
Received: 8 December 2022 Revised: 10 March 2023 Accepted: 22 March 2023

DOI: 10.1111/jace.19145

RESEARCH ARTICLE

Characterization of graphite–chromium carbide composites
manufactured by spark plasma sintering

Juan Piñuela-Noval1 Daniel Fernández-González1 Marta Suárez1

Luis Antonio Díaz1 Luis Felipe Verdeja2 Adolfo Fernández1

1Centro de Investigación en Nanomateriales y Nanotecnología (CINN), Consejo Superior de Investigaciones Científicas (CSIC), Universidad de Oviedo
(UO), Principado de Asturias (PA), El Entrego, Asturias, Spain
2Departamento de Ciencia de Los Materiales e Ingeniería Metalúrgica, Escuela de Minas, Energía y Materiales, Universidad de Oviedo, Calle
Independencia, Oviedo, Asturias, Spain

Correspondence
Daniel Fernández-González, Centro de
Investigación en Nanomateriales y
Nanotecnología (CINN), Consejo Superior
de Investigaciones Científicas (CSIC),
Universidad de Oviedo (UO), Principado
de Asturias (PA), Avda de la Vega 4-6,
33940 El Entrego, Asturias, Spain.
Email: d.fernandez@cinn.es

Funding information
Spanish Ministry of Science and
Innovation; Call Programa Estatal de
I+D+i Orientada a los Retos de la
Sociedad, Grant/Award Number:
RTI2018-102269-BI00; Juan de la
Cierva-Formación Program, Grant/Award
Number: FJC2019-041139; Government of
the Principality of Asturias; Call
Programa“Severo Ochoa” of Grants for
Research and Teaching of the Principality
of Asturias, Grant/Award Number:
BP20041

Abstract
This manuscript contains an investigation about the influence of the chromium
content on the properties of novel graphite–chromium composites obtained by
spark plasma sintering (SPS), with great potential application in heat dissipation.
Green compacts of 40 mm in diameter were first obtained by uniaxial pressing
at 60 MPa, and then the composite was sintered at 1800◦C in SPS under vacuum
conditions and a pressure of 30 MPa. These sintering conditions involved local
liquid phase, which promoted the densification of the composite up to values
close to 90%. Different chromium contents were studied, 0, 1, 2, 5, 7, and 10 vol.%,
where the best properties (densification, youngmodulus, electrical conductivity,
thermal conductivity, and flexural strength)were obtained in the case of the com-
posite with 7 vol.% Cr: 86.22%, 52.7 GPa, 0.79 MS/m, 264 W/m K, and 38.97 MPa,
respectively, measured in the in-plane direction due to the anisotropic behavior
of the composite.

KEYWORDS
chromium, composites, electrical conductivity, graphite, mechanical properties, nanomateri-
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1 INTRODUCTION

Heat sinks have as objective to transfer thermal energy
from a higher-temperature source to a lower-temperature
source (generally air). The development of these devices
(and the corresponding materials used for their manufac-
ture) has accompanied the progress of equipment, which
is more and more small, light, and efficient, particularly
not only in the field of electronic devices ormobile phones,
but also in other fields where the lightness and perfor-
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mance are more important than the size, as aerospace
applications, high-speed trains, and so on. Metals have
been traditionally used in applications where high thermal
conductivity was required, for instance, copper and alloys
(around 400 W/m K) or aluminum (around 250 W/m K).
Nevertheless, the problem arises when metallic materials
must operate at high temperatures as some of themmelt at
temperatures <1000◦C, although some other difficulties,
as creep, appear at temperatures well-below the melting
point. Moreover, the requirements of capacity for heat
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dissipation are more and more demanding and, some-
times, the thermal conductivity of the metal itself is not
sufficient. Therefore, composites metal–metal (copper–
tungsten1) or metal–diamond (diamond/Cu composites2;
Cu–0.2% Ti/diamond3; Cu–0.3 wt.% B/diamond4; Cu–
0.5 wt.% Zr/diamond5,6) with high thermal conductivity
are gaining interest. In some cases, as in Kim et al.,1 for
the Cu–W composites, the value of thermal conductivity is
high even at high temperatures (>300 W/m ◦C at 1000◦C,
although the best values were measured at around 500◦C),
which overcomes some of the problems identified in
metallic materials, as copper, for instance, which melts
at 1085◦C. Anyway, those composites with diamond, even
when it is one of the highest thermal conductivity mate-
rials (2000 W/m K), will be probably difficultly scaled up
for wide utilization in thermal management applications
due to the price.
Graphite-based composites might be an alternative to

