Bull. Mater. Sci., Vol. 40, No. 5, September 2017, pp. 1021-1028
DOI 10.1007/s12034-017-1457-2

© Indian Academy of Sciences

@ CrossMark

Effect of the method for producing Cu—Cr;C, bulk composites on

the structure and properties

M A ERYOMINA"*, S F LOMAYEVA!, S N PARANIN?, S L DEMAKOV? and E P YELSUKOV!
lPhysical—Technical Institute, Ural Branch of Russian Academy of Sciences, Izhevsk 426000, Russia

ZInstitute of Electrophysics, Ural Branch of Russian Academy of Sciences, Ekaterinburg 620016, Russia

3Ural Federal University named after the first President of Russia B.N. Yeltsin, Ekaterinburg 620002, Russia
*Author for correspondence (mrere @mail.ru)

MS received 20 January 2016; accepted 13 December 2016; published online 30 August 2017

Abstract. Copper—chromium carbide composites containing a carbide phase of 20-30 vol% were obtained with the use of
solid- and liquid-phase mechanosyntheses, followed by magnetic pulse compaction (MPC) and spark plasma sintering. The
morphology, structural-phase composition, density, hardness and electrical conductivity of the composites were investigated.
The structure of composites obtained by MPC represents regions of copper matrix hardened by superfine carbide precipitates
surrounded by a layer of chromium carbide. In the composites obtained by spark plasma sintering, the copper matrix hardened
by superfine carbide precipitates was divided into areas surrounded by a copper—chromium layer. A composite obtained by
the MPC of the powders synthesized using solid-phase mechanosynthesis (MS) (copper, chromium and graphite) had the
highest values of Vickers microhardness (4.6 GPa) and Rockwell hardness (HRA 69). The best value of electrical conductivity
(36% 1ACS) was achieved using liquid-phase MS (copper, chromium and xylene) and spark plasma sintering. Liquid-phase

MS is the only way to synthesize the powder with a small amount of the carbide phase and without contamination.

Keywords.

1. Introduction

Nanocomposites based on copper reinforced with small
amounts of a hardening agent (carbides, oxides, nitrides,
borides or phosphides of transition metals) have an opti-
mum combination of good electrical conductivity, thermal
conductivity, strength, hardness, damping characteristics and
corrosion resistance. Copper nanocomposites have broad
potential application as electric contact materials. The nanos-
tructured composites can be prepared in one step, i.e., without
preliminary synthesis of the hardening additive. For this pur-
pose, mechanoactivation of metal powders and a solid, liquid
or gaseous source of C, O, N, B or P is used [1-8]. The
most effective and practically the only way to obtain copper
nanocomposites with low amounts of reinforcing components
is mechanosynthesis (MS) using a liquid phase (water, liquid
hydrocarbons, organic acids, etc.) as a dispersant. However,
the effect of such additives on the chemical composition,
structural-phase state and properties of the mechanically syn-
thesized composites has rarely been evaluated. However,
Lopez et al [9] showed that upon preparation of Cu-2 vol%
Cr3C, composites by the mechanical activation of powders
of copper and chromium carbide with the addition of ethy-
lene glycol; the powders were significantly contaminated with
iron, carbon, oxygen and inclusions of iron and chromium
oxycarbides, which resulted in a decrease in the ductility
and electrical conductivity of the bulk composite. The high
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hardness of chromium carbide is one of the causes of sample
contamination with iron and the formation of oxycarbides is
due to the destruction of ethylene glycol molecules.

Previously, we synthesized Cu-30 vol% Cr;C, by two
methods: mechanically alloying powders of copper, chromium
and graphite in argon and mechanically alloying copper and
chromium powders in xylene, which served as a carbon source
[10,11]. It has been shown that chromium carbide forms
through MS in the presence of graphite. Upon synthesis in
xylene, carbide phase formation occurred during subsequent
heat treatment of the powders. In this case, grains of the cop-
per matrix and carbide inclusions were smaller even after
annealing at 800°C. It is expected that MS with the use of a
liquid hydrocarbon would be an effective way to obtain com-
posites with good mechanical properties and a lower carbide
phase.

