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Abstract

The effect of vanadium on the physical properties of Cu-graphite composite was inves-
tigated for the first time. There is only one other mention up to now in the scientific lit-
erature: Cu-V-Gr composites were prepared by the stir casting process. Their mechanical
properties, coefficient of friction, and wear were investigated. In this work, a Cu-graphite
composite with 36.3 vol.% of copper was prepared by gas pressure infiltration of the coarse
grain graphite powder mixture with and without 1 vol.% of vanadium powder with molten
copper. The microstructure of composites was investigated via SEM, TEM, and HRTEM.
XRD analysis indicated and HRTEM observation confirmed that VsC7 carbide was present
at the Cu-graphite interface and in the copper matrix. The copper-graphite interface has a
sharp transition between the copper and VgC7 phases. The diffusion layer at the borders with
graphite is around 75 nm thick. The created vanadium carbide improved the mechanical but
worsened thermophysical properties of the prepared Cu-graphite composites. Therefore, vana-
dium addition is not attractive for Cu-graphite composite industrial applications that require
good thermophysical properties.
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1. Introduction

Copper-graphite composites are widely used in var-
ious industrial applications such as heat sinks, thermal
management, electric brushes, sliding contacts, and
seals [1]. The added elements or compounds that affect
Cu-graphite interface properties are used in various
applications. These elements are often various carbide-
-forming elements — Si, Ti, Zr, Cr, B, W, Mo, Ni, Fe,
etc. All these elements aim to improve the strength
between the copper matrix and graphite phase by cre-
ating an interface between copper and carbon. More-
over, adding different elements results in using these
composites in different applications. In the case of
gas pressure infiltration, these elements also affect the
wettability of graphite with copper, which is necessary
for sound infiltration.

Hongbao Wang et al. observed for Cu-Cr
(1.0 wt.%) alloy on graphite substrate reduction of
contact angle down to 43° at 1300°C during sessile
drop experiments [2]. Wenfu Wei used W to coat the
graphite preform to reduce the wetting angle from
138.5° to 23° at the electrical conductivity of the com-
posite (15.1 x 10° Sm™~1) [3]. The wear rate and cor-
rosion resistance of Cu/5 wt.% SiC-graphite reinforce-
ment are very low and very high, respectively. This
composite is anticipated to have practical applications
in heat exchangers and other thermal management ap-
plications [4]. Ren Zhang et al. investigated Cu/C-
-1.0wt.% Zr composite as a suitable candidate for
thermal management applications [5]. Thermal con-
ductivity 640 Wm~! K~! at the X-Y plane was mea-
sured. Haozi Zuo et al. solved the wettability prob-
lem of copper-carbon composite by adding Fe [6].
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The addition of Fe dropped the wetting angle from
124° to 21°, and C/Cu-3 wt.% Fe composites exhib-
ited a flexural strength of 124.4 MPa and a compres-
sive strength of 378.5 MPa, and the electrical resistiv-
ity was 1.8 uQ2 m.

Titanium is one of the most used carbide-forming
elements employed for different applications, and TiC
significantly improves hardness and wear resistance.
Carlos R. Rambo infiltrated Ti-Cu alloy into car-
bon preform: composites are interesting for electrical-
mechanical applications as electric discharge machin-
ing (EDM) electrodes due to their low electrical re-
sistivity (15-60 pu€2 cm) [7]. Peng Xiao et al. investi-
gated the tribological properties of Cu-Ti/C compos-
ite prepared via infiltration [8]. Recently, boron be-
came a carbide-forming element that reduced the wet-
ting angle. Haozi Zuo et al. improved the wettability
between copper and carbon from 123.6° to 21.3° at
2.5 wt.% B addition [9]. Cu/C-1.2wt.% B composite
produced via infiltration showed low electrical resis-
tance (1.7 uQ2m), and the authors claimed that this
composite could be a promising candidate for electri-
cal contact materials.

Vanadium is another carbide-forming element.
Vanadium has never been used to create an interface
between copper and graphite so far in copper-graphite
composites. Jabinth et al. [10] work deals with vana-
dium and graphite reinforcement in copper matrix.
They prepared pure Cu, Cu-2V, Cu-2V-0.5Gr, Cu-
-2V-1Gr, and Cu-2V-1.5Gr by stir casting. The XRD
analysis did not confirm significant copper, graphite,
and vanadium reactions. The increase in vanadium
and graphite content led to decreased copper grain
size. This led to enhanced strength, impact strength,
and hardness, to decreased the coefficient of friction
and wear rate of hybrid composites. The optimal prop-
erties they observed for the addition of 2% V and
1.5% Gr.

Mortimer investigated the effect of vanadium car-
bide on the wettability between copper and carbon
[11]. He tested the wetting angle using Cu-1at.% V
alloy at 1150°C on carbon substrate. After 60 minutes
of holding, the contact angle decreased to 68°. This is
important for good gas pressure infiltration of graphite
with molten copper.

Vanadium carbide (VC) can significantly influence
interface bonding via enhanced adhesion between cop-
per and graphite. This carbide could reduce the mis-
match in the thermal expansion coefficients and me-
chanical properties between copper and graphite. It
promotes the formation of strong chemical bonds at
the interface, leading to better load transfer and over-
all mechanical performance of the composite. Thanks
to this, the composites possess increased hardness and
wear resistance as VC is a hard material. This makes
the copper-graphite material more suitable for appli-
cations requiring high durability and a lower wear

rate.