the abovementioned materials in thermal management
solutions due to the competing advantage of the low
density combined with a good thermal conductivity
in-plane. In this line, several researchers have investigated
high thermal conductivity and low expansion coefficient
graphite–copper,7,8 graphite–aluminum,9,10 or graphite–
magnesium10 composites with particular interest in the
field of electronic industry. Also within the carbon mate-
rials, graphene has also attracted interest as additive to
improve the thermal conductivity of metals. In this way,
Nazeer et al. reported that the addition of 1 wt.% graphene
oxide in copper-reduced graphene composites resulted in
80% greater thermal conductivity than in the case of pure
copper.11
Anyway, graphite matrix composites are the most

promising to be used in extreme conditions applications,
as rocket nozzles, collimators, or particle accelerators,12
whether they contain some additive or second phase
(molybdenum, copper, diamond, carbon fibers, silicon, sil-
icon carbide, titanium, or tungsten), resulted from the low
density and high thermal conductivity. In this line, the
addition of reactive metals (particularly niobium, molyb-
denum, hafnium, tantalum, etc.) to improve the thermal
and mechanical properties of the graphite has been stud-
ied for at least 50 years,13,14 although it was not until
the last decade when the investigation in this line has
received a special attention, particularly in the case of
graphite–molybdenum composites due to their potential
application as collimators in the CERN (Conseil Européen
pour la Recherche Nucléaire) facilities. The interest of
graphite–molybdenum composites comes from the excel-
lent mechanical properties conferred by the graphite
and molybdenum carbides, which are formed when sin-
tered together, combined with a low density (around
2.5 g/cm3), refractory character, high thermal stability,
and good thermal and electrical conductivities. These

graphite–molybdenum composites (and variable amounts
of a third phase as titanium, carbon fibers, silicon, silicon
carbide or tungsten added to avoid crystallographic trans-
formations, promote the thermal conductivity, increase the
resistance to oxidation at high temperatures or improve
the mechanical properties) were manufactured by fast
novel sintering techniques as rapid hot-pressing of pow-
ders mixture15,16 or spark plasma sintering (SPS),12,17,18 due
to the potential advantages of these techniques regarding
high temperatures under a simultaneous application of
pressure. Apart from the application in the field of collima-
tors, these graphite–molybdenum composites have been
proposed as heat sinks by other authors,12,18 although their
main disadvantage is the sintering temperature, which is
above 2000◦C. However, other families of graphite–metal
composites, that is, graphite–chromium, can solve this
problem because this material can provide properties for
heat dissipation comparable with those of the graphite–
molybdenum–titanium system using sintering tempera-
tures of around 1800◦C. Up to now, research within the
graphite–chromium system is to be reported, so it is worth
studying it. Thus, this manuscript proposes research about
the thermal, electrical, andmechanical properties of novel
graphite–chromium composites, using SPS technique, for
different chromium contents (0, 1, 2, 5, 7, and 10 vol.%).

2 EXPERIMENTAL PROCEDURES

2.1 Materials and experimental

Graphite and chromium powders were used as starting
materials to prepare graphite–(0, 1, 2, 5, 7, and 10 vol.%)
chromium composites.
Graphite (purity of 99%) from Asbury Carbons Com-

pany was one of the raw materials used to obtain the
samples. The morphology of this crystalline natural
graphite was spheroidal flake. The mean particle size,
d50, was 6 μm. Spheroidal–flake morphology is useful to
promote the compaction of the final composite and, there-
fore, improve the properties of the sintered composite.17
Figure 1 provides an image of the graphite powders.
Chromium (purity ≥99%) from Sigma-Aldrich was

employed in the experiments. The particles had a
spherical–irregular morphology and a mean particle
size, d50, of <100 μm. Figure 2 provides an image of the
chromium powders used in the composites.
The powder mixtures were prepared in a roller mill

(Astursinter S. L. R., Asturias, Spain) using 3 mm alumina
balls and a rate of 100 rpm for 24 h to promote the homoge-
nous mixing. Graphite and chromium mixtures (1, 2, 5,
7, and 10 vol.%) were prepared using isopropyl alcohol.
This procedure was employed to promote the mixing and
ensure a homogeneous material for subsequent steps of
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F IGURE 1 Spheroidal–flake morphology graphite used in the
experiments.