In addition to the choice of powder composite synthesis
method, it is important to choose the method of powder com-
paction. To prepare high-density bulk composites by cold and
hot isostatic pressing, severe plastic deformation, magnetic
pulse compaction (MPC) and spark plasma sintering (SPS)
are the most commonly used [12—15]. The two last methods
are the most promising; however, data on the properties of
Cu—Cr3;C, composites prepared using these methods are not
available.

The purpose of this work was to choose optimal
methods for producing Cu—Cr;C, composites. To this end, the
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structural-phase state and properties (density, hardness and
electrical conductivity) of composites produced by solid- and
liquid-phase mechanical synthesis methods and compacted by
MPC or SPS were evaluated. As a rule, to noticeably improve
the mechanical properties of copper products without signifi-
cantly reducing the electrical conductivity, a hardening phase
of 0.5-10 vol% is added to the composite. However, a small
amount of the carbide phase makes the study of such com-
posites by X-ray diffraction and microscopy difficult. In this
paper, the basic research was carried out on model alloys
containing chromium and carbon corresponding to 30 vol%
CI‘3C2.

2. Materials and methods

To prepare the samples, 72.7 wt% copper (99.72 wt%, aver-
age particle size 17 um), 21.0 wt% chromium (99.92 wt%,
17 pm) and 3.3 wt% graphite (99.99 wt%, ~ 1000 pum) pow-
ders and ~20 cm? of xylene as a carbon source were used.
This composition corresponded to the following composition
in atomic percents: Cug3 9Crp; 7C14.4. The chosen proportion
of the components corresponded to the volume concentration
of chromium carbide Cr;C, of 30%. MS was performed in
a planetary ball mill (Fritsch P-7, Germany) with forced air
cooling. The containers (volume of 45 cm?) and the balls (20
pieces, 8 mm in diameter) were made of steel (1 wt% C, 1.5
wt% Cr). The treatment time was 24 h and the weight of the
loaded powder mixture was 10 g. The solid-phase milling of
the Cu—Cr—graphite powders was performed under low exces-
sive pressure of a purified argon atmosphere. The liquid-phase
milling of Cu—Cr powders was performed in the containers
filled with xylene. The samples obtained through solid- and

Table 1.
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liquid-phase syntheses are denoted as P1 and P2, respectively
(table 1). Sample P3 with 5 vol% Cr;C, was obtained by MS
in xylene for 48 h. The powders were annealed in argon at
600-800°C (1 h) and the annealed powders were designated
as P1-600, P1-800, P2-600 and P2-800. Annealing of the pow-
ders in argon atmosphere allows us to estimate the sintering
temperatures.

MPC [16-18] and SPS [19] were selected as methods of
compacting. The amplitude of the pulse wave of compression
of MPC was 1.5 GPa with a pulse duration of 300 ms. Before
compaction, the samples were degassed at heating to a temper-
ature of 500°C under vacuum (5-10 Pa) for 240 min and then
pressed between steel strips coated with a layer of graphite
at a temperature of 500°C. To prevent cracking, the samples
were cooled to 400°C and then to room temperature for 120
min. Disks 15 mm in diameter with a thickness of 1-2 mm
were obtained. The composite obtained from P1 is designated
in table 1 as M1, from P2 as M2 and that from P3 as M3.

SPS was performed using an HP D 25 (FCT Systeme
GmbH, Germany) system with a pulse duration of 5 ms, a
constant voltage of 4.5 V and a current of 810 A. The powders
were charged between two graphite electrodes in cylindrical
graphite crucibles with inner and outer diameters of 20 and
60 mm, respectively. Sintering was carried out in a vacuum of
10~! Pa at a pressure of 80 MPa. The powders were degassed,
then heated at 100°C min~! to a temperature of 700°C and
then held for 30 min, after which the furnace was cooled to
room temperature. The diameter of the obtained disks was
20 mm and the thickness was 1-2 mm. In table 1, S1 and
S2 denote the composites obtained from powders P1 and P2,
respectively.

X-ray photoelectron spectroscopy (XPS) was used to
determine the surface composition of the powder particles.

Characteristics of experimental samples: volume fraction of carbide, copper lattice parameter (acy), grain size ((L)cy), copper

lattice microstrain level (¢), density (o), microhardness (HV), HRA hardness and electrical conductivity of the samples.

