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ARTICLE INFO ABSTRACT

Keywords:

Metal matrix composites with improved mechanical properties and thermal stability were produced using me-
chanical milling, spark plasma sintering (SPS) and high-pressure torsion (HPT). Three types of reinforcing
particles were used, i.e., GO, Al;03 and rGO/Al;03. All of the produced composites exhibit higher hardness and
tensile strength than pure copper, reaching values of 250 Hv for Cu-GO, 240 Hv for Cu- Al;03, 210 Hv for Cu-
rGO/Aly03 and 185 Hv for Cu after HPT. STEM analyses reveal that the HPT significantly refines the grain size of
pure copper to ~210 nm, and even more in the Cu-based composites achieving grain sizes as small as
~55-75 nm. Pure Cu after HPT recrystallizes after annealing at 573 K. The Cu- Al2Os composite demonstrated the
best thermal stability with a hardness after annealing at 773 K of 220 Hv and a grain size of ~100 nm. The
composite of Cu-GO after annealing at 773 K showed slight grain growth up to ~150 nm. The composite Cu-GO/
Al503 exhibits improved microhardness and tensile strength up to 673 K and annealing of this composite at 773 K
which led to a bimodal microstructure. All of the composites annealed at 773 K showed hardness above 180 Hv.

Aluminium oxide
Graphene oxide
High-pressure torsion
Metal matrix composites
Reduced graphene oxide
Thermal stability

1. Introduction

Pure copper exhibits excellent electrical and thermal conductivity
which makes it an optimum material for electrical applications. Unfor-
tunately, its tensile properties and hardness are relatively low, and this
restricts its use in more advanced applications. One of the possible ways
to improve the strength of pure copper, and at the same time to maintain
a reasonably high electrical conductivity, lies in refining the grain size
[1,2]. Materials with ultrafine (below 1 pm) or nanocrystalline (below
100 nm) grains are most often produced by severe plastic deformation
(SPD) techniques such as equal channel angular pressing (ECAP) [3],
accumulative roll bonding (ARB) [4] and high-pressure torsion (HPT)
[5,6] with the latter considered as the most efficient in terms of the final
grain size [7-9]. Earlier studies of copper deformed by various SPD
methods showed that the grain size reduction in these methods
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produced a significant increase in hardness (by about 270 %) with only a
slight decrease in electrical conductivity (by about 12 %) [10].

Despite great improvement in the microhardness and tensile
strength, the ultrafine grained (UFG) and nanocrystalline (NC) metals
are inherently thermally unstable due to the high energy stored in the
form of dislocations and grain boundaries. Thus, in practice UFG and NC
metals exhibit a strong tendency for recrystallization at relatively low
temperatures compared to their coarse-grained equivalents [11-15]
thereby limiting their potential industrial applications at elevated tem-
peratures. Several concepts were proposed to improve the thermal sta-
bility of UFG materials but the most promising is to create metal matrix
composites (MMCs) by adding thermally stable nanosized particles and
uniformly distributing them within the metal matrix [16-19]. These
thermally stable nanoparticles have a strong pinning effect which blocks
the movement of grain boundaries during annealing and thus limits the
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recrystallization and grain growth processes [20-24].

There are a number of investigations on the fabrication of UFG/NC
MMCs but they were mostly reinforced with different types of oxides
such as AlyO3 [16,25-27] or carbides such as SiC [28-30]. Recently,
carbon-based nano-particles have attracted growing attention due to
their potential to strongly improve the mechanical properties, promote
grain refinement, stabilise the microstructure during annealing and at
the same time increase the electrical and thermal properties [31]. As a
result, MMCs reinforced with carbon nanotubes (CNTs) [32-34], gra-
phene [35-37] and graphene oxide (GO) [38,39] have been successfully
synthesized. However, there are drawbacks regarding the fabrication of
carbon reinforced MMCs. In particular, CNTs and graphene flakes
exhibit low wettability by metals, which leads to a strong tendency to
form agglomeration in the metal matrix [31,40]. Nevertheless, due to
the presence of oxygen functional groups GO particles are a promising
material to fabricate composites with a good distribution and connec-
tion of particles with the matrix [31]. It was shown that oxygen groups
on the surface of GO also enhance the connection between GO and metal
through the formation of oxygen-mediated chemical bonds which are
stronger than conventional adhesive bonding between the graphene and
the metal [41-43]. However, it should be emphasized that GO exhibits a
lower thermal resistance than graphene and decomposes in the air at-
mosphere in the temperature range of 573 K- 673 K [44-46]. No results
are at present available to establish the behaviour of GO in the com-
posite when heated to such temperatures.