F IGURE 2 Spheroidal–irregular morphology chromium used
in the experiments.

the process. Finally, the material was dried at 120◦C and
sieved through a mesh of 180 μm. Figure 3 corresponds to
the powders mixed using the above-reported procedure.
A uniaxial pressure of 60 MPa in metallic mold was

used to obtain green compacts that were later placed into
a graphite die (40 mm inner diameter) for SPS. The heat-
ing cycle up to the sintering temperature had two steps:
heating at a rate of 100◦C/min from room temperature
to 1600◦C and heating at 25◦C/min from 1600◦C to sin-
tering temperature (1800◦C). Then, samples were sintered
for 20 min of dwell time at 1800◦C. A uniaxial pressure
of 25 MPa was applied from 1700◦C. The temperature
was controlled above the sample center using an axial
pyrometer focused on the upper graphite punch.

2.2 Characterization techniques

Field emission scanning electron microscopy on a Quanta
FEG 650 was used for the microstructural characteriza-
tion of the initial raw materials and sintered samples. The

F IGURE 3 Micrograph of the mixed powders, in the image,
graphite–10 vol.% chromium.

microstructure of the sintered samples was analyzed on
specimens of fracture surface.
Mineralogical phases were identified using X-ray

diffraction technique with a Bruker Advanced Powder
X-ray diffractometer model D8 with Cu-kα radiation
(λ = 0.15406 nm). Copper anticathode water cooled with
an intensity of 40 mA and a voltage of 40 kV, a swept
between 10 and 70◦ with a step of 0.02◦ and a step time
of 0.2 s were the working conditions. Crystalline phases
were determined with the diffraction pattern files of the
JCPDS (International Centre for Diffraction Data).
The relative density of the sintered samples was calcu-

lated using the following equation:

𝜌 (%) =
𝑑

𝑑𝑡ℎ
⋅ 100 (1)

where 𝑑 is the apparent density determined frommeasure-
ments of mass and volume (diameter and height) and 𝑑𝑡ℎ
is the theoretical density, determined by helium pycnome-
ter (AccuPyc 1330 V2.04N) on powdered samples (<63 μm)
of the sintered composite.
Properties were measured in the in-plane direction

of samples, except thermal conductivity. The in-plane
direction corresponds to the direction perpendicular to
the applied pressure. Thermal parameters were mea-
sured in the through-plane direction, and the value in
the in-plane direction was indirectly calculated by the
modified Wiedemann–Franz law (𝜆∕𝜎 = 𝐿 ⋅ 𝑇, where λ is
the thermal conductivity, σ is the electrical conductivity,
L is the modified Lorenz number, assumed to be the same
in the in-plane and through-plane directions, and T is the
temperature). The other properties in the through-plane
direction cannot be measured because the thickness of
the sample (3 mm) obtained in the SPS is not sufficient
to machine specimens. Electrical conductivity in the
through-plane direction is assumed to be <0.1 MS/m,
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which is supported by the experimental results12,17,18 for
other highly oriented graphite–metal composites, and it is
very conservative because the values in this direction are
usually 20%–40% lower.16,17 Values in the through-plane
direction are usually between 0.05 and 0.08 MS/m.17
Wiedemann–Franz law can be applied with sufficient
accurateness in graphite–metal composites although with
a modified number of Lorenz. In fact, the Wiedemann–
Franz law has been applied in other materials different
to the metals as carbides,19,20 polymers,21 and even
graphite.22,23 The application of the Wiedemann–Franz
law in graphite–molybdenum composites provides values
of the modified Lorenz number for the in-plane and
through-plane directions that do not differ in more than
10% (habitually around 4%–5%).
Samples of 3 mm × 4 mm × 20 mm were prepared to

measure the bending strength using the Shimadzu-Series
AGS-IX tests machine. Bending strength (𝜎𝑓 , in MPa) of
material after the three-point bending test was evaluated
using the following equation:

𝜎𝑓 =
3 ⋅ 𝑃 ⋅ 𝐿

2 ⋅ 𝑤 ⋅ 𝑏2
(2)

where 𝑃 is the failure load in N, 𝐿 is the distance between
supports (span, 12.5 mm) in mm, 𝑤 is the width of the
sample inmm, and 𝑏 is the thickness of the sample inmm.
Four-point probe measurement technique in the

in-plane direction using the equipment PSM1735—
NumetriQ—Newtons fourth was employed to determine
the electrical conductivity.
Young’s modulus was determined on sintered samples

of 3 mm × 4 mm × 20 mm (in-plane) with the equipment
GrindoSonic (MK, Belgium).
Thermal conductivity was indirectly calculated from the

thermal diffusivity (𝛼, mm2/s), the specific heat (𝑐𝑝, J/gK),
and the density (𝑑, g/cm3) using the following equation:

𝜆 = 𝛼 ⋅ 𝑑 ⋅ 𝑐𝑝 (3)

where 𝜆 is the thermal conductivity (W/m K). The mea-
surement of the thermal diffusivity was carried out in the
equipment LFA 457 MicroFlash from Netzsch at 25◦C on
specimens of 10 mm × 10 mm × 3 mm. Specific heat
was determined using a C80 (Setaram Instrumentation)
calorimeter, equipped with stainless steel cells (S60/1413),
in continuous mode, using a heating ramp of 0.1◦C/min
from 20 to 40◦C, with 2 h of stabilization at the start and
end temperatures. The data processing was carried out
using the Calisto Software.
Coefficient of thermal expansion (CTE) of the graphite–

chromium composite was measured in the temperature
range from 30 to 150◦C in dilatometer equipment (Net-

F IGURE 4 X-ray diffraction pattern of the sample
graphite–7 vol.% Cr previously uniaxially pressed at 60 MPa and
then spark plasma sintering (SPS) sintered at 1800◦C–20 min. X-ray
diffraction patterns are analogous for the other compositions with
changes only in the intensity of the peaks.

zschDIL402C,Germany). The samplewasmeasured in the
in-plane direction (specimen of 5 mm in length, 3 mm in
thickness, and 4 mm in width) and in the through-plane
direction (specimen of 3 mm in length, 5 mm in thickness,
and 4 mm in width).

3 RESULTS

3.1 Phase composition

Figure 4 corresponds to the X-ray diffraction analysis of
the sintered specimen, where graphite and chromium (II)
carbide are identified.

3.2 Microstructure

Figure 5a,b corresponds to a sample graphite–7 vol.% Cr,
where the chromium (II) carbide appears homogeneously
distributed within the matrix of graphite. The disposition
of graphite lamellae in the perpendicular direction to the
pressure can be seen in Figure 5a. Moreover, it is also pos-
sible to identify that chromium (II) carbide appears filling
empty spaces in the composite (Figure 5b).

3.3 Properties

3.3.1 Density

Relative density of the sintered powders was calculated
using Equation (1) and the values are collected in Table 1.
Relative density grows as the chromium content in the
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PIÑUELA-NOVAL et al. 5161

F IGURE 5 S canning electron microscopy (SEM) images of the sample graphite–7 vol.% Cr previously uniaxially pressed at 60 MPa and
then spark plasma sintering (SPS) sintered at 1800◦C–20 min: (a) graphite lamellae oriented perpendicular to the pressing visible on fracture
surface; (b) chromium carbides appear filling the spaces between grains.

TABLE 1 Density values of the green compacts, apparent
density, real and relative density.

Sample

Theoretical
density, dth
(g/cm3)s

Apparent
density, d
(g/cm3)

Relative
density
(%)

Graphite 2.2661 1.7337 76.51
Graphite–1 vol.% Cr 2.3101 1.8675 80.84
Graphite–2 vol.% Cr 2.3567 1.9247 81.67
Graphite–5 vol.% Cr 2.5205 2.0987 83.26
Graphite–7 vol.% Cr 2.6422 2.2932 86.79
Graphite–10 vol.% Cr 2.7381 2.3533 85.95

TABLE 2 Electrical conductivity values of the spark plasma
sintering (SPS)-samples.