The creation of VC will also influence the ther-
mal and electrical conductivity of the copper-graphite
composite: While graphite and copper both have high
thermal conductivities, the interface resistance can be
reduced with VC. On the contrary, VC will slightly re-
duce the overall electrical conductivity of the compos-
ite due to its lower electrical conductivity compared to
copper and graphite. Concerning tribological proper-
ties, VC further reduces the wear rate by providing a
more stable and wear-resistant interface after creating
a graphite-rich mixed layer on the surface [12]. VC can
enhance the thermal stability of the interface, prevent-
ing degradation at high temperatures and enabling
copper-graphite composite in high-temperature appli-
cations where copper and graphite might otherwise
experience differential expansion and degradation.

Hence, this work aims to investigate the physi-
cal properties of the copper-graphite composite when
vanadium is used as a carbide-forming element. The
work is focused on determining microstructure and
measuring the chosen thermophysical properties and
hardness of the Cu-graphite composite prepared via
gas pressure infiltration of mixed graphite powder
with 1vol.% of V powder with molten copper. Ex-
pected results are the creation of VC with high me-
chanical properties, low CTE, and reasonable thermal
conductivity. The composite samples without vana-
dium were also prepared to compare microstructure
and investigated properties.

2. Experimental
2.1. Materials and technology

Natural graphite powder was purchased from com-
pany KOH-I-NOOR GRAFIT s.r.0., Netolice, Czech
Republic, with dsg = 55.8 pm and dgg = 106.7 pm (ac-
cording to the supplier). The graphite powder under-
went further sieving to attain a uniform particle size
distribution, confining the particle size range between
63 and 125 microns. The graphite powder exhibited a
characteristic flaky particle structure shown in Fig. 1la.
Moreover, angular vanadium powder with a purity of
99.5 %, employed as a carbide-forming element from
company MaTecK GmbH., Julich, Germany, was in-
corporated, with a maximum particle size not exceed-
ing 75 microns (see Fig. 1b).

The composite samples were prepared via gas pres-
sure infiltration of a powder mixture [13] of graphite
and 1vol.% of vanadium powder with molten copper
(Cu-(C-1V)). Graphite and 1 vol.% vanadium powders
were mixed using ethanol as a dispersant media and
homogenized in a three-dimensional WAB Turbula
Type T2F blender device (WILLY A. BACHOFEN
AG, Muttenz, Switzerland) for 1 h to achieve a homo-
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Fig. 1. Morphology of graphite (a) and vanadium (b) pow-
ders.

geneous distribution of the reinforcing phases. Then,
the ethanol was evaporated at 90°C for 2 h in the elec-
tric oven. The homogenized powder blend was placed
in a crucible with a diameter of 18 mm and height
of 19 mm and located at the bottom of a sealed ves-
sel. Copper bars (high purity level of 99.9%) 900 g
in weight were located in the upper section of the
vessel to allow for the subsequent melting of the
copper. The autoclave (medium autoclave, IMMM
SAS, Slovakia) was sealed, evacuated, and heated to
1250°C with a heating rate of 20°C min—'. Copper
was melted, and the melt was heated to 1250°C and
held there for 90 min. Afterward, the system was pres-
surized to 5 MPa for 5min under a nitrogen atmo-
sphere. After the chosen infiltration period, the infil-
trated samples were cooled down to RT in the sealed
vessel under nitrogen. The composite samples with-
out vanadium (Cu-C) were also prepared to com-
pare the properties using the same technology con-
ditions.

Samples for further investigations were cut from
the prepared composites using combinations of elec-
tric discharge and CNC machining, turning, or milling.
The Archimedes principle was utilized to determine
the densities (p) of the composite materials. From the

densities, volume fractions of both Vi, (copper ma-
trix) and V; (graphite + 1vol.% of vanadium rein-
forcement) were determined according to the rules of
the mixture (ROM). The volume fractions are deter-
mined using the densities of each used element (pc, =
8.96cm™3, p. = 2.26cm ™3, and p, = 6.11 gcm™3).

2.2. Characterization

Particle size distribution of both graphite and
vanadium powders was analyzed in wet mode by
Laser Particle Sizer Fritsch Analysette 22 (FRITSCH
GmbH, Idar-Oberstein, Germany).

SEM&EDS were used to examine the powders and
preliminary microstructure of composites. JEOL JSM
6610 (JEOL Ltd., Tokyo, Japan) model scanning elec-
tron microscopy (SEM) with Energy Dispersive X-ray
spectroscopy (EDS) OI X-max 50 mm? were employed
to obtain semi-quantitative elemental results of sam-
ples with and without vanadium.

JEOL cross-section polisher IB-19520CCP ion
beam was used to remove the upper surface layer to
observe a better copper-graphite interface via selective
etching. An ion beam of 4.5 kV under argon gas was
used for 3 h at 20°C.

Phase structures and chemical composition of pre-
pared composites were analyzed using X-ray diffrac-
tion on Bruker AXS D4 Endeavor diffractometer
(Bruker, Billerica, MA, USA) with Bragg-Brentano
geometry and Cu Ka radiation at IP SAS, Bratislava.