GO flakes can be stabilized by covalent bonding with other nano-
particles such as Au [47], Ag [48], Cu [38], TiO2 [49] or Aly03 [50] and
forming a core-shell structure. The stabilization with AloO3 seems to be
very promising since GO has a number of functional groups capable of
forming the aluminium-oxygen bonds, such as C=0 (1730 cm™}),
C-O-C (1280 cm_l) and C-O (1225 cm_l) as measured on FTIR and
Raman [50]. It was shown that the intensities of these peaks decreased
due to the formation of the Al-O bond that stabilized the GO structure
[50]. In addition, this functionalization leads to reduction of GO and
formation of reduced GO (rGO). The rGO/Al,0O3 composite nano-
particles are a new type of material that have not been tested yet as a
filler to form composites, especially the composites having a UFG/NC
structure.

Therefore, the purpose of the present study was to fabricate novel
thermally stable Cu-based nanocomposites using HPT processing and to
investigate the effect of three different types of reinforcement, i.e.,
Aly,03, GO and modified rGO/Al;03, on the microstructural develop-
ment, the mechanical properties and the thermal stability.

2. Experimental

The following three types of composites were produced in this study
containing 1 wt% of nanofillers: Cu-GO, Cu-AlyO3 and Cu-rGO/Al»03.
The GO and Aly,Os represent 2D and 3D nanofillers, respectively,
whereas the rGO/Al;O3 is a mixture of both. A regular-shaped copper
powder (produced by ABCR company) with a purity of 99 % was used as
the matrix. All nano-fillers were synthesized at Warsaw University of
Technology using the methods described in earlier reports for GO [51],
rGO/Aly,03 [50] and AlyOs [52]. The average nanoparticle size
measured from SEM images was 150 + /- 16 nm, 230 + /- 50 nm and
50 + /- 20 nm for the GO, rGO/Al,03 and Al,Os, respectively.

The composites were manufactured using the procedure of the me-
chanical milling of powders followed by sintering using Spark Plasma
Sintering (SPS) and subsequent processing by HPT. The mechanical
milling of copper powders with selected particles was performed in a
planetary ball milling system (Retsch PM100) in a protective argon at-
mosphere. The processing parameters for the ball milling were a speed
of rotation of 300 rpm, a grinding time of 1 h and a weight ratio of
powder to balls of 1:10. The material for the milling chamber and balls
was ZrO,. Mixed powders were sintered using the SPS method with a
10 mm diameter graphite mould. The process was carried out in a
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protective argon atmosphere with a heating rate of 373 K/min and the
maximum sintering temperature was 1223 K at which the samples were
held for 15 min under a pressure of 50 MPa. The material obtained after
sintering was cut into discs of 10 mm in diameter and 1 mm in height
and the surfaces of these discs were levelled by grinding on 800 papers.
The discs were subjected to HPT processing under a compressive pres-
sure of 6 GPa at room temperature with a rotation speed of 1 rpm. Each
sample was processed to 20 revolutions through HPT processing using
quasi-constrained conditions where there is a small outflow of material
around the periphery of the disk during the HPT operation [53]. Addi-
tionally, a reference sample of pure copper was produced under the
same conditions as the composites.

The fabricated composites were studied in terms of the microstruc-
ture using scanning electron microscopy (SEM) (Hitachi SU8000). Ob-
servations were conducted in the secondary electron (SE) and
backscattered electron (BSE) modes. All observations were carried out
on the cross-sectional surfaces of the disc from an area approximately
1 mm from the edge of each disc. The surface of the samples for the SEM
observations was prepared by ion milling using a Hitachi IM4000 in-
strument. Ion polishing is a method that produces a very high-quality
surface that is free of surface deformation, stresses or oxide layers and
which allows a study of the grain structure and the distribution of par-
ticle agglomerates using channel contrast in the SEM.