Volume fraction

Sample Preparation of carbide (%)  acy (nm) (L)cy (nm) € (%) p(gem™3) p (%) HV (GPa) HRA % IACS

Pl MS (graphite) 30(2) 0.3626(1) 3(1) 0.10(2) — — — — —

P1-600 MS (graphite), 30(2) 0.3620(1) 7(2) 0.02(1) — — — — —
annealing at 600°C

P1-800 MS (graphite), 30(2) 0.3618(1) 48(5) 0.04(1) — — — — —
annealing at 800°C

P2 MS (xylene) 0.3622(1)  4(1)  0.05(2) — — — — —

P2-600 MS (xylene), 0.3619(1) 7(1) 0.03(1) — — — — —
annealing at 600°C

P2-800 MS (xylene), 21(2) 0.3618(1)  31(4)  0.02(1) — — — — —
annealing at 800°C

P3 MS (xylene) 0.3617(1) 9(3) 0.04(2) — — 1.2(1) — —

M1 P1, MPC 30(2) 03617(1)  118)  0.053) 7.795) 96  4.6(4) 692) 19(2)

M2 P2, MPC 0.3618(1) 9(2) 0.02(2)  7.90(5) 96 3.8(4) — 15(2)

S1 P1, SPS 22(2) 0.3618(1) 22(5) 0.06(1)  7.50(5) 38 4.033) 58(2) 26(2)

S2 P2, SPS 20(2) 0.3618(1)  21(4)  0.07(1) 7.9805) 98 382 63(1) 36(2)

M3 P3, MPC 0.3616(1) 13(3) 0.01(2) 7.67(5) 93 2.3(2) — 3002
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The XPS spectra were obtained on an ES-2401 spectrom-
eter (EZAN, Russia). The vacuum in the analyser chamber
was approximately 10~ Pa. The calibration of the spectra
was carried out under Au 4f7,> (84.0 eV). The value of the
binding energy (E}) of the electron line, Cls, in the alkyl
group was taken to be 285.0 eV. The accuracy of the posi-
tion of the line was +0.2 eV. The relative accuracy of the
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Figure 1. SEM images of the (a, b) P1 and (¢, d) P2 powders.
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quantitative analysis was £10%. Analysis of the XPS spec-
tra was performed in accordance with Briggs and Seah [20],
Beamson and Briggs [21] and Povstugar et al [22].

X-ray diffraction analysis was carried out using two
X-ray diffractometers: a DRON-3 Min X-ray diffractometer
with CuKe radiation at 26 from 20 to 110°C and the soft-
ware package MIS&S [23] and a MiniFlex (Rigaku) X-ray
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diffractometer with Co Ko radiation at 26 from 20 to 130°C
and the software package PDXL. A quantitative analysis was
carried out using Rietveld refinement [23]. The grain size of
the copper was evaluated using the diameter of the regions of
coherent scattering as determined by the Warren—Averbuch
method using a one-line profile in accordance with Dorofeev
et al [24]. All composites prior to the study of the structural-
phase state and properties were mechanically polished.

The morphology, microstructure and distribution of the
main components were investigated using two scanning elec-
tron microscopes (SEMs): a JEOL JSM-6490LV SEM with
a system for microscopic X-ray analysis (INCA Energy 350,
Oxford Instruments) and a VEGA 3 LMH (TESCAN) SEM
with a system for X-ray energy dispersive microanalysis
(INCA Energy 250/X-max 20, Oxford Instruments). Both
systems were used at accelerating voltages of 20 kV with
preliminary chemical etching of the polished composites.

To measure the microhardness, HV, of the composites,
the device PMT-3 was used with a load of 0.49N for 10 s.
Each sample was measured ten times. Hardness measure-
ments were carried out by the Rockwell method in HRA units.
In this case, each sample was measured five times. All the
samples were polished. Mean values and standard deviations
were calculated. The density of the composites was evaluated
by hydrostatic weighing. The electrical conductivity was mea-
sured at room temperature by the standard four-probe method
using V1-13 as the current source and R3009 as the bridge.