Sample
Electric conductivity (MS/m)
(in-plane)

Graphite 0.04 ± 0.01
Graphite–1 vol.% Cr 0.06 ± 0.01
Graphite–2 vol.% Cr 0.12 ± 0.01
Graphite–5 vol.% Cr 0.20 ± 0.02
Graphite–7 vol.% Cr 0.79 ± 0.14
Graphite–10 vol.% Cr 0.45 ± 0.10

composite increases, except for the greatest chromium
content (10 vol.% Cr).

3.3.2 Electrical conductivity

Electrical conductivity values are collected in Table 2. Val-
ues of electrical conductivity increase as the chromium
content increases except for the sample graphite–10 vol.%
Cr.

TABLE 3 Values of the thermal conductivity in the
through-plane direction.

Sample

Thermal
conductivity
(W/m K)
(through-
plane)

Thermal
conductivity
(W/m K)
(in-plane)

Graphite 13.78 5.25
Graphite–1 vol.% Cr 15.72 9.56
Graphite–2 vol.% Cr 18.44 22.05
Graphite–5 vol.% Cr 29.02 58.94
Graphite–7 vol.% Cr 33.63 264.13
Graphite–10 vol.% Cr 26.06 131.90

3.3.3 Thermal conductivity

Thermal conductivity values are collected in Table 3, both
for the through-plane and in-plane directions. Values in
the in-plane direction are significantly greater than in
the through-plane direction for chromium contents above
5 vol.%. The values of thermal conductivity in-plane and
through-plane directions for chromium content below
5 vol.% are on the same order of magnitude due to the
poor densification. The differences in the values in Table 3
are consequence of the assumptions and mathematical
calculations indicated in Section 2.2.

3.3.4 Young’s modulus

Young’s modulus values are collected in Table 4, where the
behavior of the value is similar to that observed in the case
of other properties.
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5162 PIÑUELA-NOVAL et al.

TABLE 4 Values of the young modulus of the spark plasma
sintering (SPS)-samples.

Sample
Young modulus
(GPa)

Graphite 22.53 ± 0.10
Graphite–1 vol.% Cr 23.34 ± 0.12
Graphite–2 vol.% Cr 27.09 ± 0.52
Graphite–5 vol.% Cr 45.50 ± 0.29
Graphite–7 vol.% Cr 52.73 ± 0.46
Graphite–10 vol.% Cr 46.39 ± 0.57

TABLE 5 Values of the bending strength.

Sample
Bending
strength (MPa)

Graphite 23.93 ± 3.63
Graphite–1 vol.% Cr 18.95 ± 1.26
Graphite–2 vol.% Cr 21.36 ± 1.51
Graphite–5 vol.% Cr 30.87 ± 2.17
Graphite–7 vol.% Cr 38.97 ± 2.27
Graphite–10 vol.% Cr 42.71 ± 0.72

3.3.5 Bending strength

Values of the bending strength appear in Table 5. The best
results were obtained, as opposed to other cases, for the
graphite–10 vol.% Cr (42.71 MPa), although without signif-
icant differences with the composite graphite–7 vol.% Cr
(38.97 MPa).

4 DISCUSSION

Graphite–metal composites have found interest in dif-
ferent fields, particularly for extreme conditions appli-
cations, as collimators for CERN.15,16,17 However, these
graphite–metal composites might be used in heat dissipa-
tion. The great advantage of graphite–metal composites
is the refractory character, the high thermal stability,
the physical and mechanical properties as well as the
thermal and electrical conductivities. Despite the poten-
tial interest of graphite–metal composites in the above-
reported applications, researchers focused only on the
graphite–molybdenum system. Nevertheless, there are
other graphite–metal systems with promising possibilities
in this line. This is the case of the graphite–chromium
system, which has never been reported in the literature.
Sintering in the graphite–chromium system, as opposed
to the graphite–molybdenum, requires from lower tem-
peratures. Sintering temperatures of 1800◦C are sufficient
to consolidate the starting powders in presence of liquid,