Microstructural characterization of composite with
1vol.% of vanadium was performed using a probe-
-corrected FEI/Thermofisher Scientific Titan Themis
300 (Thermo Fisher Scientific Inc., Waltham, MA,
USA) transmission electron microscope in scanning
mode (STEM) at a 200kV accelerating voltage
equipped with energy dispersive X-ray spectroscopy
(EDS, SuperX detector). The probe convergence an-
gle was set to 17.5 mrad for imaging applications;
the corresponding probe current was measured at
~ 70 pA. Scanning micrographs were acquired simul-
taneously by 3 detectors, namely high angle annular
dark field (HAADF), collection angle 101-200 mrad,
annular dark field detector (ADF), collection angle
24-95mrad and annular bright field detector (ABF)
with collection angle set to 13-20 mrad. Investigated
samples were prepared by mechanical thinning to a
thickness of approximately 60 pm, followed by Ar
beam ion milling. Ion milling was performed by PIPS
IT Model 695 (Gatan, Pleasanton, CA, USA) using an
accelerating voltage of 2—4keV and an angle of 3° to
the surface from both sides.

The microhardness of the fabricated composite
samples was quantitatively measured by employing
a Zwick/Roell ZHVuMicro Vickers hardness tester
(ZwickRoell, Ulm, Germany). The Vicker hardness
measurement (MHV0.2) was carried out by applying



392 S. B. Cantiirk et al. / Kovove Mater. 62 2024 389-405

AR TR
MRS

*Zad

Fig. 2 Microstructure of prepared composite samples at different magnification: (a) Cu-C and (b) Cu-(C-1V) at 50x;
(¢) Cu-C and (d) Cu-(C-1V) at 200x (SEM).

a load of 200 gf (gram-force) for 10 s to form an indent
on the sample’s surface, as this method enables an ac-
curate examination of the resistance of composites to
deformation under specified conditions.

The thermal stability of composite materials was
investigated using thermal expansion measurements
(CTE). Cylindrical samples with dimensions of 4 mm
in diameter and 5mm in length were thermally cy-
cled three to four times up to 800°C. The samples
were heated at a rate of 3°Cmin~! and then cooled
at 3°C min~! with an argon purge. The thermal cy-
cling was conducted using a Linseis combined thermal
analyzer L75/1.81/2000 (Linseis, Selb, Germany) in
dilatometer mode with an alumina holder. The first
cycle was carried out to stabilize the geometry of the
samples. The temperature ranged from 30 to 800°C
and afforded the capability to test how the materials
responded to thermal stresses over a wide spectrum of
temperatures.

From axial flow methods, a comparative cut bar
method was used for the thermal conductivity mea-
surement (ASTM E1225 Test Method) of samples [14].
Cylindrical samples are placed between two similar-
sized cylinders with known thermal conductivity, con-
sisting of two holes positioned for thermocouples as
reference materials. If A\g is the thermal conductivity
of the references, then the thermal conductivity of the
unknown sample A, is calculated as:

p P P it
. I (1)

ATs 1 /ATy ATy

Lg 2 ’
where A is the thermal conductivity of the S-sample,
R-reference, and AT are temperature gradients at the
sample, and reference R1 and R2.

3. Results

The graphite powder was sieved into the 63 < z <
125 um range in prior experiments. Therefore particle-
size analysis was used to verify the sewing range of
graphite powder and vanadium powder supplier’s in-
formation. Graphite powder has dsg = 91 um and
dgo = 157 pm. Thanks to the flake shape of graphite,
even larger powders could fall across the sieve of
125 um. Vanadium powder has dsg = 26.9 um and
dgo = 57 um, thus confirming supplier information
that vanadium powder is below 75 pm.

3.1. Microstructure

Cu-C and Cu-(C-1V) composites SEM microstruc-
ture observations confirmed the overall isotropic ori-
entation of graphite in prepared composites (Fig. 2).
However, at small magnification, there are tiny local
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Table 1. Graphite and vanadium powder size distribution (pm)

Cumulative % point of diameter Graphite Vanadium
dio 119 £ 104 10.1 £ 1.3
dso 91.1 +£ 2.7 26.9 + 04
doo 156.8 £+ 2.9 57.4 + 0.2

CuKal

V Kal CuKal

Fig. 3. Microstructure of Cu-(C-1V) (a) and corresponding area element analyses of certain grey phases present in the
structure (b) and (c).

clusters of similarly oriented graphite flakes.

The porosity was not observed in the prepared Cu-
-C composite. Cu-C microstructure consists of black
graphite and a light grey copper phase. In Cu-(C-1V)
microstructure also, the dark grey phase up to 50 mi-
crons in size was observed (Fig. 2d). Small porosity-
like holes inside the grey phase could be found (Figs. 3,
4). Element and point analyses indicate that the grey
phase contains mostly vanadium (Figs. 3, 4), but
graphite and copper were also observed inside this
phase by EDS. This confirmed that vanadium carbide
was created during infiltration.

The copper and graphite phases are thicker, and
the distance between graphite clusters is larger when
vanadium is used. It results from the changed wetting

and spreading behavior of the copper when infiltrated
between graphite powders when vanadium is present.

The vanadium-rich phase is entrapped in the cop-
per or graphite surface. The grains of the vanadium-
rich phase are often composed of clustered smaller
grains (Figs. 3c and 4a) of around 10 pm in size and
even less.