More detailed observations of the microstructure were carried out
using a Thermo-Fisher Scientific SPECTRA 200 scanning transmission
electron microscope (STEM) operating at an accelerating voltage of
200 kV and equipped with Super-X energy dispersion spectroscopy
(EDX) detectors which permitted additional chemical analyses of the
samples. The thin samples for STEM observations were cut using a
focused ion beam (FIB) microscope Hitachi NB-5000.

The average grain size of the composites and copper was determined
from STEM and SEM images. Visible grain boundaries were marked in
ImageJ software, which then calculated the area of each grain and its
equivalent diameter. Based on the measurement of at least 150 grains,
the average value of the equivalent diameter of the grains of the material
was determined. The term grain size, used in this article, means the
value of the average equivalent diameter of the grains of a particular
material.

The mechanical properties of the composites after HPT processing
were studied by microhardness measurements and tensile tests. The
Vickers microhardness was measured using a Falcon 503 microhardness
tester with a load of 200 g and dwelling time of 10 s. The hardness was
measured on the polished disc surfaces along radial directions with a
spacing of 0.3 mm between indentations. The tensile tests were per-
formed on miniature tensile specimens cut from the discs via electrical
discharge. A Zwick Z005 universal testing machine with an initial strain
rate of 107> s~ was used and at least two tensile specimens were pre-
pared and tested for each material. The gauge length of the tensile
specimen was 4 mm, and the cross-sectional dimensions were
0.6 x 0.8 mm?>. A Digital Image Correlation system was employed during
the tests to precisely measure the elongations.

The thermal stability of the produced composites was evaluated by
annealing the samples in the temperature range from 373 K to 773 K for
1 hour. The annealing time and temperature range were established on
the basis of previous studies [54]. After annealing, the samples were
evaluated in terms of the microhardness and microstructural changes in
the same way as for the composites after HPT. For the sample annealed
at 773 K, Electron Backscatter Diffraction (EBSD) measurements were
made using Hitachi SU-70 analytical microscope. The accelerating
voltage was 25 kV, the working distance was 20 mm, the step size was
40 nm and the map size was 51 x 38 um?2.
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3. Results
3.1. Microstructure

Fig. 1 shows representative SEM BSE micrographs of the fabricated
nanocomposites and Cu reference sample after HPT. In practice, the HPT
processing led to significant grain size refinement in all materials. The
average grain size in pure copper was ~210 nm (Fig. 1a) while for the
nanocomposites the grain size was much smaller and cannot be deter-
mined from these images. However, there are clear agglomerates of
nanoparticles whose size and volume fraction depend on the type of
filler. For the Cu-GO composite (Fig. 1b) the visible agglomerates cover
about 1 % of the sample area and their average size is 200 + /- 160 nm.
In the case of the Cu-Al;03 composite (Fig. 1c), the volume fraction of
agglomerates is smaller at about 0.5 % and their average size is 120 + /-
45 nm. For the Cu-rGO/Al;03 composite (Fig. 1d), the agglomerates
cover more than 2.5 % of the entire image surface and their average size
is about 290 + /- 160 nm. Moreover, in the Cu-GO and Cu-Al;O3 com-
posites the agglomerates are uniformly distributed over the entire
composites (Fig. 1b and c) whereas in the Cu-rGO/Al;03 composite they
tend to be grouped into bands (Fig. 1d).

STEM analysis was conducted to analyse the grain structure in detail
and nanoparticle distributions in the composites after 20 HPT turns.
Obtained results are presented in Figs. 2-4. In all cases the STEM images
in bright field (BF) mode show significant grain refinement in the matrix
structure. The average grain sizes of the composites were estimated to be
~55, ~65 and ~75 nm for Cu-GO (Fig. 2a), Cu-Al;0O3 (Fig. 3a), and Cu-
rGO/Al,O3 (Fig. 4a), respectively. By contrast, the HPT-processed pure
Cu has an average grain size of ~210 nm, as shown in Fig. 1a. Obviously,
the addition of the GO, Al,03 and rGO/Al;0O3 nanofillers led to a greater
grain size reduction in the Cu matrix than in pure Cu processed by HPT.
The images of Figs. 2b, 3b and 4b also show the distribution of nano-
particles in the matrix. Apart from the large agglomerates visible in the
SEM BSE images (Fig. 1b-d), a large fraction of the nanoparticles is
homogenously distributed in copper in the form of either individual
nanoparticles or small agglomerates having average sizes of ~6.5, ~7.0
and ~12.0 nm for the Cu-Al;03, Cu-GO and Cu-rGO/Al;03 composites,

—r—

Fig. 1. SEM BSE image of a) Cu after HPT; b) Cu-GO after HPT; c) Cu-Al,O3 after HPT; d) Cu-rGO/Al,O3 after HPT.
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respectively.