which is at least 200◦C lower than that required for the
sintering of graphite–molybdenum composites.12,17 Time
is also shorter, as the sintering cycle (heating + dwell
time+ cooling in SPS) takes 44min+ cooling in SPS equip-
ment in front of the 131 min+ cooling in the SPS apparatus
required in the graphite–molybdenum system.12 The com-
petitive advantage of the C–Cr system, in comparison with
the C–Mo system, is precisely the temperature required for
the liquid phase sintering. In the C–Cr binary diagram,
there is a phase transformation at a temperature of 1811◦C,
whereas in the C–Mo binary diagram, the phase transfor-
mation that involves liquid phase takes place at 2584◦C,
for the compositions studied in this system. These tem-
peratures required for the appearance of liquid phase are
slightly lower in the SPSdue to both the vacuumconditions
and the pressure applied in the process. Therefore, sinter-
ing in this research occurred in presence of liquid phase
as it is clearly visible in Figure 5b, where liquid chromium
appears in triple points and grain boundaries. In fact, it is
not chromium but chromium (II) carbide, as it was iden-
tified in the X-ray diffraction analysis in Figure 4. This is
consistent with the carbon–chromium diagram, which for
the compositions studied in thismanuscript, indicates that
graphite and Cr3C2 are the stable phases at room tempera-
ture. TheCr3C2 is formed by reaction of the solid (graphite)
and liquid (chromium), where carbon atoms dissolve in
the liquid phase and diffuse, and eventually carbon struc-
tures are built to sinter together the graphite powders into
solid graphite. The solidification of the liquid phase results
into Cr7C3 + Cr3C2, but with excess carbon composition
and unimpeded carbon diffusion, the system moves to
the Cr3C2 + C zone.24 The presence of the liquid phase
promotes the densification of the composite, with a maxi-
mum of relative density for the composite with 7 vol.% Cr
(Table 1). This can be explained because there is an excess
of liquid phase for greater chromium contents (10 vol.%),
for the conditions of pressure and temperature in the SPS,
that migrates in minor quantities to the borders of the
sample and appears deposited in the walls of the mold
after the sintering process. This leads to a reduction in
the densification (and material losses), which is translated
later into the thermal, electrical, and mechanical prop-
erties of the composite. Values of relative density do not
significantly exceed the 85%, which is consistent with the
information provided by Aguiar et al.25 that indicates that
densification above 85% is difficulty reached in the case of
graphite materials. Within the graphite–metal composites,
it is necessary to apply relatively high pressures to obtain
the green compacts. Guardia-Valenzuela et al.,17 for the
graphite–molybdenum–titanium system employed a pres-
sure of 300 MPa to obtain the green compacts, although
Suárez et al.18 observed that using pressures >60 MPa did
not translate into a significant increase in the value of the
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PIÑUELA-NOVAL et al. 5163

density of the green compacts. Therefore, considering the
similitude between the graphite–Mo and graphite–Cr sys-
tems, a pressure of 60 MPa was applied, and it was seen
sufficient to see an alignment of the graphite in the direc-
tion perpendicular to the pressing, as it is observed in
Figure 5a. Later, the applied pressure in the SPS machine
produces a further alignment of the graphite flakes in the
basal direction, which ensures a directional behavior with
the best properties being measured in the in-plane direc-
tion. In this way, liquid chromium–chromium carbides
migrate throughout the lamellae of graphite preferentially
in the in-plane direction, filling spaces as in Figure 5b,
which enhances further the anisotropic behavior of these
composites.
The anisotropic behavior of graphite regarding electri-

cal conductivity was already reported in the forties of the
last century.26 For instance, thermal pyrolytic graphite in
the in-plane direction exhibits an electrical conductivity of
2.4 MS/m. Other research studies for graphite with metal
additions (molybdenum, titanium) have reported values
of the electrical conductivity approaching 1 MS/m in the
in-plane direction: 0.88–1.01 MS/m in-plane by Guardia-
Valenzuela et al.17; 0.86 MS/m in-plane by Suárez et al.18;
or, 0.99 MS/m in-plane by Suárez et al.12 The greatest
value reported in this manuscript measured in the in-
plane direction is 0.79 MS/m, which is not far from these
values. The influence of the chromium carbide in the pro-
motion of the electrical conductivity is clearly observed
in Table 2, which is also consistent with the trend of the
relative density indicated in Table 1 and the problems
of chromium losses by extrusion identified in the sam-
ple with 10 vol.% Cr. The high electrical conductivity in
the sample with 7 vol.% Cr can be explained by the ini-
tial graphite flakes bonded together in a highly oriented
matrix with chromium carbides being the main respon-
sible of the high electrical conductivity. This behavior is
translated into the thermal conductivity due to the par-
allelism between the electrical and thermal behaviors. In
this line, the electrical conductivity of the chromium (II)
carbide is 13.33 MS/m27 while that of the graphite in the
basal plane approaches 1 MS/m,28 although it is possible
to see that the value of the electrical conductivity of the
graphite sintered in the SPS apparatus is well-below this
value (0.04 MS/m) whether second phases are not added.
Therefore, it is the chromium carbide the responsible of
the electrical (and thermal) conductivity of the composite.
Densification also plays an important role in the elec-
trical (thermal and mechanical properties), as electrical
conductivity is directly related to the densification of the
composite, according to the results in Tables 1 and 2. Thus,
in this line, it is possible to find works of researchers who
studied what would be the critical volume that leads the
graphite–air being insulating29 and determined how the