Some dark grey areas inside the copper phase have
a size and angular shape similar to the used vanadium
powder size and shape. Other areas have unclear mor-
phology; they look like dissipated and/or partially so-
lute angular vanadium powders into the copper phase
(Figs. 3c, 4a).

The dark grey phase is also present at the copper-
-graphite interface, but there is no visible continuous
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All results in atomic%

Spectrum| Instats. C V' Cu
1 Yes 28.50 7018 1.32
2 Yes 53.15 46.85
3 Yes  31.27 68.73
4 Yes 100.00
Max 100.00 70.18 68.73
Min 28.50 46.85 1.32

All results in weight%

Spectrum| Instats. C 1) Cu Total

1 Yes 1957 8020 0.15 100.00

2 Yes 1833 54.56 27.10 100.00
Max 19.57 76.68 27.10
Min 18.33 4930 0.15

Fig. 4. EDS point (a) and area (b) analyses of elements in
Cu-(C-1V).

interface layer of the dark grey phase between flakes of
graphite and the copper matrix. The dark grey phase
covers graphite only partially, and this coverage is sig-
nificantly below 50 % of the graphite surface.

The energy dispersive spectroscopy (EDS) results
for vanadium and graphite show different at.% content
ratios for them (Fig. 4): 50 at.% V:50 at.% C, 70 at.%
V:30at.% C, and 80 at.% V:20 at.% C were measured.
Unfortunately, deciding which vanadium carbide was
created is difficult — pure VC or VC,, such as VCg g5,
VCy. g5, or VCq.75. This is because the EDS technique
is mostly a qualitative analysis technique. It could pro-
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Fig. 5. X-ray diffraction spectra of Cu-(C-1V) with detail
of doubled VgCr (222) peak at 43.5°.

vide semi-quantitative results as well for heavy ele-
ments, but in the case of light elements (O,N, C),
EDS couldn’t give the 100 % correct quantitative re-
sult.

Therefore, to determine the precise composition
of the dark grey phase in Cu-(C-1V), the composite
X-ray diffraction (XRD) technique was used (Fig. 5).
The X-ray diffraction spectra results detected peaks
of graphite, copper, and VgCr (or VCq g75) vanadium
carbide in macroscopic Cu-(C-1V) composite sample.
VsC7 vanadium carbide is a non-stochiometric com-
pound of carbon and vanadium.

Kurlov et al. [15] stated that ordered phase VsC7
is formed rather easily during high-temperature sin-
tering of vanadium and carbon. The ordered phase
is in the form of a superlattice. A superstructure is
an upward extension of an existing structure above a
baseline. In this case, the cubic vanadium structure
is upward by interstitial carbon atoms and vacancies.
Ordering in VgCy7 is connected with the redistribution
of carbon atoms and structural vacancies in the non-
metal sublattice sites. Further, they concluded that
the degree of homogeneity of their initial powder is
rather high, as was evidenced by the splitting of (220)
peak at 20 = 63.2° corresponding to hkl planes 220
and 440. In the Cu-(C-1V) composite material, the
splitting was observed for the VgCr (222) peak at
43.5° (see detail at Fig. 5). In this case, it corresponds
to hkl planes of 222 and 111. This confirms the high
degree of homogeneity of prepared vanadium carbide
during gas pressure infiltration.

Figure 6 shows the HRTEM EDS mapping of el-
ements together with the high-angle dark field, dark
field, and bright field picture of a single VgCr; car-
bide polycrystal attached to the graphite surface. The
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Fig. 6. HRTEM EDS mapping of elements (a) Cu, (b) C, (c¢) V and HRTEM, (d) high angle dark field, (e) dark field, and
(f) bright field images of VsC7 attached to graphite interface in Cu-(C-1V) composite.
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Fig. 7. HRTEM EDS line profile mapping of elements Cu-(C-1V).

characteristic size of the observed VgCy; polycrystal is
500nm x 250 nm. Visible grain boundaries indicate
that it consists of at least 3 smaller grains. Line ele-
ment EDS analysis on HRTEM (Fig. 7) shows around
60 at.% of vanadium and 40 at.% of carbon inside.
HRTEM investigations also confirmed the presence
of clusters of VgC7 crystals at the copper-graphite in-
terface (Fig. 8). Usual size of polycrystals is again be-
tween 250-500nm, and the length of vanadium car-
bide clusters is around 1 um and more. Carbon, cop-

per, and vanadium were found in interface spectral
area analyses. VgC7 crystals have mostly sharp edges
at the borders with copper regions. Line analysis indi-
cates that in graphite, the diffusion interface is around
75nm thick (Fig. 8c).

Finally, the vanadium carbide regions in a copper
matrix of Cu-(C-1V) composite were also investigated:
HRTEM diffraction investigations again confirmed the
presence of VgCr crystals. In this case, the size of
VsC7 polycrystals varies between 500 nm—2 um. They
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Fig. 8. HRTEM images of Cu-(C-1V) microstructure (a), (b) bright field, and (c) dark field images with corresponding
energy spectra and line analysis of copper-graphite interface.

are surrounded on the left side (Fig. 9) by copper, and
on the right side, carbon phase is present. Sharp bor-
ders with copper and diffusion borders with carbon
were again distinguished. Computer identification of
selected area diffraction patterns using CrystalMaker
Software confirmed the VgCy; crystallographic super-
lattice structure. Fitted XRD data indicate the pres-
ence of cubic space group P4132 with an interatomic
distance of 8.334 A.

