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Abstract. We investigated composite materials based on electrolytic copper powder containing 1 and 5 wt. % powder of colloidal
graphite the addition of trace amounts of copper sulfate and acetate. The materials were obtained through double cold pressing
in a mold at a pressure of 600 MPa, intermediate sintering (annealing) in hydrogen at a temperature of 870 °C, and final sintering in
vacuum at the copper premelting temperature. To analyze the influence of copper salts on the density, porosity, electrical resistivity,
and strength of copper—graphite composite materials, we employed X-ray phase analysis, scanning electron microscopy, conducted
strength tests in three-point bending, and determined electrical resistivity. We established that higher graphite content results in
increased porosity and electrical resistivity of composite materials, along with decreased strength. In the materials containing copper
sulfate, copper is reduced from the salt in the form of nanodispersed particles on the surfaces and inside graphite flakes, leading
to a decrease in electrical resistivity compared to copper—graphite composites without salt additives. When copper acetate was added
to the composite material, copper is reduced from the salt mainly on the surfaces of graphite particles in the form of microdispersed
particles and their aggregations, as the copper acetate solution does not wet the graphite. In this case, the electrical resistivity was
somewhat higher than that of the composite with sulfate but lower than that of the material without salts. The bending strength of the
studied materials decreased as salts were introduced due to increased porosity and emerging defects in the crystal structure of graphite
during its intercalation with copper.
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AHHoTayums. VicciieJoBaHbl KOMITO3ULIMOHHBIE MAaTEePHANIbl HA OCHOBE SJIEKTPOIMTHYECKOTO MOPOIIKa MeH, coaepxanme 1 u 5 mac. %
MOPOIIKA KOJUIOUTHOTO rpaduTa, ¢ J00aBICHHEM B MUKPOKOINYECTBAX Cynbdara u arerara Meau. MaTepHaisl OIy4aid MeTOIaM1
JIBOMHOTO XOJIOTHOTO MpeccoBaHus B pecc-hopme npu aasieHnn 600 MIla, mpomeKyTodHOTO CHIeKaHUs (OT’KUTa) B BOAOPOJIE MTPU
temneparype 870 °C 1 OKOHYATEIBHOTO CIICKaHUs B BaKyyMe MPH MPEAIUIaBIIIbHON TeMreparype Mean. MetogaMu peHTreHodazo-
BOTO aHAJIU3a, CKAHUPYIOLIEH IEKTPOHHONH MUKPOCKOITMHU, UCTIBITAHUIT HA TIPOYHOCTH MPH TPEXTOYESUHOM H3THOE U ONPEAC/ICHHs
3JIEKTPOCONPOTHBIICHHS UCCIICIOBAHO BIMSHHUE COJICH MEAN Ha IUIOTHOCTb, HOPHCTOCTD, YICIBHOE SIEKTPOCOIPOTHBICHHE U POY-
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HOCTb KOMIIO3UITUOHHBIX MaT€puajioB Mem;—rpa(l)lxm yCTaHOBIIeHO, YTO C YBCIMYCHUEM COACPIKAHUSA I‘pa(l)I/ITa TMIOBBIMIAKOTCS TOPHU-
CTOCTb U YACIBHOC DJICKTPOCOIIPOTUBICHUEC KOMITO3UIIMOHHBIX MaT€pUaIoB, a MIPOYHOCTh CHUIKACTCA. B mMarepualiax, coaepikanmx
CyJ'II:»(l)aT MEaU, NPOUCXOAUT BOCCTAHOBJIICHHUC MCN U3 COJIM B BUAC HAHOAUCIICPCHBIX YaCTHUI] HAa MMOBEPXHOCTAX U BHYTPpHU rpa(bI/I-
TOBBIX YCHIYCK, YTO CHOC06CTByeT CHUIKCHHUIO YJCIIBHOI'O SJICKTPOCOHNPOTHUBIICHUSA 1O CPABHCHUIO C KOMIIO3UTaMHU MeI[b—I‘pa(bI/IT
0e3 II06aBOK COJICH. HpI/I [I06aBJ'IeHI/II/I anerara Mciu B KOMHO3I/IL[I/IOHHI)II71 Marepuajl BOCCTAaHOBJICHHUE MEAU U3 COJIM IMPOUCXOAUT
MPEUMYIIECTBCHHO HaA IMOBEPXHOCTAX YaCTHUI] rpaq)lzrra B BUAC MUKPOAUCTICPCHBIX YaCTHUI[ U UX CPOCTKOB, TaK KaK paCcTBOp al€rara
MCIW HE CMa4yuBacT l"pa(l)I/IT. VneneHOE DJIEKTPOCOIIPOTUBJICHUE IIPU STOM OBLJIO HECKOJIBKO 60.]1])1].[6, YEeM Yy KOMIIO3HUTa C CyIIBq;)aTOM,
HO MCHBIIIEC, YEM Yy MaTepuaia 0e3 coueii. HpO‘{HOCTB Ha U3ruo HCCIICAOBAHHBIX MaT€pUajoB IIpyU BBEACHUU COJICH TIOHMXKAIACh 3a
CYET IMOBLINICHUS TIOPUCTOCTU U MOSIBJICHUS Z[e(i)eKTOB KPUCTAJUINYCCKOTO CTPOCHUS Fpaq)HTa IIpH €ro UHTEPKAJIMPOBAHUN MCIIBIO.

