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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, young modulus, electrical conductivity, thermal conductivity, and flexural strength)
were obtained in the case of the composite 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.
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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
correspondingly materials used for their manufacture) has accompanied the progress of equipment,
which is more and more small, light, and efficient, particularly in the field of electronic devices or
mobile phones, but also in other fields where the lightness and performance are more important
than the size, as aerospace applications, high-speed trains, etc. 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 since some of them melt 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 dissipation are more and more demanding
and, sometimes, the thermal conductivity of the metal itself is not sufficient. Therefore, composites
metal-metal (copper-tungsten ') or metal-diamond (diamond/Cu composites *; Cu-0.2%Ti/diamond
3. Cu-0.3 wt. % B/diamond *; Cu-0.5 wt. % Zr/diamond > ®) with high thermal conductivity are gaining
interest. In some cases, as in Kim et al. , 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
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when it is one of the highest thermal conductivity materials (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 above-mentioned 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 "8, graphite-aluminum % *° or graphite-
magnesium '° composites with particular interest in the field of electronic industry. Also within the
carbon materials, 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 .

Anyway, graphite matrix composites are the most promising to be used in extreme conditions
applications, as rocket nozzles, collimators, or particle accelerators *>, whether they contain some
additive or second phase (molybdenum, copper, diamond, carbon fibers, silicon, silicon carbide,
titanium, or tungsten), resulted from the low density and high thermal conductivity. In this line, the
addition of reactive metals (particularly niobium, molybdenum, hafnium, tantalum, etc.) to improve
the thermal and mechanical properties of the graphite has been studied for at least 50 years ™ *,
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 excellent mechanical properties
conferred by the graphite and molybdenum carbides, which are formed when sintered together,
combined with a low density (around 2.5 g/cm?), 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
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avoid crystallographic transformations, promote the thermal conductivity, increase the resistance to
oxidation at high temperatures or improve the mechanical properties) were manufactured by fast

1518 or spark plasma sintering **

novel sintering techniques as rapid hot-pressing of powders mixture
7218 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 collimators, these

12,18

graphite-molybdenum composites have been proposed as heat sinks by other authors , although
their main disadvantage is the sintering temperature, which is above 2000 °C. However, other
families of graphite-metal composites, i. e. 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 temperatures 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, and mechanical properties of novel

graphite-chromium composites, using spark plasma sintering technique, for different chromium

contents (0, 1, 2, 5, 7 and 10 vol. %).

2. Experimental procedure

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 Company 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, dso, was 6 pum. Spheroidal-flake morphology is useful to promote the compaction
of the final composite and, therefore, improve the properties of the sintered composite *’. Figure 1

provides an image of the graphite powders.
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Chromium (purity = 99 %) from Sigma Aldrich was employed in the experiments. The particles had a
spherical-irregular morphology and a mean particle size, dso, of <100 um. 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 hours to promote the homogenous 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
the process. Finally, the material was dried at 120 °C and sieved through a mesh of 180 um. 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 Spark Plasma Sintering. The heating 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 sintering 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 (FESEM) on a Quanta FEG 650 was used for the
microstructural characterization of the initial raw materials and sintered samples. The

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-ka radiation (A =0.15406 nm). Copper anticathode

water cooled with an intensity of 40 mA and a voltage of 40 kV, a swept between 10-70 ° with a step
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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 calculated using Eq. (1).

d
0(%) = — - 100
din

(1)

where d is the apparent density determined from measurements of mass and volume (diameter and
height) and dy, is the theoretical density, determined by helium pycnometer (AccuPyc 1330 V2.04N)

on powdered samples (<63 um) 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 measured in the through-plane direction and the value in the in-plane direction
was indirectly calculated by the modified Wiedemann-Franz law (A/o =L -T, where A is the
thermal conductivity, o 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, which is supported by the experimental
results > *” '® for other highly oriented graphite-metal composites, and it is very conservative

16, 17

because the values in this direction are usually 20-40% lower . Values in the through-plane

direction are usually between 0.05-0.08 MS/m *’. Weideman-Franz law can be applied with sufficient

accurateness in graphite-metal composites although with a modified number of Lorenz. In fact, the

Weideman-Franz law has been applied in other materials different to the metals as carbides * %,

21 22,23

polymers and even graphite . The application of the Weideman-Franz law in graphite-
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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 3mm x4 mm x 20 mm were prepared to measure the bending strength using the
Shimadzu-Serie AGS-IX tests machine. Bending strength (ay, in MPa) of material after the three-point

bending test was evaluated using Eq. (2).