3. Results and discussion

Figure 1 shows images of the obtained powders. The powders
are agglomerated and the sizes of the agglomerates of the
P1 powder particles obtained by MS with graphite are
20—100 pm (figure 1a and b). According to X-ray diffraction,
P1 is a nanocrystalline solid solution of chromium in cop-
per with a grain size of approximately 3 nm. The weak
halo between 26 of 35—55° corresponds to a phase of nan-
odispersed Cr3C, (figure 2a, curve 1) [11]. The grain size of
the copper matrix (table 1) remains virtually unchanged after
annealing at 600°C (sample P1-600) and increases markedly
after annealing at 800°C (sample P1-800). The grain size of
the P1-600 powder is close to 7 nm and the grain size of
the P1-800 powder is close to 48 nm. Therefore, the sinter-
ing temperature should be below 800°C. The volume fraction
of Cr3;C, in the samples P1-600 and P1-800, evaluated by
quantitative X-ray analysis, was close to 30%.

Use of a liquid organic medium in MS reduced the sizes
of the agglomerates of the P2 powder particles to 5—10 pm
(figure 1c and d). The X-ray diffraction patterns show only a
nanocrystalline solid solution of chromium in copper with a
grain size of 4 nm and nanocrystalline chromium (figure 2b
and table 1). The grain size of the copper matrix is close
to 7 nm (P2-600) after annealing at 600°C and it increased
up to 31 nm (P2-800) after annealing at 800°C. Despite the
fact that according to the Auger analysis [11], the amount of
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carbon on the particles obtained in xylene was three times
greater than in the case of graphite, carbide formation in the
MS process did not occur. After annealing at 600°C (sample
P2-600), the nanocrystalline chromium lines disappear and
broad peaks with low intensities, which can be attributed to
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Figure 2. Powder XRD patterns of (al) P1, (a2) P1-600,
(a3) P1-800, (b1) P2, (b2) P2-600 and (b3) P2-800.
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highly dispersed carbide, Cr3;C,, appear in the diffraction pat-
tern. After annealing at 800°C (sample P2-800), the formation
of approximately 21 vol% of chromium carbides, Cr;C, and
Cr;C5 and 3 vol% of an oxide, Cr,03, is observed. The car-
bide Cr;Cs; most likely formed due to the partial oxidation
of carbon. Thus, in the powders obtained by MS in xylene,
the formation of fine chromium carbides occurs but only after
further annealing. It should be noted that according to the
results of the energy dispersive X-ray analysis of MS with
the use of graphite, slight contamination of the powder by the
grinding media (1.5 at% iron) occurred. With MS in xylene,
iron contamination was absent.

The presence of oxides in the powders after annealing may
be related to the composition of the surface and also to the
higher specific surface area of the powders obtained in xylene.
The composition of the surface was investigated by XPS
(figure 3). In the Cls spectra, the line with E}, = 285.0 eV cor-
responds to the hydrocarbon in the group (—CH,—CH,—),
and the line with £}, > 286.0 eV corresponds to the oxidized
carbon. In the Ols spectrum, the line with E, & 530 eV cor-
responds to the metal oxides, the line with E, ~ 531.6 eV
denotes hydroxides and the line with Ey, > 533 eV corre-
sponds the oxygen atoms in the composition of the adsorbed
water. In the Cu2p spectrum, the line with E, ~ 933 eV
may correspond to both Cu and Cu,0, whereas the line with
Ey ~ 935.3 eV corresponds to Cu(OH),. The Cr2p spectrum
isrepresented by the wide line with a maximum Ey, &~ 577 eV,
characteristic of chromium compounds in the state of Cr*.
Based on the line width, the contribution to the spectrum is
given by oxides and hydroxides of chromium. The analy-
sis showed that significantly more oxidized carbon, adsorbed
water and metal hydroxides exist on the surface of the sample
obtained by MS with the use of graphite, P1. Despite this,
reduction of the metal from the oxide was faster in P1 than
in P2 owing to the lower specific surface area. Compaction
conditions were selected based on the analysis of the initial
and annealed powders.