orientation of the graphite is important for the electrical
conductivity of graphite-based composites.30 Phenomena
that explain the difficulty of reaching high values of elec-
trical conductivity without employing metallic or metal
carbide additives. So, liquid chromium (II) carbide can
more easily displace in the in-plane direction due to both
the orientation of the graphite planes produced by the
pressure applied to obtain the green compacts and the
pressure during the sintering process in the SPS. This,
apart from the promotion of the densification of the com-
posite, provides more metallic continuity in the in-plane
direction, which apart from the influence on the ther-
mal and electrical properties of the composite reflects into
the mechanical properties of the composite. Reducing the
chromium content decreases the importance of this mech-
anism. The values of thermal conductivity are comparable
with those proposed by Guardia-Valenzuela et al.17 (in-
plane, 647−740 W/m K; through-plane, 56−50 W/m K),
Suárez et al.12 (in-plane, 136.68 W/m K; through-plane,
through-plane, 22.09W/mK), and Suárez et al.18 (in-plane,
201.49 W/m K; through-plane, 23.43 W/m K) for graphite–
molybdenum–titanium composites, which indicates that
the graphite–chromium composites could be used in the
field of heat sinks with similar behavior regarding ther-
mal conductivity but with lower sintering temperature.
Graphite itself, even when it can reach very high thermal
conductivity values in highly oriented thermal pyrolytic
graphite (up to 1900 W/m K31), does not exhibit such
values of thermal conductivity in this case. Thermal con-
ductivity is very far from these values in the graphite
sintered with the SPS apparatus, which suggests that the
increase of the thermal conductivity is directly related to
not only the improvement of the densification produced
when the chromium content increases but also by the own
chromium, which has a thermal conductivity of around
190 W/m K.32
Regarding the mechanical properties of the composite,

these follow a trend like that of the thermal and elec-
trical properties. Values of the young’s modulus are in
clear correlation with the relative density values collected
in Table 1, and also with chromium content in the sam-
ple. It is important to consider that chromium (II) carbide
has a young’s modulus of around 373 GPa according to
Powell and Schofield,22 whereas that of graphite sintered
using the SPS apparatus is 22.53 GPa (for a relative den-
sity of 76%). Therefore, chromium carbide is responsible
for the increasing value of the young modulus, although
the densification has a relevant role that explains the dete-
rioration of the young modulus for the composite with
10 vol.% Cr (together with the potential chromium (II)
carbide losses produced by extrusion during the sintering
process). The increase of the resistance as the chromium
content increases is the result of chromium (II) carbide
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that improves the mechanical resistance of the composite.
The mechanical resistance, as in the case of the graphite–
molybdenum composites, is thought to be conferred by the
strong carbide–graphite bond, which provides bridges not
only in the in-plane direction but also in the perpendicu-
lar direction and limits the basal plane slip (shear) and the
delamination.
Results suggest that the best composite is that formed

by graphite and 7 vol.% Cr, which provides the greatest
values of electrical and thermal conductivities with a
bending strength comparable with that of the composite
with 10 vol.% Cr, which is the composite with the greatest
value in this parameter. The CTE is important for the
materials that are going to be used in heat dissipation
because they should be cooperative with the rest of the
structure of the device. The CTE was determined for
this sample graphite–7 vol.% Cr in the in-plane direc-
tion and in the through-plane direction. The values are
3.21⋅10−6 and 12.82⋅10−6 K−1, respectively. Apart from
the low values, whether compared with those of other
conventional materials used in heat dissipation as the
aluminum (25.5⋅10−6 K−1) or copper (16.7⋅10−6 K−1),
they are comparable with other competing composite
alternatives including diamond, that is, Al-diamond or
Cu-diamond, although the advantage of the graphite–
chromium composite is the lower weight. The coefficients
of thermal expansion allow defining an isotropy ratio, by
relation between the property in the in-plane direction
and the value in the through-plane direction, which is:

IR =
CTE⊥
CTE||

=
3.21 ⋅ 10

−6
K−1

12.82 ⋅ 10
−6

K−1
= 0.2504 (4)

where CTE⊥ is the CTE in the in-plane direction (per-
pendicular direction to the applied pressure), whereas
CTE|| is the CTE in the through-plane direction (parallel
direction to the applied pressure). A value equal or close
to 1 indicates an isotropic material,33 whereas the smaller
the IR, the more anisotropic the composite is. Considering
the criteria of Seehra et al.,34 this composite with a ratio
CTE⊥∕CTE|| closer to zero is very anisotropic.
The anisotropic behavior of the compositewas studied in

detail with the support of the X-ray diffraction technique.
X-ray spectra were obtained in the in-plane and through-
plane directions using 2θ continuous scanning method at
a scanning rate of 1◦/min, within the range 10◦–60◦ as in
Lee et al.35 A parameter called 𝐷𝑎 was obtained by using
the values of the intensity of the peaks corresponding to
the planes (0 0 2) and (1 0 0) as follows:

𝐷𝑎 =
𝐼100

𝐼100 + 𝐼002
(5)

F IGURE 6 X-ray diffractometer spectra of the sintered
specimen graphite–7 vol.% Cr in the in-plane (blue) and
through-plane (orange) directions.

The X-ray spectra in the in-plane and through-plane
directions are collected in Figure 6. The peaks correspond-
ing to the planes (0 0 2) and (1 0 0) appear in the angles 27◦
(32 942 counts in the in-plane direction and 1469 counts in
the through-plane direction) and 42◦ (548 counts in the
in-plane direction and 562 counts in the through-plane
direction).
UsingEquation (5), the values of theDa⊥, corresponding

to the in-plane X-ray diffractogram, and 𝐷𝑎||, correspond-
ing to the through-plane diffractogram, are 0.2767 and
0.0164, respectively. The anisotropy ratio is calculated as
the relation between the Da⊥ and 𝐷𝑎|| as Da⊥∕Da||. The
value is 16.87, which indicates the clear anisotropic behav-
ior of graphite–chromium composites, because the greater
the value the more anisotropic the material is.

5 CONCLUSIONS

A family of graphite-matrix composite material contain-
ing chromium particles (chromium carbide, Cr3C2, after
sintering) has been successfully developed for heat man-
agement applications. Composites are produced by SPS
assisted by molten metal–carbon liquid phase. Different
chromium contents were studied (0, 1, 2, 5, 7, and 10 vol.%)
to evaluate the influence of this element in the ther-
mal, electrical, and mechanical properties of the compos-
ite (densification, young’s modulus, electric conductivity,
thermal conductivity, and flexural strength).
As the composite mainly consists of oriented graphite,

the material exhibits anisotropic properties with in-plane
properties comparable to those of the already investigated
graphite–molybdenum composites. In fact, the anisotropy
of the composite was studied using CTE and X-ray diffrac-
tion technique, which confirm this behavior. As the sin-
tering temperature (1800◦C) is well-bellow that required
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for the graphite–molybdenum composites (up to 2600◦C),
the production of graphite–chromium composites might
be a competing alternative that could be easier scaled
up to industrial level and being a competitor for thermal
management applications.
The best values of thermal, electrical, and mechanical

properties were obtained in the case of graphite–7 vol.% Cr
(densification, young modulus, electric conductivity, ther-
mal conductivity, and flexural strength): 86.22%, 52.7 GPa,
0.79 MS/m, 264 W/m K, and 38.97 MPa, respectively.
Greater chromium content resulted in liquid metal losses
during the sintering process, which is detrimental for the
properties of the composite, particularly for the thermal
and electrical conductivities, whose values are a 40% lower.
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