3-P-L
Gf:Z-W-bz

(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 in mm and b is the thickness of the sample in mm.

Four-point probe measurement technique in the in-plane direction using the equipment PSM1735 -

NumetriQ - Newtons 4th was employed to determine the electrical conductivity.

Young’s modulus was determined on sintered samples of 3 mm x4 mm x 20 mm (in-plane) with the

equipment Grindsonic (MK, Belgium).

Thermal conductivity was indirectly calculated from the thermal diffusivity (&, mm?/s), the specific

heat (c,, J/g K) and the density (d, g/cm®) using the Eq. (3).
A=a-d-¢,
(3)

where A is the thermal conductivity (W/m K). The measurement of the thermal diffusivity was
carried out in the equipment LFA 457 MicroFlash from Netzsch at 25°C on specimens of
10mmx10mm x 3 mm. Specific heat was determined using a C80 (Setaram Instrumentation)

calorimeter, equipped with stainless steel cells (560/1413), in continuous mode, using a heating
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ramp of 0.1 °C/min from 20 to 40 °C, with 2 hours 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 °C to 150 °C in dilatometer equipment (Netzsch DIL402C, Germany). The
sample was measured in the in-plane direction (specimen of 5 mm in length, 3 mmin thickness
and4 mm in width) and in the through-plane direction (specimen of 3 mm in length, 5mmin

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 (ll) carbide are identified.

3.2. Microstructure

Figures 5 (a) and (b) correspond to a sample graphite-7 vol. % Cr, where the chromium (ll) 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 5 (a). Moreover, it is
also possible to identify that chromium (ll) carbide appears filling empty spaces in the composite

(Figure 5 (b)).

3.3. Properties

3.3.1. Density

Relative density of the sintered powders was calculated using Eq. (1) and the values are collected in

Table 1. Relative density grows as the chromium content in the composite increases, except for the

greatest chromium content (10 vol. % Cr).
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3.3.2. Electrical conductivity

Electrical conductivity values are collected in Table 2. Values of electrical conductivity increase as the

chromium content increases except for the sample graphite-10 vol. % Cr.

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.

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 significant differences with

the composite graphite-7 vol. % Cr (38.97 MPa).

4. Discussion

Graphite-metal composites have found interest in different fields, particularly for extreme

conditions applications, as collimators for CERN *> &1/

. However, these graphite-metal composites
might be used in heat dissipation. The great advantage of graphite-metal composites is the

refractory character, the high thermal stability, the physical and mechanical properties as well as the
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thermal and electrical conductivities. Despite the potential 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 temperatures. 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

217 Time is also shorter, as the sintering cycle (heating + dwell

graphite-molybdenum composites
time + cooling in spark plasma sintering) takes 44 minutes + cooling in SPS equipment in front of the
131 minutes + cooling in the SPS apparatus required in the graphite-molybdenum system . The
competitive 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, while in the C-Mo binary diagram, the phase
transformation that involves liquid phase takes place at 2584 °C, for the compositions studied in this
system. These temperatures required for the appearance of liquid phase are slightly lower in the SPS
due to both the vacuum conditions and the pressure applied in the process. Therefore, sintering in
this research occurred in presence of liquid phase as it is clearly visible in the Figure 5 (b), where
liguid chromium appears in triple points and grain boundaries. In fact, it is not chromium but
chromium (Il) carbide, as it was identified in the X-ray diffraction analysis in Figure 4. This is
consistent with the carbon-chromium diagram, which for the compositions studied in this
manuscript, indicates that graphite and Cr;C, are the stable phases at room temperature. The Cr;C,
is formed by reaction of the solid (graphite) and liquid (chromium), where carbon atoms dissolve in
the liquid phase and diffuse, and eventually carbon structures are built to sinter together the

graphite powders into solid graphite. The solidification of the liquid phase results into Cr;C3+Cr3C,,

but with excess carbon composition and unimpeded carbon diffusion, the system moves to the