Curve 1 of figure 4 shows the X-ray diffraction pattern of
the M1 composite, which was compacted by MPC from the
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P1 powder obtained with the use of graphite. During MPC,
the copper matrix grains grew to ~10 nm and the micros-
train decreased to 0.02-0.05%. Carbide lines in the X-ray
diffraction patterns had very low intensities and broadened
considerably, which points to the nanocrystalline state of the
carbide phase.

Figure 5a presents low- and high-magnification electronic
images of the surface of the M1 composite. In the images,
borders of the initial agglomerates of the particles are not
observed. Chromium carbide is present in the form of rounded
inclusions of approximately 100 nm in size, with some inclu-
sions of 1—3 pm in size (in the electronic images, carbide is
shown as dark areas). The higher magnification image shows
that the small carbide inclusions form nets, with an average
cell size of up to 5 um, which are evenly distributed over the
volume of the composite. The atomic ratio of the concentra-
tions of Cu:Cr in the copper matrix is 74:26, which is close
to the initial value of 75:25. The sizes of the cells are close to
the primary particle size (figure 1b). Thus, in this case, com-
pacting has no significant effect on the morphology formed
during mechanosynthesis. The single light area on the elec-
tronic image in figure la is an area rich in copper (Cu:Cr =
93:7). Its presence is due to the entry of the particles from
‘dead’ zones of the grinding container into the composite.

The microhardness of composite M1 is 4.6 GPa, its Rock-
well hardness is 69(2) HRA and its electrical conductivity is
19% IACS.

Curve 2 of figure 4 shows the X-ray diffraction pattern
of the M2 composite compacted by MPC from powder P2
obtained using xylene. In addition to nanocrystalline cop-
per with a grain size of 10 nm, nanocrystalline carbides
(Cr3C; and Cr;C3) and an oxide (Cr,O3, ~3 vol%) are also
observed in the annealed powder (table 1). Because the lines
of the carbides are broadened and there are sets of lines from
different carbides, the exact proportions of Cr3C, and Cr;C;
cannot be determined.

In the electronic images of the M2 composite (figure 5b),
large areas from 1 to 50 pum with the atomic ratio of Cu:Cr =
74:26 surrounded by carbide layers with thicknesses of 5 pm
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Figure 3. XPS spectra of the (1) P1 and (2) P2 powders.
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Figure 4. XRD patterns of the composites. 1, 2: M1, M2 (CuKa),
respectively and 3, 4: S1, S2 (Co Ka), respectively.

were observed. The sizes of these areas do not coincide with
the size of the agglomerates or the particle size of the initial
powder. In this case, therefore, the morphology of the compos-
ite is formed during compacting. Within the regions, there are
rare carbide inclusions ranging from 100nm to 1 pm. How-
ever, the microhardness of the areas free of visible carbide
inclusions is high (3.8 GPa), which indicates the presence
of reinforcing carbide inclusions less than 100 nm in size.
The electrical conductivity of M2 is 15% IACS. The densi-
ties of the M1 and M2 composites are the same: 96% of the
theoretical value.

M A Eryomina et al

Thus, regardless of the powder’s synthesis method, the
structure of MPC composites represents regions of copper
matrix hardened by superfine carbide precipitates surrounded
by a layer of chromium carbide. The use of graphite in the
synthesis of the powder allows us to obtain a more uni-
form distribution of chromium carbide over the volume of
the composite, thus increasing the composite microhardness
somewhat.

Curves 3 and 4 of figure 4 show X-ray diffraction patterns
of composites S1 and S2, prepared by SPS. The phase com-
position of S1 is more complicated than that of the annealed
powder P1 (table 1). In addition to copper with a grain size
of ~20 nm, approximately 3 vol% Cr, 4 vol% Cr,0O3 and 22
vol% Cr;C, are present in the phase composition of the com-
posite. Grey areas with the atomic ratio of Cu:Cr = 73:27
and with sizes corresponding to the particle size of the start-
ing P1 powder surrounded by light layers with a thickness of
1—10 pm are seen in the electronic images (figure 5c¢). Cop-
per dominates in the composition of the light layers (Cu:Cr =
97:3). Chromium carbide in the form of dispersed inclusions
with an average size of approximately 70 nm is uniformly
distributed in the grey areas. The sizes of very rare large
inclusions are no greater than 1 pm. The density of the S1
composite is 88%, the microhardness is 4.0 GPa, the Rock-
well hardness is 63 HRA and the electrical conductivity is
26% IACS.