Summarizing, SEM, XRD, and HRTEM observa-
tions confirmed the reaction of carbon with vanadium.
VgC7; carbide is created in cubic space group P4132
with an interatomic distance of 8.334 A. It could be
found on the copper-graphite interface with VgCy
phase size of 250-500 nm either as alone polycrystals
or as polycrystals clusters. Inside the copper phase,

clustered VgCr crystals have a size of around 0.5-
2 um. There is almost a sharp transition between the
copper and VgCr phases. In the case of the graphite-
-VgC7 interface, the diffusion layer is around 75 nm
thick.

3.2. Thermal properties and hardness

Thermal properties (thermal conductivity and co-
efficient of thermal expansion) and hardness were de-
termined for the prepared composites (Table 2). The
volume fractions of copper were calculated from the
densities of used compounds (pey = 8.96 gecm ™3, p. =
2.26gcm ™3, and p, = 6.11 gem™3) via the rule of
mixture and area fraction determined using ImageJ
software.
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Fig. 9. HRTEM EDS elements maps, HRTEM dark field image of Cu-(C-1V) composite, combined elements map, selected
area diffraction and corresponding VgC7 diffraction crystallographic model.

Table 2. Thermal properties and hardness of investigated composites

Sample p (gcm™3) Veu (%) TC (Wm™'K™1) MHV0.2 (-) CTE (107 K1)

Cu-C 4.833 38.4 206.8 16.9 £ 0.8 7
Cu-(C-1V) 4.719 36.3 49.9 177 £ 2.2 10
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Fig. 10. Thermal expansion properties of Cu-C during 3
cycles: (a) CTE and (b) elongation.

Vickers microhardness MHV0.2 tests were per-
formed on polished cross sections of investigated com-
posites used for SEM investigations: 15 measurements
were performed, and average values with standard de-
viations were calculated. Introducing vanadium into
the Cu-C structure increased MHVO0.2 hardness from
16.9 to 17.7.

On the contrary, the thermal conductivity of Cu-
-(C-1V), as measured by the steady-state method
composite, significantly decreased compared to pure
composite without vanadium. The creation of VgCr
vanadium carbide is probably the reason for this re-
sult.

The thermal expansion coefficient (a) and elonga-
tion (b) of the copper-graphite composite as a func-
tion of the temperature in the range of 100-800 °C were
measured (Fig. 10). Measurements were performed for
3 subsequent runs from 100 to 800 °C and cooling down
to 100°C. During the first run, the sample geome-
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Fig. 11. Thermal expansion properties of Cu-(C-1V) dur-
ing 3 cycles: (a) CTE and (b) elongation.

try was stabilized. Then, the CTE of the Cu-C com-
posite increases with temperature. CTE at 150°C is
7 x 1076K~1L.

Similar results were observed for the thermal prop-
erties of the Cu-(C-1V) composite. After 15* run,
the thermal expansion graph shows expansion lin-
early increased with the temperature. CTE at 150°C
is 10.3 x 1075 K~! (Fig. 11).

The temperature changes in CTE and Cu-(C-1V)
composite elongations are higher than in the Cu-C
composite. On the other hand, permanent elongation
after runs is higher for pure Cu-C composite.

It could be stated that vanadium has a consid-
erable effect on the thermal expansion of the mate-
rial and the elongation as well: the higher change in
thermal expansion and elongation in Cu-(C-1V) may
imply that vanadium introduces additional internal
stresses on the crystalline level and changes also the
way Cu interacts with graphite reinforcements.
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4. Discussion
4.1. Microstructure

In this work, VgC; carbide was prepared by gas
pressure infiltration of the mixture of graphite with
1vol.% of vanadium with molten copper at 1250°C.
The carbide was found on the copper-graphite inter-
face and inside the copper matrix.

At the beginning of the infiltration process, the
powders of graphite and vanadium are in touch un-
der the vacuum. With increasing temperature, they
start to react in contact points. The reaction process
is driven by the diffusion in crystalline solids.

Powers and Doyle [16] observed diffusion in a
vanadium-carbon solid mixture. They found that the
carbon is diffusing into vanadium and proposed the
following equation to describe the temperature depen-
dence of the diffusion coefficient of carbon into vana-
dium Dc.v (Eq. (2)):

De.v = 0.0047 exp(—27300/RT), (2)

where diffusion coefficient Dc_vy is in cm? s™1, T is the
absolute temperature in K, and R = 8.31446 J mol !
K~! is the universal gas constant. At the melt-
ing temperature of copper (1353K), the Dc.y is
0.000415 cm? s~ 1.

According to Bird and Stewart [17], the diffu-
sion distance (z) at the time (¢) for carbon diffusion
into vanadium could be calculated using the following
equation:

Tr = 2\/ZDO_\ﬂf). (3)

Powder size analysis confirmed that the used vana-
dium powder size is smaller than 75 microns. Using
Eq. (3), this distance is in 0.034 s diffused by carbon
at 1353 K. Of course, in reality, it probably takes a
longer time due to imperfect contacts, but the powder
mixture is held together with copper melt at 1250°C
for 90 min prior 5 MPa pressure is applied. Therefore,
it could be expected that all vanadium in contact with
graphite powders reacted with carbon atoms before
infiltration.