It is worth noting that, despite the application of intensive plastic
deformation via mechanical milling and HPT processing during the
synthesis of these nanocomposites, the fillers largely remain intact and
do not undergo significant degradation. The EDX chemical distribution
maps (Figs. 2¢, 3¢, 4c) confirm that the chemical compositions of the
observed nanoparticles and the agglomerates correspond to the
composition of the added fillers. For the Cu-GO (Fig. 2c) and Cu-Al-03
(Fig. 3¢) composites, the EDX maps show that the C, O and Al elements
are precisely located where the nanoparticles were observed in the
HAADF images. In the rGO/Al:0Os composite (Fig. 4), the chemical
composition of the nanoparticles varies. Some particles contain C, Al
and O elements especially in agglomerates whereas others contain only
C or only Al and O. This suggests that, in this composite, the Al-0s
nanoparticles may have been torn off from the rGO/Al=0s flakes during
the HPT processing. At the same time, the intensive deformation does
not destroy the GO structure, as confirmed in an earlier study using
Raman spectroscopy [54].

3.2. Mechanical properties

The microhardness measurement results are presented in Fig. 5 as a
function of the distance from the disc centres. Starting from the results
for pure Cu, the microhardness of the samples processed by HPT is more
than 100 Hv units higher than the microhardness of the copper in the
coarse-grained state after SPS. All of the produced composites exhibit
higher microhardness than for Cu after HPT. The highest microhardness
values were achieved for the composite with the addition of GO nano-
flakes where it is more than 250 Hv units. The lowest hardness value
among the composites was obtained for Cu- rGO/Al;O3, while the
average hardness obtained for this sample was 210 Hv. Moreover, the
Cu-GO composite exhibits a homogeneous distribution of microhardness
results across the entire disc diameter which indicates that the grain
refinement level and the distribution of the nanofillers are quite ho-
mogeneous throughout the sample. Composites with the addition of
Aly,03 and rGO/Aly,O3 exhibit a small but gradual increase in the
microhardness values from the central region to the edge from 220 Hv to
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Fig. 2. STEM image of Cu-GO a) bright field, b) HAADF image, c) EDX map.

245 Hv and 190 Hv to 225 Hyv, respectively.

The results of the tensile testing for the HPT-processed composite
materials are illustrated in Fig. 6. The ultimate tensile strength (UTS) of
the HPT-processed pure Cu is ~640 MPa which in general is consistent
with the available published data [55]. The UTS of the coarse-grained
copper after SPS is ~250 MPa. The results for the composite samples
clearly demonstrate the beneficial role of the nanofillers since the
strength consistently increases compared with pure Cu. A highest UTS of
~780 + 12 MPa was recorded for the Cu-Al,03 composite which was a
value higher by ~140 MPa than for HPT-processed Cu and ~500
+ 2 MPa higher than for coarse-grained Cu. The Cu-rGO/Al,03 and
Cu-GO composites exhibit slightly lower values of UTS of ~690 + 5 MPa
and ~675 + 2 MPa, respectively. Nevertheless, the high strength of the
composites is at the expense of ductility since the elongation to failure is

smaller than 10 % and the Cu-GO composite exhibits brittle fracture in
the elastic region.

3.3. Thermal stability

Fig. 7 presents the changes in hardness measured at the disc edges for
the nanocomposites after 20 HPT turns with subsequent annealing at
temperatures ranging from 373 K to 773 K for 1 h. These results are also
complemented with the microhardness changes for the Cu HPT sample.
The results show that the Cu HPT sample is thermally stable up to 473 K
which agrees with published data [40]. The microhardness decreases
dramatically from ~170 Hv units to ~110 Hv units after annealing at
573 K.

