling pass (caused by some misalignment of the work rolls) and the
loss of material required to leave the two (or three) strip layers with the same shape and to
remove the deformed ends with marks of the copper wire used for fastening. The reduction
in thickness we obtained was equivalent to 5.58 cycles of ARB with 50% of reduction
per cycle. However, even with fewer cycles, the metallurgical union between layers was
achieved at several points, as evidenced by the fractography displayed in Figures 11 and 12.

The EDS analysis (Figure 8) confirms the presence of a carbon compound even after
the four annealing treatments and the final stress relief heat treatment. This compound
can correspond to graphene since we adopted an annealing temperature lower than the
combustion temperature (~350 ◦C) [28]. The oxygen in some samples is probably in the
copper oxide, but there are samples in which there is not even the presence of oxygen
(Figure 8d,f).

According to the graph shown in Figure 13, the amount of graphene did not influence
the conductivity of the material. This small influence is not due to the small number of ARB
cycles imposed on the material. A study involving ARB (30 cycles), copper, and graphite
powder (0.1 vol%) showed that the conductivity of pure copper strips and composite strips
was practically the same, with a final value close to 90% IACS [8]. Another study involving
ARB (100–300 cycles), copper, and graphene powder (0.5–3.0 vol%) produced Cu/GNP
strips with electrical conductivity in the 75–85% IACS range [25]. The electrical conductivity
values of the composite material produced in our study are in the 80–93% IACS range.

The mechanical properties of a metal or matrix metal composite are related to its
dislocation density. It is possible to deduce hardening curves for the ARB process for pure
copper from some information collected from the literature.

Consider that the dislocation multiplication coefficient within a tangle of dislocations is
κf. Further, consider that the primary recovery mechanism (for temperatures below 0.4 Tm)
is the annihilation of dislocations with opposite signs, and the dislocation annihilation
coefficient is κa. According to Malygin [29], the rate of change in dislocation density
(ρ) concerning true shear strain (γ) depends on the dislocation density according to the
following equation [29]:

dρ

dγ
= κ f ρ1/2 − κaρ. (4)

There is a proportionality between a part of the flow stress (due to dislocation/dislocation
interaction) and the square root of the dislocation density, expressed mathematically as
follows [30]:

τ = αGb
√

ρ, (5)

where α is the effective dislocation interaction constant, G is the shear modulus, and b is
the Burgers vector [30].

If we introduce the term τC in Equation (5), representing the critical shear stress due
to other microstructural obstacles besides dislocations, the equation will take the following
new form:

τ = τC + αGb
√

ρ. (6)

Solving Equation (6) for ρ and substituting into (4), we obtain:

(τ − τC)
dτ

dγ
=

1
2
(αGb)2 dρ

dγ
. (7)
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Substituting Equation (4) into (7) and simplifying, we obtain:

dτ

dγ
=

1
2
(αGb)κ f −

1
2

κ
a
(τ − τC). (8)

Let us consider the strain hardening rate θ (dτ/dγ) versus the flow stress τ curve
for copper (99.95%) when subjected to flat rolling (strain rates varying from 1 to 10 s−1

and T = 293 K) in the work of Zehetbauer and Seumer [31]. The stretch of the curve
corresponding to stage III of work hardening is approximately a straight-line segment.
Using the data on the θ × τ curve (for straight rolling) from Zehetabauer and Saumers’s
article [31], we can derive the following relationship:

θ =
dτ

dγ
= 240.5 − 1.85τ, (9)

where θ and τ are in MPa.
Recalling that for the graph cited before, τC is zero, b = 0.256 nm, G = 42.1 GPa (utilized

by Zehetbauer and Seumer) [31], and adopting α = 0.5, we can compare Equations (8) and (9)
to obtain the values of κf and κa:

κ f = 89.3 × 106 m−1 (10)

and
κa = 3.70. (11)

According to Malygin [29] the value of bκf should be on the order of magnitude of
10−2, which is in accord with the value obtained, bκf = 2.3 × 10−2. The value of κa is also
within our expectations because, using the data from other researchers, Malygin expressed
the relationship between κa and the T/Tm ratio graphically for copper as follows [29]:

κa = 18.2
T

Tm
, (12)

where Tm is the melting temperature of copper, and T is the deformation process tempera-
ture, both in Kelvin. If we substitute T = 298 K and Tm = 1358 K, we obtain κa = 3.99, close
to the value obtained in Equation (11).