A very small amount of vanadium powders could
be in contact only with other vanadium powders. In
that case, the diffusion of carbon across powder sur-
faces could be significantly slowed, and such vanadium
powders could be intact for a long time and could re-
act with copper melt during infiltration.

Summarizing, the creation of vanadium carbide is
a rapid process realized via interstitial solid diffusion
of light carbon atoms into vacancies in a vanadium
body-centered cubic structure.

According to Okamoto [18], on the carbon-rich side
of the V-C binary diagram, the possible phases that

could be created are VC at 37.1-47 at.% of carbon,
VeCs at 42-46 at.% of carbon, and VgCy at 46.7 at.%
of carbon. The mixture of VgC; with carbon coexists
above 46.7 at.% of carbon.

Chong et al. [19] calculated the Gibbs free energy
of VgC; and showed that it is smaller than that of
VC. They also suggest that the VgC7 is more sta-
ble at high temperatures and easier to form than VC.
On the contrary, Chong et al. [20] also calculated the
formation enthalpy of various other carbides and con-
cluded that V¢Cs (—0.541 eV per atom) has the lowest
value of formation enthalpy, indicating VgCs as the
most stable phase inside the V-C binary compounds.
Moreover, they observed that the formation enthalpy
of VgC7 (-0.522 €V per atom) is lower than that of VC
(-0.405 eV per atom), confirming the higher stability
of VgCy carbide.

Bin Wang et al. [21] calculated that the increase in
the absolute values of formation energies and cohesive
energies follows the order V4Cs, VC, and VgCr, which
indicates that the C vacancy decreases the stability of
VC, but due to the difference in symmetry (VC is
Fm3m and VgC7 is P4332), VsCy; is more stable than
VC.

When the infiltration pressure is applied, the
molten copper is driven into the powder mixture.
The composite is prepared by cooling powders inside
molten metal under external pressure until the copper
matrix becomes solid. This external energy and type
of cooling is probably responsible for why the VgCy
phase is observed after cooling down to room tempe-
rature in prepared composite rather than VC or V¢Cs
carbide.

Preparation of the VgC7 phase from vanadium and
carbon powder mixtures is not unusual and was ob-
served by various researchers: Amaral et al. [22] pre-
pared vanadium carbides from the mixture of vana-
dium and carbon powders in the solar furnace and
for comparison in an electric furnace under an argon
and nitrogen atmosphere. They used powders of V
(< 45 um) and carbon powders (either Gr (< 50 um)
or aC (charcoal activated carbon)). The mole ratio of
C/V in the starting powder mixture was fixed to be 1.5
to ensure the presence of free carbon coexisting with
the reaction product at the end of the reaction. They
found that the XRD peak positions of any examined
specimen were comparable and coincided with that for
VCy.ss, implying that the formed compounds were all
carbide of the phase VgC7. Hou et al. observed that
due to a significantly higher concentration of graphite
[23], VsC7 tends to be created after cooling the com-
posite created by the floating zone technique down to
room temperature.

Vanadium has a body-centered cubic (bcc) struc-
ture with a = 303 pm [24]. HRTEM results at Figs. 6-8
indicate that VgC7 polycrystals of 200 nm—1 pm size
were created. During infiltration, the rearrangement



400 S. B. Cantiirk et al. / Kovove Mater. 62 2024 389-405

Fig. 12. V5Cr clusters (dark grey) in copper matrix (light
grey) surrounded by black graphite phase — microstruc-
tures without and after ion etching (SEM).

of the previous bcc vanadium structure with a =
303 pm to cubic space group P4132 with a = 833.4 pm
[25], according to XRD results, took place. This in-
dicates that volumetric changes and minimization of
surface-to-volume energy probably created polycrys-
tal agglomerates inside the volume of original vana-
dium particles. Small voids, cracks, and pores are also
present (Fig. 12).

During the infiltration, the copper is probably
forced to flow into these cracks and voids. Copper sub-
sequently erodes the VgCy; crystals via the voids and
cracks at the grain boundaries of graphite with vana-
dium carbide. Due to external pressure, some particles
are detached from the graphite surface.

Thanks to the different densities of copper and
vanadium carbide, Pascal law, Archimedes law, and
Brownian motion, vanadium carbide particles move
inside copper melt. The molten copper erodes VgCz
phase into smaller grains of 1-5 microns (Fig. 12) and
even smaller, as indicated by TEM results. After cool-
ing, the VgC7 dark grey phase deep inside the copper
matrix is produced, significantly dissipated into small
polycrystals.

Another possibility is the vanadium reaction with

copper. However, vanadium has very small solubil-
ity in copper: At and above peritectic temperature
(1120°C) the maximum solubility of vanadium does
not exceed 0.2 at.% [24].

Summarizing: VgC7; carbide was created by rapid
carbon diffusion to solid vanadium at high tempe-
ratures. In a short time, vanadium powder trans-
formed into clusters of VgCr-sized polycrystals with
voids, cracks, and pores between them due to volumet-
ric changes in the crystallographic structure. Later,
copper melt infiltrates them. Molten copper tears
apart the VgCy; clusters, even those connected to the
graphite phase. The Pascal law, Archimedes law, and
Brownian motion further disperse the clusters and ag-
glomerates into smaller pieces and force them to move
in the copper phase.