By contrast, the microhardness of the fabricated nanocomposites
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Fig. 3. STEM image of Cu-Al,O3 a) bright field, b) HAADF image, ¢) EDX map.

does not decrease significantly even after annealing at 773 K. Further-
more, even if a drop of microhardness is observed at a higher temper-
ature, the microhardness values are higher than the microhardness of
the HPT-processed pure Cu without any post-HPT annealing. In the Cu-
GO composite, a gradual decrease in microhardness is observed with
increasing annealing temperature but this drop is no larger than ~60 Hv
for 773 K. On the other hand, the Cu-Al;03 nanocomposite demon-
strates excellent thermal stability with the hardness values remaining
steady at ~240 Hv across the entire temperature range. An interesting
result was observed in the Cu-rGO/Al,O3 composite, for which the
microhardness values are stable up to 573 K and after annealing at
773 K the microhardness drops to ~185 Hv units which remains higher
than for the Cu HPT sample.

To understand the thermal stability of the HPT-processed

nanocomposites, SEM and STEM studies of the annealed samples were
carried out. Fig. 8 shows representative SEM images taken in tunnelling
contrast to study grain size coarsening during annealing. The reference
Cu HPT sample undergoes recrystallization during annealing at 573 K,
leading to the formation of grains which are larger than 100 pm
(Fig. 8a). By contrast, the microstructures of the Cu-GO and Cu-Al20s
nanocomposites remain relatively stable at high temperatures (Figs. 8b
and 8c). However, in the Cu-GO sample a slight grain coarsening is
observed after annealing at 773 K (Fig. 8b) whereas this is not evident
for the Cu-Al20s composite. The Cu-rGO/Al:0s composite after anneal-
ing at 773 K exhibits abnormal grain growth leading to the formation of
a distinct heterostructure (Fig. 8d). The microstructure in this sample
consists of large grains having sizes above ~100 ym and these are sur-
rounded by regions of nanocrystalline grains. Additionally, these large
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Fig. 4. STEM image of Cu-rGO/Al,03 a) bright field, b) HAADF image, c¢) EDX map.

recrystallized grains are filled with small partial twins which are visible
in the SEM image in Fig. 8d and were identified on the EBSD maps in
Fig. 8(e-g). The EBSD maps presented in Fig. 8(e-g) reveal a very high
density (85.4 %) of £3{111} twin boundaries, characterized by a
misorientation angle of 60° + 5°. Simultaneously, the grain orientation
spread (GOS) and Kernel average misorientation (KAM) maps clearly
indicate the absence of internal deformation within the observed grains.
Both parameters exhibit very low values, confirming complete recrys-
tallization. Furthermore, the presence of parallel, thin twin laths is
typical of annealing twins. Considering the limitations of the EBSD
technique, the dark lines observed in the band contrast maps are prob-
ably nanometric twins. However, due to the resolution limits of EBSD,
these features cannot be directly detected.

In order to study the microstructural changes during annealing in

more detail, advanced investigations were carried out using STEM mi-
croscope. Fig. 9 presents representative STEM images of the Cu-GO, Cu-
Al;03 and Cu-rGO/Al;0O3 microstructures after annealing at 773 K. In
the Cu-GO composite (Fig. 9a) after annealing at 773 K there is minor
grain growth, and the grain size increased from the HPT-processed value
of ~55 nm to ~150 nm. In the microstructure of the Cu-GO composite,
there is evidence for the formation of core-shell structures which are
visible as dark regions on the HAADF images (Fig. 9a) and presented at
higher magnification in Fig. 9b. The EDX analyses of these structures,
summarized in Table 1, indicate that they consist of a carbon-rich core
and an oxygen-rich shell zone embedded within the Cu matrix. The
STEM images of the Cu-Al,O3 sample (Fig. 9c) demonstrate the excellent
thermal stability of this composite with only a slight grain growth from
the HPT-processed ~65 nm to ~110 nm after annealing at 773 K. The
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Fig. 6. Tensile strength results.

STEM images for the Cu-rGO/Al,03 composite (Fig. 9d) reveal abnormal
grain growth after annealing at 773 K and it is possible to distinguish a
zone of finely refined grains with uniformly distributed nanoparticles
together with the zone where recrystallization occurred. In these
recrystallized regions numerous partial twins are observed, within
which there are nanoparticles along the grain boundaries. In the nano-
crystalline regions more rGO/Al,O3 particles are visible than in the
recrystalized zones. Unlike the Cu-GO sample, where the core-shell
structure of the C-rich core and the Cu-oxide layer were visible after
annealing, in the Cu-rGO/Al,O3 composite this effect was not evident
after the annealing.