Knirouesbie cnosa: xommnosunnonHbiii Matepuai (KM), menp, rpadur, cynbdar Meau, anerar Meau, YACIbHOE IEKTPOCOIPOTHBICHHUE,
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Introduction

Copper—carbon composites combine the high ther-
mal and electrical conductivity of copper alongside
the low thermal expansion coefficient, specific mass,
and high melting point of carbon [1]. Consequently,
they find extensive application in electrical devices
and the semiconductor industry, serving as materials
for thermally conductive bases in the housings of high-
power rectifying and laser diodes, microwave transis-
tors, power amplifiers [2; 3], as well as in electro-ero-
sion machining of metals, heavy-duty power modules,
and optoelectronic devices such as pantograph sliders,
brushes in electric motors, and other machinery compo-
nents [4]. However, the electrical resistivity of graphite
is two orders of magnitude greater than that of copper,
leading to a decrease in the overall electrical conduc-
tivity of the composite material (CM) when graphite is
added in large quantities.

Intercalation with metal ions, including the formation
of superconducting structures, can enhance the graphite
conductive properties. For example, graphite inter-
calated with calcium exhibits superconductivity [5],
while iron enhances the thermal and electrical con-
ductivity of carbon materials [6]. Copper intercalation
into graphite [7; 8] and carbon nanotubes (CNTs) [9]
has also been reported. However, the lack of physico-
chemical interaction between the components, includ-
ing the high surface tension of the metal melt, poses
challenges to the manufacturing technologies for cop-
per—graphite and copper—CNT systems [10]. Metal
ions are introduced into graphite, CNTs, and fullerenes
using salt solutions. For instance, in [9], CNT powder
was mixed with copper acetate hydrate, and quantum
copper wires up to 50 nm long were obtained after ther-
mal treatment inside CNTs. The authors in [7; 8] uti-
lized copper chloride for graphite intercalation to pro-
duce superconducting materials [11].
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Due to the significant difference in thermal expan-
sion coefficients, conventional preparation methods
struggle to achieve effective interfacial adhesion
between the copper matrix and carbon. Even rolling at
different temperatures with high degrees of deforma-
tion [13] fails to strengthen the phase interface and
reduce electrical resistivity.

Since graphite lacks physicochemical interaction
with the copper matrix, carbide-forming elements such
as boron, chromium, etc. [14] are added to the CM
to enhance bonding between copper and carbon at
the phase interface. Additionally, the carbon surface is
oxidized with acids [15] and salts, resulting in the intro-
duction of ultra-dispersed copper into the material
pores. This process leads to reduced friction coefficient
and wear, while improving electrical conductivity and
mechanical properties [16]. In [17], preliminary chemi-
cal copper-plating of natural flake graphite is utilized
to enhance the adhesion of graphite to the copper
matrix, albeit complicating the technological process
and increasing costs.