4.2. Hardness

The hardness of copper-graphite composites is
important for their application in sliding contacts.
Higher hardness usually leads to a lower wear rate.
The hardness of copper-graphite composites is influ-
enced by several factors other than the graphite con-
tent: the size and shape of the graphite particles, de-
gree of graphitization, processing methods, and pres-
ence of various additives or copper coating on graphite
(see Table 3).

At low graphite content [26-28], high hardness val-
ues are observed at 35-55 MHYV for copper-graphite
composites prepared by spark plasma sintering (SPS)
and other powder metallurgical methods (PM). The
hardness measured in this work (at 61 vol.% graphite)
is 16.9 £ 0.8 MHV. Due to higher graphite content,
it is significantly lower than that originating from the
research mentioned above.

Xu Jiang et al. produced via powder metallurgy
composites with both natural graphite and copper
powders of the same size (~ 40 pm) [29]. The final
composite has 16 wt.% C, 1wt.% SiO, and 83 wt.%
Cu composition. It is around 43 vol.% of graphite. The
hardness of this composite is 12 MHV and is lower
when compared with the investigated Cu-C compos-
ites.

Adding 1vol.% of vanadium into the composite
and creating VgC7 carbide slightly increases the Vick-
ers hardness of the composite compared with the non-
reinforced one (Table 3) up to 17.7 = 2.2 MHV. This
is the result of the high hardness of VgC7; carbide. Bin
Wang et al. found a value of 22.8 GPa (2325 HV after
recalculation) for dense carbide [30]. The results are
in qualitative agreement with the results of Jabinth
et al. [10]. They observed that Cu-V-Gr composites
prepared by the stir casting process enhanced HRB
hardness from 62 for pure copper to 95 for Cu-2V-
-1.5Gr.

It could be summarized that due to high graphite
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Table 3. Hardness results of copper-graphite composites prepared by various technologies
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Sample Production method MHV0.2 (-) Reference

Cu-2.5wt.% C SPS 54.8 [26]

Cu-10 wt.% C (50 wt.% Cu coated) Hot press sintering 35.65 [27]

Cu-16 wt.%C-1 wt.% SiOs PM 12 29

Cu- 6 wt.% C PM 38.93 [28]

Cu-C GPI 16.9 £ 0.8 This work

Cu-(C-1V) GPI 17.7 £ 2.2 This work
Table 4. Thermal conductivity of copper-graphite composites prepared by various technologies

Sample Production method Thermal conductivity Thermal conductivity Reference

(Wm™ K1) (X-Y) (Wm™! K1) (2)

Cu-50 vol.% C Hot press sintering 678.6 57.3 [32]

Cu-50 vol.% C PM 124.5 124.5 31

Cu-60 vol.% C PM ~ 599 54 [33]

Cu-60 vol.% C Hot press sintering ~ 600 ~40 [34]

Cu-61vol.% C SPS ~ 531 74 [35]

Cu-61.6 vol.% C GPI 206.8 206.8 This work

Cu-63.7 vol.% C (C-1V) GPI 49.9 49.9 This work

Cu-70 vol.% C Vacuum hot press - 110 [36]

Cu-72.08 vol.%C SPS ~ 600 ~ 39 [37]

Cu-72.08 vol.%C PM ~ 470 40 [38]

content, the hardness of investigated composites is rel-
atively low, 16.9 MHV, but comparable to similar re-
sults in scientific literature. Adding 1vol.% of vana-
dium and creating a hard VgC; phase increases the
final hardness of the composite to 17.7 MHV due to
the presence of a hard carbide phase.

4.3. Thermal properties

The thermal conductivity and coefficient of ther-
mal expansion of copper-graphite composites are cru-
cial properties that influence composites utilization in
many areas, such as electronics, heat sinks, and slid-
ing materials [31]. Due to the fact that graphite has a
hexagonal crystal lattice, its thermal conductivity and
coefficient of thermal expansion are anisotropic con-
cerning the basal plane (a direction or X-Y) and per-
pendicular to the basal plane (¢ direction or Z plane).
Graphite flakes are often oriented with a Z plane par-
allel to the applied load, depending on the preparation
method. This leads to significant anisotropy of copper-
graphite composites (Tables 4, 5).

While in-plane X-Y thermal conductivity of gra-
phite can reach as high as 1000 Wm~tK~1 [39],
Z plane thermal conductivity is only around
38 Wm~! K~! [40]. On the other hand, copper has
a value of about 400 W m~! K~! [41]. Table 4 com-
pares thermal conductivity results for copper-graphite
composites prepared by various production meth-
ods. Thermal conductivity values are within specific

graphite and copper values and vary according to the
anisotropy of the composite microstructure.

The microstructure of investigated composites is
mostly isotropic and homogeneous on a macro scale.
Therefore, it is not possible to distinguish X-Y
and Z planes (see Fig. 2). Thermal conductivity
206.8 Wm~ ! K~! observed for Cu-C composites in
this work is lower than the best results in the X-Y
plane, but due to random orientation of graphite flakes
(Fig. 2), they are the best in Z plane at 61 vol.% of
graphite.