4. Discussion

4.1. Effect of nanoparticle type on the microstructure and properties of
composites

The addition of nanoparticles to a copper matrix has a great influence
on the microstructure development during HPT processing and in the
subsequent properties of the nanocomposites. The nanoparticles added
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in this study were GO, Al,03 and rGO/Al;03 and they all enhanced the
grain refinement. The fabricated composites had nanocrystalline struc-
tures with average grain sizes ranging from ~55 to ~75 nm for Cu-GO,
Cu- Al;03 and Cu-rGO/Al,0s3, respectively, while for pure Cu after HPT
the grain size was ~210 nm. The substantial grain refinement observed
in the composite materials during SPD processing is well-established and
has been reported in various earlier studies [12,14,16]. The incorpora-
tion of stable, hard nanofillers and their uniform distribution within the
metal matrix can restrict dislocation movement and pin grain bound-
aries, thereby effectively limiting their mobility. This suppresses dy-
namic recrystallization and recovery processes which occur during
intense plastic deformation, shifting the structural saturation point [56]
and ultimately enhancing the grain size refinement. It is worth noting
that the saturation effect depends on the type of material, its purity,
melting point or stacking fault energy. Furthermore, the saturation ef-
fect applies not only to the size of the grains, but also to the particles of
the second phase. Research has shown that for a given material sub-
jected to the HPT process, there is a certain level of saturation to which
the material will aspire from both ‘above’ and ‘below’ [57-59].

Additionally, the uniform distribution of the reinforcing phase
within the copper matrix has a crucial impact on both the microstructure
and the mechanical properties. The Cu-GO and Cu-Al,03 samples dis-
played the best reinforcement distribution, corresponding to the small-
est grain sizes of the matrix. By contrast, the Cu-rGO/Al,O3 composite
showed a higher degree of agglomeration, and this led to a less effective
structural refinement.

These differences are primarily attributed to the distinct character-
istics and structures of the reinforcing phases. Previous studies have
shown that GO is less prone to agglomeration in a metal matrix
compared to graphene or carbon nanotubes due to the presence of
carboxyl and hydroxyl groups on the surface of GO [28-31]. These
groups form Cu-O-C chemical bonds with the matrix, improving the
dispersion of GO within the matrix and strengthening the bonding be-
tween the Cu matrix and the GO reinforcing phase. For composites
reinforced with Al,Os3 particles, the particles were initially nanosized
with an average size of ~50 nm. As a result, the combination of milling
and 20 HPT turns was sufficient to break most of the agglomerates and
achieve an essentially uniform distribution of the AlyOs3 particles in the
Cu matrix. By contrast, for the rGO/Al»O3 particles, most of the carboxyl
and hydroxyl groups originally present on the GO surface are used
during the synthesis of the rGO/Al;O3 flakes as they form Al;Os-C
bonds. This limits the ability of the rGO/Al;03 flakes to bond effectively
with the Cu matrix and, moreover, the rGO/Al,O3 flakes are stiffer and
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Fig. 8. SEM images of samples after annealing: a) Cu after HPT annealed at 573 K; b) Cu-GO annealed at 773 K; C) Cu-Al203 annealed at 773 K; d) Cu-RGO/A1203
annealed at 773 K; e) EBSD map of Cu-RGO/A1203 annealed at 773 K; f) EBSD band contrast map with marked =3 twin boundaries (red), HAGB (green) and LAGB
(yellow); g) EBSD grain orientation spread (GOS) map with marked X3 twin boundaries (red), HAGB (green) and LAGB (yellow); h) EBSD Kernel average misori-
entation (KAM) map with marked X3 twin boundaries (red), HAGB (green) and LAGB (yellow).

more difficult to break during processing so that their agglomerates are
harder to fragment and uniformly distribute within the Cu matrix [60].