In addition to temperature, the annihilation coefficient (κa) depends, among other
quantities, on the stacking fault energy, the strain rate, and the concentration of impurity
atoms present in the solid solution.

Integrating the differential Equation (4), we obtain:

ρ =

(
κ f

κa

)2(
1 − A0e−

κaγ
2

)2
, (13)

where A0 = 1 −
(

κa/κ f

)√
ρ0 and e is the base of natural logarithms.

Recalling that γ = Mε and using ρ0 = 1 × 1013 m−2 (assumed initial dislocation density),
M = 3.06 (Taylor factor) [32,33], and the values obtained for κa and κf, Equation (13) takes
the following form:

ρ = 5.83 × 1014
(

1 − 0.869e−5.7ε
)2

, (14)

where ρ is measured in m−2, and ε is the true strain.
The assumed initial dislocation density is a rounding of values reported by Li et al.

and Miyajima et al. [34,35].
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Once we have the dislocation density as a function of strain, we can deduce the
hardening curve for stage III. Multiplying Equation (6) by M (Taylor factor) and recalling
that σ = Mτ, we obtain the following equation:

σ = σ0 + MαGb
√

ρ. (15)

where σ is the normal flow stress and σ0 is the strength contribution due to other mi-
crostructural obstacles than dislocations.

If we substitute Equation (13) into Equation (15) and remember that γ = Mε and that
σ = σy when ε = 0, we obtain:

σ = σy + MαGbA0

(
κ f

κa

)(
1 − e−

Mκaε
2

)
. (16)

Assuming σy = 35 MPa, G = 46 GPa (rounded mean of more recent works) [36–39],
and substituting the calculated values, we have:

σ = 35 + 378
(

1 − e−5.7ε
)

, (17)

where σ is the flow stress measured in MPa, and ε is the true strain.
When ε approaches infinity in Equation (17), the saturation strain is σ∞ = 413 MPa.
Equation (17) is only valid until stage IV begins. For various metals and deformation

modes, stage IV has a constant strain hardening rate [40], such that:

θIV =
dτ

dγ

∣∣∣∣
IV

≈ cτV , (18)

where c is a constant value between 0.05 and 0.1 and τV is the saturation flow stress (Voce
flow stress). If we consider the curve data corresponding to rolling of copper presented
in the work of Zehetbauer and Seumer [31], stages IV and V can be approximated by a
straight-line segment, as shown in Figure 14. The diagram in Figure 14 is proposed based
on Zehetbauer and Seumer’s diagram data [31].
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Point P, where stage IV begins, can be determined using Equation (18).
Recalling that σ∞ − σy ∼= MτV and γ = Mε, it follows from Equation (18) that:

dσ

dε

∣∣∣∣
in.IV

≈ Mc
(
σ∞ − σy

)
. (19)
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If we substitute the values into Equation (19): σ∞ = 413 MPa, M = 3.06, σy = 35 MPa,
and c = 0.07, we obtain the strain hardening rate value at the beginning of stage IV,
|dσ/dε|(in. IV) = 81 MPa. The derivative assumes this value when σ(in. IV) = 398.8 MPa and
ε(in. IV) = 0.576. Thus, the coordinates of point P are P = (398.8; 81) [MPa] in the σ-θ plane.

The straight line that determines the direction of the segment corresponding to stages
IV and V is determined as follows:

dσ

dε
= 703.1 − 1.56σ. (20)

If we integrate Equation (20) using the initial condition of point P, we obtain:

σ = 450.7 − 51.9e−1.56(ε−0.576). (21)

The complete strain hardening curve is the combination of Equations (17) and (21) in
their respective validity intervals:

σ =

 35 + 378
(

1 − e−5.7ε
)

, ε < 0.576

450.7 − 51.9e−1.56(ε−0.576), ε ≥ 0.576
. (22)

The limiting value of this function as ε approaches infinity is σ∞’ = 450.7 MPa.
The graph shown in Figure 15 represents the function derived from Equation (22).

Note that point P separates stage III from stages IV and V.
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The ARB process is intrinsically a rolling in staggered passes. Each pass adds a specific
true strain to the material. Let us suppose a representative elementary volume of material
at the middle thickness of the strip is subjected to a reduction in thickness by 50% for each
rolling pass. If we assume the von Mises yield criterion with a plane strain condition (no
lateral spreading) after n passes, the true equivalent plastic strain ε is expressed as follows:
ε =

∣∣∣ 2√
3

ln 1
2

∣∣∣× n [41]. Substituting n = 1, we obtain ε = 0.8, which means the true strain
increases by 0.8 each pass. The flow stress of pure copper worked via an ARB process will
approximately follow the curve shown in Figure 15.