Adding vanadium decreases thermal conductiv-
ity significantly. Even 1vol.% on the interface be-
tween copper and graphite decreases thermal conduc-
tivity from 206.8 down to 49.9 Wm ! K—!. The ther-
mal conductivity of vanadium carbide plays a signif-
icant role in this case: Wei Li et al. [42] consolidated
VgC7 carbide powder specimens up to a wide range
of final densities (57.5-84.3 %) and observed thermal
conductivity in the range of 7.5-15Wm~! K~! at
100°C. They also concluded that they are significantly
lower than the expected value for dense VgC; carbide
3I9Wm—t KL

Yang Lin et al. [43] calculated the thermal con-
ductivity of VgCr; 245Wm 1K1 at 300K and
25.7Wm~! K~ at 1600 K. They concluded that ther-
mal conductivity increases with temperature and de-
creases with carbon vacancy. They also observed that
electron conductivity dominates the thermal conduc-
tivity of VgCr. Phonon conductivity is only 3 % of
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Table 5. Coefficients of thermal expansion of copper-graphite composites prepared by various technologies at high
graphite concentrations

Sample Production method Thermal expansion Thermal expansion Reference
1075 K™t (2) 107 K™! (X-Y)
Cu-50 vol.% C Hot press sintering ~14.5 ~9 (150C) [34]
Cu-50 vol.% C PM 9.8 3.2 [33]
Cu-50 vol.% C PM 11.73 10.41 [44]
Cu- 50 vol.% C PM - 6.9 [45]
Cu-60 vol% C PM ~ 17 (150C) ~ 4 (1500C) [46]
Cu-61 vol.% C SPS 6.2 - [35]
Cu-61.6 vol.% C GPI 7 7 This work
Cu-63.7 vol.% (C-1V) GPI 10 10 This work
Cu-72.08 vol.% C SPS 6.6 - [37]
Cu-72.08 vol.% C (62 pm) PM 14 ~ 6 [38]

total thermal conductivity in VgCs.

It can be summarized that the electron conductiv-
ity of VgCy7 prevents the exchange of energy between
copper-free electrons and vibrations of graphite struc-
ture phonons even more as it is in the simple copper-
graphite composite. Therefore, the thermal conductiv-
ity of the Cu-(C-1V) composite is significantly small
and almost comparable to the thermal conductivity of
graphite. It looks like a total switch-off of the graphite
phase from composite thermal conductivity. Moreover,
due to the possible very small solubility of vanadium
in copper, diminished thermal conductivity of the cop-
per matrix could also play some role in this low value
of observed thermal conductivity.

Table 5 compares coefficients of thermal expansion
for copper-graphite composites prepared by various
production methods. The coefficient of thermal expan-
sion of graphite flakes is significantly anisotropic. X-Y
plane has a value of —1.5 x 107 K~ [40], and in the Z
plane, 28 x 1076 K~! [47]. The coefficient of thermal
expansion of pure copper is around 16-17 x 1076 K1
[41].

The coefficient of thermal expansion of the inves-
tigated Cu-C composite (7 x 1076 K~1!) is close to
the average values in the X-Y plane results in the
scientific literature; and 6.81 x 1079 K=1. Cu-(C-1V)
value 10 x 107¢K~! is comparable to the average in
Z plane results 11.3 x 1076 K1,

Chong et al. [48] calculated the coefficient of
thermal expansion of VgC; in the range of 6-
10 x 1079 K~!. The addition of vanadium into the
copper-graphite composite and the creation of the
VgC7 phase resulted in the increase of the coefficient
of thermal expansion up to 10 x 1076 K—1.

5. Conclusions

Copper graphite composite with 1vol.% of vana-
dium was prepared using gas pressure infiltration of

graphite-vanadium powder mixture with molten cop-
per. Composite contains 63.7vol.% of graphite. For
comparison, Cu-C composite without vanadium with
a similar volume fraction of graphite (61.6 vol.%) was
also prepared. The obtained results are:

— Almost 100 % theoretical density was achieved.

— Microstructure observations confirmed the iso-
tropic orientation of the graphite phase in prepared
composites.

— The copper and graphite phases are thicker, and
graphite clusters distance is larger when vanadium is
used.

— XRD and HRTEM observations confirmed that
VsCr carbide was created. VgC7 carbide was created
by the solid diffusion of carbon atoms into vanadium
powders.

— Molten copper tore apart the VgCy; clusters. The
Pascal law, Archimedes law, and Brownian motion
further dispersed the clusters and agglomerates into
smaller ones.

— There is a sharp transition between the copper
and VgC7 phases. The diffusion layer at the borders
of graphite-VgCy is around 75 nm thick.

— Clusters of VgC7 polycrystals were found on the
copper-graphite interface with size of 250-500 nm; dis-
sipated polycrystals were also found within copper
with size of 0.5 — 1 pm.

— The hard VgC; phase increased the hardness of
the composite to 17.7 MHV from the value of 16.9
MHYV for pure copper-graphite composite.

— The thermal conductivity of copper-graphite
composite is 206.8 Wm~! K~!. The creation of the
VgC7; phase resulted in a low thermal conductivity of
49.9Wm KL

— Coefficients of thermal expansion of prepared
composites are 7 x 1079K~! for Cu-C and 10 x
107K~ for Cu-(C-1V). The addition of vanadium
increases CTE by 43 %.

It could be concluded that in the case of gas pres-
sure infiltration, the addition of vanadium powder
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led to decreased effective thermal conductivity of the
copper-graphite composite. Created VgCz carbide in-
creased the hardness and coefficient of thermal expan-
sion of the prepared composite.

Therefore, vanadium addition is not attractive for
Cu-graphite composite industrial applications that re-
quire good thermophysical properties.
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