There are documented instances of obtaining inter-
calated structures of graphite without special process-
ing. In [18], graphite was introduced into a copper
melt at 1200-1250 °C, yielding a copper alloy with
lower electrical resistivity and higher tensile strength
compared to existing ones. Authors in [19] conducted
intercalation by incubating samples of highly oriented
pyrolytic graphite (HOPG) for 20 min in a 99.99 %
pure copper melt at 1473 K in vacuum. Analysis
of the diffraction pattern of graphite containing cop-
per atoms revealed planes with atoms displaced from
their initial positions within its structure. The authors
explain these results by the formation of intermediate
complexes with copper ions in graphite. If the metal
atom leaves a pair of rings in the plane of the graphite
grid, the latter instantly establishes “diamond” bonds
with molecular networks corrugating in the area where
the metal was located.
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The powder metallurgical technique enables to con-
trol the properties of composite materials by adjust-
ing compositions and manufacturing methods across
a wide range of options. In [20], a copper—graphite
composite material was fabricated through sintering
at a pre-melting copper temperature. Additional reflec-
tions identified via X-ray phase analysis of the sintered
CM of copper and colloidal graphite corresponded
to those described in [21]. The resulting materials
exhibited low electrical resistivity and were evalu-
ated as electrodes-tools for electro-erosion machining,
benefitting from their high electrical and thermal con-
ductivity properties.

Considering the method of pretreating graphite
with acids and subjecting it to high pressure of copper
vapor, the formation of intercalated compounds with
copper appears quite feasible [21; 22].

The objective of the current study is to investi-
gate the impact of treating graphite with copper salts
on the physical and mechanical properties of copper—
graphite CMs.

Experimental and research
techniques

To produce copper—graphite samples, we utilized
PMS-1 copper powder (according to GOST 4960-75),
S-1 colloidal graphite (per TS 113-08-48-63-90), CuSO,
(according to GOST 19347-2014), or (CH,CO0),Cu
salt, which was prepared from copper powder and
glacial acetic acid. The surface of compacted graphite
powder was moistened with 7 %-aqueous solutions
of salts using the sessile drop method, with the wet-
ting angle being determined based on photographs.
In some instances, non-ionogenic surfactants were
added to the salt solutions.

We mixed S-1 graphite powder with copper salts in
amounts sufficient to achieve 10 % copper content after
reduction. Distilled water with or without the required
amounts of salts and surfactants was added, and
the powder was dispersed in an ultrasonic bath (USB)
ST-400S (Russia), then dried at room temperature
and subsequently reduced in hydrogen at tempera-
tures ranging from 750 to 1000 °C. For the production
of composite materials (CMs), copper and graphite
powders were mixed in proportions of 1 or 5 wt. %
with a non-ionogenic surfactant (with salts added in
some cases). The mixtures were dispersed in the USB
(ST-400S) with ethyl alcohol and dried. The result-
ing powders were pressed at a pressure of 600 MPa
using the P-125 press (manufactured in Russia) and
annealed in the SGV furnace (manufactured in Russia)
in a hydrogen atmosphere at 870 °C for 1 h. After
annealing, samples were additionally compacted in

the mold at a pressure of 600 MPa. Finally, the sam-
ples were sintered in a vacuum at temperatures ranging
from 1070 to 1080 °C for 2 h using the SNVE-1.3.1/16
furnace (Russia).

The X-ray phase analysis was conducted using
the XRD-6000 diffractometer (Shimadzu, Japan) with
CuK -radiation. The phase composition was identified
using the International Center for Diffractographic
Measurements files, and Crystallographica Search-
Match Version 2.0.3.1 (Oxford Cryosystems Ltd), was
employed for data processing. The shooting parameters
included an angle range from 10 to 110° with a step
0f 0.02°. The structure of copper—graphite CM samples
was examined using a Tescan Vega 3 scanning electron
microscope equipped with an EDX-analyzer (Czech
Republic).