The function expressed in Equation (22) gives a saturation value of 450.7 MPa, which is
compatible with the results of previous research involving ARB and copper. Some researchers
obtained UTS values (in engineering stress) in the range of [400; 482] MPa [9,12,13,23,42].
The highest UTS value was 482 MPa, and a corresponding value of 460 MPa for the
yield strength obtained by Liu, Zhuang, and Zhao [12]. The lower yield strength and
ultimate tensile strength values obtained in the present study are partly due to intermediate
annealing that reduces the density of dislocations between one rolling pass and the next.
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However, work hardening caused an increase of 963% in yield strength and 69.2% in
ultimate tensile strength when we compare the A00-220 sample to the annealed copper
utilized in the manufacturing of the composites.

The higher values of yield strength and ultimate tensile strength and the lower values
of elongation of the ARBed composites compared to the annealed copper’s properties (see
Table 2) are mainly due to cold work hardening and grain refinement. As the material is
repeatedly deformed, the density of dislocations in the material increases (although there is
some dislocation annihilation) and the dislocations become more entangled, hindering their
movement through the material. The hindrance of movement of dislocations increases the
material’s mechanical strength and diminishes its elongation. The dislocations reorganize
their position and induce an ultra-fine grain (UFG) structure formation in the material.
Specifically, creating a UFG structure also leads to a pronounced increase in the yield and
the ultimate tensile strength. However, this additional increase in mechanical strength
comes at the cost of a significant decrease in elongation due to more barriers, the grain
boundaries themselves, and the entanglement of dislocations at these grain boundaries.

Some already known strengthening mechanisms, such as thermal mismatch, load
transfer, and Orowan looping system, can act on copper/GNP composites. However, these
three mechanisms can only start to manifest their strengthening effects in the ARB process
if we impose a minimum number of necessary cycles on the composite, which becomes
homogenized during the ARB process.

The thermal mismatch between copper (coefficient of linear thermal expansion—CTE
= 24 × 10−6 ◦C−1) and graphene (CTE = −6 × 10−6 ◦C−1) can develop more dislocations
after the cold rolling when the temperature decreases until reaching the ambient tempera-
ture [43–45]. During this cooling, dislocations can arise since graphene dilates and copper
shrinks. The annealing between rolling passes does not contribute to the thermal mismatch
strengthening mechanism since, during the heating, the graphene tends to become smaller,
and the copper tends to dilate (graphene has a negative coefficient of dilatation). During
the cooling, they will return to their original size.

The effect of generating dislocations due to the discrepancy between the thermal
expansion coefficients of the matrix and the reinforcing particle can be expressed as a ratio
in decimal notation (ωTM) as follows:

ωTM =
βGb
σmy

√√√√ 12∆T∆αVf

bd f

(
1 − Vf

) , (23)

where β = 1.25 [32,43], ∆T is the difference between the highest and lowest temperature
of the process, ∆α is the difference between the expansion coefficient of the matrix and
reinforcing particle, df is the average diameter of the reinforcing particle, G is the shear
modulus, b is the burgers vector, σmy is the matrix yield strength, and Vf is the volumetric
fraction of particle reinforcement [46].

Inserting ∆T = 100 ◦C, b = 0.259 nm, G = 46 GPa, Vf = 0.46%, df = 2 µm, and
σmy = 400 MPa, in Equation (23), we obtain ωTM = 0.021. Thus, the thermal mismatch
can increase the yield strength (400 MPa) of an ARBed copper strip by 2.1%, supposing a
temperature difference of 100 ◦C and a volume fraction of 0.46% of GNP.

The grain refinement in our experiment was not measured. However, the severe plastic
deformation and annealing cycles probably homogenized the grain size of all samples, with
or without GNP. We suppose no grain refinement was generated by the mere presence of
GNP (compared to ARBed pure copper strips) due to a low number of ARB cycles imposed
on the strips and to the graphene staying at the grain boundaries.