The composites fabricated in this research exhibit unique hardness
(Fig. 5) when compared with the coarse-grained and nanostructured
pure copper. The hardness values increased by appropriately 200 % for
the Cu-rGO/Al;,03 composite, 230 % for Cu-Al;03 and 250 % for the Cu-
GO composite relative to the initial coarse-grained copper. This unique
enhancement in mechanical properties is attributed to several factors: a)
the significant grain size reduction which is consistent with the Hall-

Petch relationship [57,61], b) the presence of hard, uniformly distrib-
uted GO, Al,03 and rGO/Al»03 nanoparticles within the matrix [58] and
c) the increased dislocation density caused by additional obstacles to
dislocation movement. The observed differences in microhardness
values between the samples are a consequence of the varying degrees of
grain size reduction, the distribution of the reinforcement phase within
the matrix and the level of nanoparticle agglomeration.

The UTS of the fabricated nanocomposites (Fig. 6) ranged from
675 MPa to 780 MPa and these values are nearly three times higher than
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Fig. 9. SETM images of samples after annealing at 773 K: a) Cu-GO; b) higher magnification of the area marked by the square in a), numbers indicate Cu-GO EDS

measure points (1 - C; 2 - O; 3 - Cu); C) Cu-Al,03; d) Cu-RGO/Al,03.

Table 1
EDX measurements correlated with STEM image - Fig. 9b.
C-K O-K Cu-K
Point 1 14.3 43.4 45.3
Point 2 2.5 33.2 64.3
Point 3 0.9 3.4 95.7

for unprocessed copper (~250 MPa) and 40 MPa to 140 MPa higher
than HPT-processed Cu. The highest UTS was observed in the Cu-Al-0s
sample (~780 MPa) and the Cu-rGO/Al-:0s sample (~690 MPa). Both
samples also demonstrated plasticity in the range of 6-8 %. This
enhanced strength is attributed to significant grain refinement and the
presence of hard particles that hinder dislocation movement. The sam-
ple with the GO addition, despite exhibiting the highest hardness, could
not be evaluated in tensile testing due to their failure in the elastic re-
gion. This problem has been widely discussed and is generally attributed
to two factors. First, the Cu-GO microstructure experiences intense grain
size reduction, with the smallest grain size of 55 nm reported for this
sample, and this leads to a lack of accommodation of stress through
plastic deformation and therefore to premature failure during testing
[59]. Second, the exceptionally small sizes of the tensile test samples
(4.0 x0.6 x0.8 mm3) which were cut using an EDM machine. The sur-
face roughness of such tensile samples is enhanced and this, combined

with their small dimensions, may have led to the formation of localized
stress concentrations causing early failure under tension.

4.2. Thermal stability of the composites

The addition of nanoparticles to the copper matrix significantly in-
fluences not only grain refinement and the mechanical properties but
also the thermal stability of the composites. The particles restrict the
movement of grain boundaries during annealing and actively inhibit
recrystallization in the Zener pinning effect [62]. In this context, the
thermal behaviour of the fillers and their uniform distribution within the
copper matrix are critical factors determining the thermal stability of
these nanocomposites.

As shown in Fig. 7, the produced composites are thermally stable up
to at least 673 K where this is significantly greater than for pure copper
after HPT (473 K). At elevated temperatures, notable differences begin
to emerge between the composites. Starting from the Cu-AlyO3 com-
posite, it remains thermally stable up to 773 K with both the micro-
structure and the microhardness remaining stable throughout the entire
temperature range. This is attributed to the presence of a uniformly
distributed Al;O3 in the matrix (Fig. 3) and thermally stable Al;O3
nanoparticles with a diameter of 6.5 nm which act as effective barriers
for grain growth. This mechanism is well documented in the literature
[20,26,63,23].

The addition of GO gave the highest hardness and the smallest grain
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size among all fabricated composites. However, the Cu-GO composite
exhibited a slight drop of hardness as the temperature increased. After
annealing at 773 K the hardness dropped from 260 Hv units to
approximately 190 Hv units. It is worth noting that this value is com-
parable to that of pure copper after HPT processing. The drop of me-
chanical properties is associated with specific microstructural changes
occurring in the sample after annealing at 773 K (Fig. 8 and Fig. 9).
Firstly, limited grain growth was observed, with the grain size increasing
from the HPT-processed ~55 nm to ~150 nm. Secondly, the GO nano-
particles transformed into core-shell structures embedded within the
metal matrix, consisting of an oxygen-rich outer layer and a carbon-rich
core (Fig. 9). These core-shell structures are less effective in inhibiting
grain growth compared to the Al;03 nanoparticles and their formation is
linked to the degradation of GO at higher temperatures. During heating,
oxygen functional groups on the GO surface react with the Cu matrix to
form diffusive layers of CuO and CuO,. Subsequently, the hexagonal
graphene structure degrades, leading to the formation of a graphite core
[54,64-66].