The properties were tested on 3—10 samples per
point. The density and porosity of composite materi-
als were determined using the calculation method
according to the standard technique (GOST 18898-89).
The electrical resistivity of the CM was calculated from
the sample resistance determined by the GOM-802
device (Russia), using a method based on measuring
the potential difference across the conductor section.
The strength at three-point bending of samples without
cracks was tested using the FP 10/1 machine (Germany),
following the procedures outlined in GOST 18227-85,
with a loading speed of 2 mm/min and a distance
of 40 mm between the supports.

Results and discussion

The contact angle of wetting the graphite surface
with copper sulfate solution was significantly smaller
than that of wetting it with copper acetate solution
(Fig. 1, a, b). Upon addition of a non-ionogenic sur-
factant to the aqueous solutions of both salts, these
values decreased further: from 70 to 34° for cop-
per sulfate (Fig. 1, ¢), indicating wetting according
to the well-known Thomas Young formula, suggesting
that the solution with surfactant is close to spreading
on graphite. However, for copper acetate, the contact
angle decreased only insignificantly, from 110 to 98°,
implying nonwettability (Fig. 1, d).

It is noteworthy that even after several minutes,
drops of salt solutions continued to spread on the gra-
phite surface, indicating its interaction with the salts.
The experiment involving the reduction of graphite
powder treated with salt solutions allowed us to simu-
late the mechanism of forming the structure of copper—
graphite composite material during sintering.

We examined the phase composition after the reduc-
tion of copper salts in mixtures with graphite in hydro-
gen (Table 1). It was observed that copper acetate is
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Fig. 1. Determination of the contact angle of wetting
with aqueous solutions of (CH;C0OO0),Cu and CuSO, salts

o
TeS

on the surface of pressed graphite powder
a — solution CuSO, without surfactant (6 = 70°)

b —solution (CH,CO0),Cu without surfactant (0 = 110°)

¢ —solution CuSO, with surfactant (6 = 34°)
d — solution (CH,CO0),Cu with surfactant (6 = 98°)

Puc. 1. Onpenenenne KpaeBoro yrila CMadHBaHHS
BotHbIME pacTBopamH conelt (CH,COO0),Cu u CuSO,
Ha MOBEPXHOCTHU NIPECCOBAHHOTO ITOPOIIKa rpadura

a—p-p CuSO, 6e3 I1AB (0 = 70°)

b —p-p (CH,COO0),Cu 6e3 ITAB (0 = 110°)
¢ —p-p CuSO, ¢ nobasxoii [IAB (6 = 34°)
d —p-p (CH,COO0),Cu ¢ nobaskoii [TAB (0 = 98°)

reduced to pure copper even at a temperature of 750 °C,
with a small amount of Cu,O oxidized copper formed
(Table 1). As the temperature increases to 1000 °C,
copper oxide is no longer detected, which is consis-
tent with previous data on copper reduction in hydro-
gen at temperatures ranging from 200 to 400 °C [23].
At 750 °C, copper sulfate transforms into copper sul-
fide, and as the temperature rises to 1000 °C, the sul-
fide is reduced to copper, in accordance with thermo-
dynamic calculations [24].

SEM images of graphite mixtures after reduction
with copper salts reveal that in the sample treated with
copper sulfate, copper particles are distributed both
on the surfaces and inside the graphite particles and
the distribution is quite uniform (Fig. 2, a, b). Surface
particles account for approximately 20 %, with a maxi-
mum of 50 % (Fig. 2, a, Table 1). The copper particles
reduced from sulfate measure between 0.2 and 1.0 um
in size (Fig. 2, b, Table 1).