It is obvious that during compaction by SPS, decarboniza-
tion of the surface layer of the powder P1 particles, the partial
oxidation of chromium and Cr;C, that forms in the MS
process and the melting of the lowest-melting-temperature
component (copper) occur under the action of the spark
energy. The particles are effectively welded together; molten
copper fills the spaces between the particles. Free chromium
partly remains in the ‘welded’ areas as part of a solid solution;
it is also present in the form of fine oxide precipitates. The
presence of copper layers increases the electrical conductivity
of S1 as compared to the M1 composite. However, M1 has a
higher density. This is likely due to the large amount of water
vapour on the surface of P1 (figure 3), which, during the pro-
longed evacuation (4 h) before MPC, is completely removed,
which does not occur in short-term exposure before SPS.

The phase composition of the S2 composite, unlike S1,
does not contain free chromium and Cr3zC,. This composite
was formed of 20 vol% Cr;C3, approximately 3 vol% Cr,03
and a solid solution based on copper with a grain size of
approximately 20 nm. As indicated previously, the forma-
tion of the carbide phase in composites synthesized in xylene
occurs only when heat is treated. The formation of carbide
with lower carbon content is related to the fact that the parti-
cle size of the P2 powder is much less than that of P1 and that
decarbonization affects almost the entire volume of the com-
pacted powder particles. The microstructure of the composite
S2 (figure 5d) is analogous to the microstructure of S1, but
the sizes of the ‘grey’ areas surrounding the grains is much
smaller (5 um), which corresponds to the particle size of the
starting powder.
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7 um

Figure 5. SEM images of the (a) M1, (b) M2, (¢) S1 and (d) S2 composites.
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The microhardness of S2 (3.8 GPa) is close to that of S1,
but the density of S2 (98%) and its Rockwell hardness (63
HRA) are higher. The electrical conductivity (36% IACS)
is much greater than that obtained for all other composites
(see table 1) due to the presence of substantially pure copper
layers in the microstructure of the composite and its high
density.

Obviously, the SPS method is the most effective one for
producing composites with the highest electrical conductivity.
However, to attain high values of microhardness, it is more
effective to apply the MPC method.

Since decarbonization of the powders mechanosynthesized
in xylene proceeded more vigorously during SPS, the MPC
method was used to obtain the composite M3 containing
5 vol% Cr3C,. According to the X-ray diffraction data, the
obtained M3 and P3 are in the single-phase state comprising
nanocrystalline copper with a grain size of 13 nm (table 1).
Therefore, the properties of the composite obtained were com-
pared to the properties of nanocrystalline copper produced
by equal-channel angular extrusion (16 passes). The micro-
hardness of M3 (2.3 GPa) was two times higher than that of
nanocrystalline copper and the electrical conductivity (30%
IACS) was three times lower.

4. Conclusion

Bulk Cu—Cr3;C, (Cr;Cs3) composites with a carbide content
of 20-30 vol% were prepared by MPC and SPS of pow-
ders mechanically synthesized in an inert gas (argon) using
graphite and in a liquid hydrocarbon (xylene). X-ray diffrac-
tion, electron microscopy and measurements of hardness,
density and electrical conductivity were used to investigate
the effect of synthesis method and the method of their con-
solidation on the structure and properties of the resulting
composites.

It has been shown that the composites had a nanostruc-
tured copper matrix with inclusions of fine carbides ranging
in size from 70 nm to 3 pum and that the matrix is divided into
areas surrounded by a carbide layer at MPC or by a copper
layer at spark plasma sintering. The morphology of the com-
posite influenced its properties. The composite obtained by
MPC of powders synthesized with the use of graphite had the
highest microhardness of 4.6 GPa, a Rockwell hardness of 69
HRA and an electrical conductivity of 19% IACS. The high-
est electrical conductivity of 36% IACS, a microhardness of
3.8 GPa and a Rockwell hardness of 63 HRA, was achieved
by using mechanical synthesis in xylene and spark plasma
sintering.
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