The composite with the addition of rGO/Al;03 seems to be thermally
stable up to 673 K and the annealing at 773 K produced abnormal grain
growth and the formation of a heterostructure composed of large
recrystalized grains (Fig. 8d) containing partial recrystallization twins
(marked with red arrows Fig. 9d) which were identified based on the
EBSD analysis (Fig. 8e) and some nanocrystalline regions (indicated by
white arrows on Fig. 8d and red frame Fig. 9d). This heterostructure
formation is attributed to an inhomogeneous distribution of rGO/Al,03
particles in the matrix. The fabrication of rGO/Al,O3 nanoparticles
significantly increased the stiffness and strength of the GO flakes pre-
venting many of them from fragmenting during the HPT processing
(Fig. 1d and Fig. 4). Therefore, large agglomerates remained in the
microstructure, and this reduced the number of obstacles to recrystal-
lization leading to a partial recrystallization. Moreover, there was no
trace of the formation of a core-shell structure typical of the GO sample.
This is associated with the production route of rGO/Al;03 which already
included a thermal treatment at 553 K for 2h which effectively
decomposed the organic precursor to Al;03 and reduced the GO to rGO
[50]. The GO poses oxygen-containing functional groups on its surface
such as carbonyl, epoxy, carboxylic acid and hydroxyl which decompose
during annealing [64] and cause the formation of a core-shell structure
in the Cu-GO sample. When these oxygen groups are reduced, the ma-
terial becomes rGO and this material is thermally stable even above
1273 K [64]. For the rGO/Al,O3 nanoparticles there are no free
oxygen-containing functional groups which are capable of decomposing
during annealing of the Cu-rGO/Al;O3 samples.

5. Conclusions

The type of nanofiller and its distribution in the copper matrix has a
significant effect on the microstructure, mechanical properties and
thermal stability of the composite. Analysis of the microstructure in
terms of grain size showed that the greatest difference is attributed to the
presence of nanofillers as the copper without additives had grain sizes of
the order of ~210 nm whereas the composites had grain sizes of
~55 nm, ~65 nm and ~75 nm for Cu-GO, Cu-Al,03 and Cu-rGO/Al;03,
respectively.

The type of additive influenced the extent by which the hardness
improved by comparison with copper after HPT. These improvements
increased by 65 Hv, 45 Hv and 25 Hv for Cu-GO, Cu-Al,03 and Cu-rGO/
Al,Os, respectively. Significant differences were also seen in the tensile
tests where the Cu-GO composite cracked in the elastic range while the
other composites showed some plastic deformation range with higher
UTS values of ~780 MPa in Cu-Al,O3 and ~690 MPa in Cu-rGO/Al;03
compared with ~640 MPa in Cu after HPT.

The greatest difference between the additives was observed in the
thermal stability tests. The Cu-Al;O3 composite annealed at 373 - 773 K
had almost the same hardness and its microstructure changed slightly
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such that, after annealing at 773 K, the average grain size increased to
~100 nm. The Cu-GO composite showed a slow and minor decrease in
hardness with increasing annealing temperature and the hardness
decreased to ~180 Hv after annealing at 773 K. There were more
observable changes in the microstructure of this composite related to the
thermal decomposition of GO but the grain size increased to only
~150 nm and therefore the material remained in the UFG condition.
The Cu-rGO/Al,03 composite remained stable in terms of hardness and
microstructure up to 673 K but annealing at 773 K led to a decrease in
hardness to ~185 Hv associated with microstructural growth. It is
noteworthy that the composite underwent abnormal grain growth
resulting in a bimodal structure caused by an uneven distribution of
reinforcing particles in the matrix.

It is also worth emphasising that all the produced composites had
better thermal stability than the HPT-processed pure Cu and their
hardness values after annealing at 773 K were higher than for Cu after
HPT without subsequent annealing.
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