In the graphite sample treated with an aqueous
copper acetate solution and impregnated to a shal-
low depth, the reduced copper particles are pre-
dominantly located on the surfaces of graphite par-
ticles (Fig. 2, ¢, d) in the form of large crystals, with
a concentration on the surface reaching 60 % (78 %
maximum, Table 1). The particles of copper reduced
from acetate range from 0.1 to 3.0 um in size. Given
that the average copper content in both samples was
approximately 10 wt. % relative to the graphite mass,
it is evident that the majority of copper reduced from
acetate is concentrated on the surfaces of graphite par-
ticles, while in the sample treated with copper sulfate,
copper particles are mostly situated in the interlayer
spaces of graphite flakes. These results suggest a simi-
lar reduction of copper from salts during CM sintering
after their addition.

After the final sintering of composite materials
containing 99-95 % of PMS-1 copper powder and
1-5 % of colloidal graphite powder (with and without
addition of salts), SEM images reveal that copper, in
the form of spheres of varying diameters, is uniformly
distributed within graphite inclusions (Fig. 3-5).

Table 1. Phase composition of graphite impregnated with salt after reduction

Tabnnya 1. @a30BbIi cocTaB rpauTa, NPONUTAHHOIO COJIbIO, ITOCJIE BOCCTAHOBJICHUS

Phase composition Copper concentration, wt. % Copper
. after reduction average in the on the graphite surface particle
before reduction . : . .
750 °C 1000 °C | mixture (XRF) | average/maximum (EDX analysis) | Siz€, um
Powder mix C, Cu,
C+(CH,C00),Cu |  Cu0 Cu, C 10 60/78 0.1-3.0
Powder mix C, Cu,
C+ CuSO, Cu,0, Cu,S Cu, C 10 20/50 0.2-1.0
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Fig. 2. SEM image of S-1 graphite powder after impregnation with aqueous salt solutions and reduction
a—CuS0,, size of research area § = 100 um, b — CuSO,, § = 11 um, ¢ — (CH,C0OO0),Cu, § = 80 um, d —(CH,CO0),Cu, =7 pm

Puc. 2. COM-u3o6paskenust nopoiika rpagura C-1 mocie mponuTKy BOIHBIMA PACTBOPAMH COJIEH U BOCCTAHOBIICHHUS
a — CuSO,, pasmep obnactu uccnenosanus S = 100 mxm, b — CuSO,, § = 11 MM, ¢ — (CH,COO0),Cu, S = 80 mxm, d — (CH,CO0),Cu, § =7 mxm

On the fracture surface of the sintered CM sam-
ple with 5 % graphite without the addition of salts
(Fig. 3, a), dispersed copper particles ranging in size
from 0.1 to 0.5 pm are observed in small concentra-
tions. These particles are located both inside and on
the surfaces of graphite particles (Fig. 3, b).

In the SEM images of the sintered sample contain-
ing 1 % graphite with the addition of copper sulfate
(Fig. 4), copper particles measuring 5-10 pm in size
are uniformly distributed in large quantities, appear-
ing on both the surfaces of graphite flakes and between
the layers of particles (Fig. 4, b).

Since the copper acetate solution fails to wet
the graphite and does not penetrate deeply, the copper
particles in Fig. 5, a appear as clusters and aggregates
on the surfaces of graphite particles, with limited pres-
ence between the layers (Fig. 5, b). These copper par-
ticles on graphite flakes measure about 10-20 pm in
size, notably larger than those observed in materials
without salts and after treatment with copper sulfate.

Samples containing 1% graphite exhibit lower
porosity (/1) and consequently, lower electrical resisti-
vity (p), while their bending strength (o, ;) surpasses
that of CM with 5 % graphite (Table 2). Evidently,
achieving high density and strength is challenging due
to the elastic nature of graphite and its limited inter-
action with copper; indeed, some samples with high
graphite content experienced destruction during press-
ing or after sintering.