The maximum load transfer strengthening ratio in decimal notation ( ωLT) can be
calculated as follows:

ωLT =
Vf s

4
, (24)
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where s (s = df/tf) is the graphene aspect ratio, which can be calculated using the ratio
between the diameter, df, and the thickness, tf, of the GNP [47]. Inserting Vf = 0.46%,
df = 2 µm, and tf = 4 nm, in Equation (24), we obtain ωLT = 0.58. Thus, a perfect load
transfer can improve the yield strength by 58% (compared to ARBed pure copper strips).

The maximum Orowan looping mechanism strengthening ratio in decimal notation
( ωOrowan) can be calculated as follows:

ωOrowan =
MGb

2πλσmy(1 − ν)
1
2

ln
(

πdt

4b

)
, (25)

where ν is Poisson’s ratio (0.355), and λ is the effective planar spacing between parti-
cles. The effective planar spacing between particles can be estimated using the following
equation [45]:

λ = 0.912

√
dttt

Vf
− πdt

8
− 0.919tt. (26)

Inserting Vf = 0.46%, dt = 2 µm, and tt = 4 nm, in Equation (26), we obtain λ =

4.4 × 10−7 m. Substituting λ and the other already used parameters in Equation (25), we
obtain ωOrowan = 0.38. In this way, a perfect Orowan looping mechanism strengthening
can improve the yield strength by 38% (compared to ARBed pure copper strips).

There was practically no increase in the yield strength or ultimate tensile strength of
the specimens with GNP compared to the pure copper specimens in our study. A larger
number of cycles would guarantee a better distribution of graphene in each part of the
strip, a good anchoring of the GNP particles in the copper, and a better adhesion between
the layers. These improvements would give conditions for the mentioned strengthening
mechanisms to act. The poor adhesion between layers diminishes the yield strength and
the ultimate tensile strength due to indentations on the layers, which are points of stress
concentration and crack generation.

The curves in Figure 10 show the behavior of a layered laminated material when there
occurs delamination and fracture of its layers. The sudden drops in tension denote that
fractures occur in different groups of layers at different elongation values. See, for example,
Figure 10b (curve 3) and Figure 10f (curve 3). The strip that showed the best uniformity in
yield stress and ultimate tensile strength values was A15-220 (0.15 vol%, 220 ◦C), and the
one that showed the highest values of these strengths was A15-180 (0.15 vol%, 180 ◦C). See
Table 2. The A15-180 strength values are slightly higher than those on the A00-220 (0 vol%,
220 ◦C) strip, but they are not so different, as the overlapping of the confidence intervals
between the values indicates. However, an increase in the ultimate tensile strength (15.3%)
and yield strength (11.8%) occurred when comparing the A15-180 to the A00-180 sample.
This slight increase may indicate an incipient engagement of the previously mentioned
hardening mechanisms despite the low number of ARB cycles used. The presence of
agglomerated GNP in the A46-220 (0.46 vol%, 220 ◦C) strip (Figure 12k,l) is probably
one of the causes of its low strength and elongation values since the GNP clump makes
the layer thinner, causing stress concentrations that can initiate cracks when the strip is
mechanically stressed.

At each step, the strips had a wavier part, the first to pass through the work rolls. This
wavy part must have caused a decrease in the mechanical properties of the specimens cut
from the final strip, resulting in a broader dispersion of strength and elongation values, as
one can see in the graphs of Figure 10. The initial sinuosity was probably due to the higher
initial tensions required to set the strip in motion and the oscillation of the torque needed
to keep the motor rotating.

The elongation mean value (~2%) of the specimens (Table 2) is lower than those already
achieved by other researchers [9,25,48]. These low values may be due to the delamination
that occurred in the tensile test of the specimens produced, or to the presence of cracks and
points of stress concentration caused by indentations on the layer surfaces [49]. The copper
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oxidation in some specimens (see EDS spectra in Figure 8) also contributes to a more brittle
behavior in fracture. Despite the macroscopic brittle character, the fracture surfaces exhibit
microscopic ductile fracture elements, such as tensile and shear dimples and necking of
individual layers. See Figures 11 and 12.

Some researchers reported the pull out of graphene from the copper matrix during
tensile testing [25]. This phenomenon occurs as a result of the fracture strain of graphene
and its fracture stress. These properties have greater values than the corresponding ones of
the ARBed copper. Through molecular dynamics simulation, researchers determined that
seven-layer graphene has a theoretical fracture strain of 0.134 and a corresponding theo-
retical fracture stress of 115 GPa [50]. Increasing the number of layers may decrease these
values, but they will still be superior to the corresponding ones of the ARBed copper [50].