Fig. 3. SEM images of a copper-based CM sample
with 5 % graphite without salts

a — CM fracture, b — graphite phase in CM

Puc. 3. COM-u3o6paxenus obpasia KM Ha ocHoBe Menn
¢ 5 % rpadura 6e3 no6aBKu comneit

a —n3nom KM, b — daza rpadura 8 KM
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Fig. 4. SEM images of a copper-based CM sample
with 1 % graphite and addition of copper sulfate
a — CM fracture, b — graphite phase in CM

Puc. 4. COM-u3obpaxenne obpasiia KM Ha ocHOBe Menn
¢ 1 % rpadura u nobasiaeHneM cyabdara Mean

a —wm3noM KM, b — daza rpadura B KM

The treatment of graphite with copper salts signifi-
cantly influences the structure, as well as the physical
and mechanical properties, of the investigated com-
posite materials, a trend clearly observable in samples
with 1 % graphite. In materials where graphite remains
untreated, nanodispersed copper particles form in
low concentrations, resulting in minimal disruption

Table 2. Physical and mechanical properties
of copper—graphite composite materials

Tabnmya 2. DusuKo-MexaHnuecKue CBoiicTBa
KOMIO3HIHOHHBIX MATEPHAJIOB MeIb—TPaQuT

Graphite Salt % p-107%, Cpend>
content, wt. % added ? mQ-mm MPa
1 - 2 1.94+0.15 270+ 19
5 - 8 348+0.23| 90+11
1 Copper |51y 714013 | 23020
acetate
5 Copper | ¢ 13354 020| 7529
acetate
1 Copper | o1y 69.40.13 | 20022
sulfate
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Fig. 5. SEM images of a copper-based CM sample
with 5 % graphite and addition of copper acetate

a — CM fracture, b — graphite phase in CM
Puc. 5. COM-u3zobpaxenne obpasia KM Ha ocHoBe Menn
¢ 5 % rpadura u 100aBICHUEM alleTaTa MeIH
a —mnoM KM, b — ¢aza rpaura B KM

to the graphite crystal structure and yielding the stron-
gest CM samples.

In the structure of graphite treated with copper sul-
fate, the reduced copper particles are larger and their
concentration in the interlayer spaces of graphite flakes
is greater higher. Furthermore, after the final sinter-
ing, there is a slight increase in porosity, indicating
the thermal expansion of the graphite [24; 25]. This
may also suggest the completion of copper reduction
from sulfate. Consequently, in this material, the bonds
in the graphite crystalline lattice are disrupted, defects
are formed, and interplanar distances increase. Such
structural changes naturally result in increased porosity
and decreased strength compared to CM without salts.
However, the same material with the highest porosity
exhibits lower electrical resistivity than pure cop-
per (p=(1.75+1.80)-10® mQm'mm) due to the high
concentration of conductive copper particles inside
the graphite particles.

After treatment with copper acetate, the amount
of reduced copper particles inside the graphite par-
ticles is lower than that after sulfate treatment, leading
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to slightly higher electrical resistivity and strength.
However, compared to the material containing
untreated graphite the specific resistance of the copper
acetate-modified graphite is lower at equal porosity.
This is attributed to the presence of copper particles
inside the graphite. Additionally, the lower strength
value of these samples is a consequence of some dis-
ruption of the crystalline structure of the graphite.

Conclusions

The following conclusions were drawn from
the experimental research results.

1. An increase in the graphite content from 1 to 5 %
in copper-based composites, both with and without
salts, leads to higher porosity.

2. Copper acetate undergoes reduction at a tempera-
ture of 750 °C during heat treatment in hydrogen, while
copper sulfate is reduced at 1000 °C.

3. The copper reduced from copper acetate salt, in
the form of large particles, is predominantly observed
on the surfaces of graphite flakes.

4. During the sintering of CM, even without graph-
ite treatment with copper salts, copper vaporizes and
penetrates inside graphite particles.

5. The samples treated with copper salts, after
sintering, exhibit slightly lower strength and reduced
electrical resistivity compared to CMs without salts.
The decrease in electrical resistivity may be attributed
to possible graphite intercalation with copper, while
the reduction in strength may be due to emerging
defects in the graphite structure.
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