The design chosen for the thermal treatments used in the processing route guaranteed
the presence of graphene or at least oxide graphene at the end of the process. We subjected
the composite to temperatures lower than graphene combustion (350 ◦C) [28], in order
to maintain its integrity as much as possible. We used an oxygen trap to minimize the
oxidation of graphene and copper. The precautions seem to have had the intended effect,
as the EDS spectra detected the presence of copper and carbon in all copper/graphene
samples and eventually oxygen in some samples (Figure 8). The EDS map of sample
A46-220 indicated the presence of carbon (the only type of atom in graphene) between
the two most separated layers (Figure 9c—vertical red line). The location of the carbon
content in Figure 9c is marked with red dots. (We increased the contrast of this image to
facilitate the visualization of these points). The figure shows that there is little carbon on
the surface of the sample, as expected since the carbon is in between layers. The region
with the widest space between layers has more red dots, almost forming a vertical line,
indicating a more significant concentration of carbon there. SEM photos of the fracture
surface of the same sample (Figure 12k,l) show clumps of a shiny substance that is, therefore,
less conductive than copper. Now, we know that the electrical conductivity of graphene
(2 × 106 S/m) is lower than that of copper (58 × 106 S/m), so it is likely that the shiny
substance between the layers is graphene or at least graphene oxide. As far as we know,
no copper/carbon intermetallic is produced at temperatures lower than 350 ◦C. We chose
strain relief treatment parameters according to those commonly used for flat, wrought
products made of electrolytic tough-pitch copper (180 ◦C, 1 h) [51]. We chose a second pair
of parameters (220 ◦C, 1 h) for comparison, obviously with a temperature below 350 ◦C
(graphene combustion temperature) [28].

Although some copper layers did not adhere perfectly to each other, this does not
invalidate the comparative analysis of the results obtained in the tensile tests of the samples.
As we can see in Figures 5–7, not all samples and not all layers of each sample showed
a lack of adhesion. Samples A15-220, A46-180, and A46-220 have an interlayer bonding
success rate of 35/35. Samples A00-180, A00-220, and A22-220 have an interlayer bonding
success rate of 34/35. Sample A15-180 has an interlayer bonding success rate of 33/35, and
Sample A22-180 has an interlayer bonding success rate of 30/35. The tensile test of these
samples can comparatively characterize the samples since the minimum bonding success
rate is 85.7% (35 is the number of interlayer regions in each sample). Even though an
outstanding combination of mechanical and electrical properties was not achieved here, the
authors believe that an important contribution to understanding the effects of accumulative
roll bonding associated with thermal treatments on the properties of copper/graphene
composites is made in this study.

5. Conclusions

This study examined the mechanical properties and electrical conductivity of cop-
per/graphene composite strips manufactured using a process consisting of Accumulative
Roll Bonding (ARB), intermediate annealing, and a final stress relief heat treatment. The
copper layers in these composites exhibited similarities with those obtained in previous
ARB and Accumulative Roll Compositing studies. The main conclusions are:
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1. The ARBed composite strips exhibit a low occurrence of voids and graphene clumps
due to the dispersion technique involving spraying and annealing before rolling.

2. The final strips have the presence of a carbon compound, likely graphene.
3. Some strips have no copper oxide, even after multiple annealing treatments without

a controlled atmosphere (confirmed via the Energy-dispersive X-ray spectroscopy
analysis).

4. There was no influence of graphene content on electrical conductivity for the relatively
small number of ARB cycles applied. In our study, the electrical conductivity of the
composite material ranged from 80% to 93% IACS.

5. This process can improve the yield strength (963%) and the ultimate tensile strength
(69.2%) via work hardening (compare, for example, the A00-220 sample to annealed
bulk pure copper). Strengthening mechanisms such as thermal mismatch, grain refine-
ment, load transfer, and Orowan looping system can improve the copper/graphene
composite’s strength but necessitate a minimum number of cycles to fully engage.

6. The ARBed composite exhibits a low total elongation (2%) compared to bulk pure
copper (73%) despite several intermediate annealing treatments, which are supposed
to increase the ductility of the material.

Finally, this study provides valuable information about the mechanical properties and
electrical conductivity of copper/graphene composites and the difficulties in producing
them via ARB without controlled atmosphere annealing. Although the results indicate
some limitations in obtaining ideal properties, they highlight the importance of the number
of ARB cycles, graphene distribution, and adhesion between layers.
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