This article is protected by copyright. All rights reserved.
10

5U801 SUOWILLIOD BANER.D) 3| [dde U Ag PuLRAOB 312 S3P1LIE YO ‘95N J0 SaINJ 10} Aeiq 1] BUIIUO /3|1 UO (SUOIPUGD-PUE-SLLLIBWIOD" B3| 1M AR PUIUO//'SRY) SUOTIPUOD PUe SWLR 1 aU) 385 *[£202/70/ZT ) U0 ARiqi]auliuo AB]im ‘WO e Uoeziueblo 950 Ad GyT6T 8% TTTT 0T/10p/u00 A5 IMARRIq[BU1[UO'SDIWR.R0//'SdNY WOl popeo|umod ‘! ‘9T6ZTSST



Accepted Article

Cr3C,+C zone 2. The presence of the liquid phase promotes the densification of the composite, with
a maximum 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 properties of the composite. Values of relative density do not significantly
exceed the 85%, which is consistent with the information provided by Aguiar et al.” 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. V/, for the graphite-molybdenum-titanium system employed a
pressure of 300 MPa to obtain the green compacts, although Suérez et al. *® observed that using
pressures > 60 MPa did not translate into a significant increase in the value of the density of the
green compacts. Therefore, considering the similitude between the graphite-Mo and graphite-Cr
systems, a pressure of 60 MPa was applied, and it was seen sufficient to see an alighment of the
graphite in the direction perpendicular to the pressing, as it is observed in Figure 5 (a). 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 direction. In this way, liquid chromium-chromium carbides migrate throughout the lamellae of
graphite preferentially in the in-plane direction, filling spaces as in the Figure 5 (b), which enhances

further the anisotropic behavior of these composites.

The anisotropic behavior of graphite regarding electrical conductivity was already reported in the
forties of the last century *°. For instance, Thermal Pyrolytic Graphite in the in-plane direction
exhibits an electrical conductivity of 2.4 MS/m. Other research for graphite with metal additions

(molybdenum, titanium) have reported values of the electrical conductivity approaching 1 MS/m in
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the in-plane direction: 0.88-1.01 MS/m in-plane by Guardia-Valenzuela et al. ’; 0.86 MS/m in-plane
by Suérez et al. % or, 0.99 MS/m in-plane by Sudrez et al. 2. 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 promotion of the electrical conductivity is clearly observed
in the 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 sample with 10 vol. % Cr. The high
electrical conductivity in the sample with 7 vol. % Cr can be explained by the initial graphite flakes
bonded together in a highly oriented matrix with chromium carbides being the main responsible of
the high electrical conductivity. This behavior is translated into the thermal conductivity due to the
parallelism between the electrical and thermal behaviors. In this line, the electrical conductivity of
the chromium (1I) carbide is 13.33 MS/m *’ while that of the graphite in the basal plane approaches 1
MS/m 8, although it is possible to see that the value of the electrical conductivity of the graphite
sintered in the spark plasma sintering 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
electrical (thermal and mechanical properties), as electrical conductivity is directly related to the
densification of the composite, according to the results in Table 1 and Table 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 insulating > and determined how the orientation of the graphite is important for
the electrical conductivity of graphite-based composites *°. Phenomena that explain the difficulty of
reaching high values of electrical conductivity without employing metallic or metal carbide additives.
So, liquid chromium (Il) 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 composite, provides more metallic continuity in the in-plane direction, which
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apart from the influence on the thermal and electrical properties of the composite reflects into the
mechanical properties of the composite. Reducing the chromium content decreases the importance
of this mechanism. The values of thermal conductivity are comparable with those proposed by
Guardia-Valenzuela et al. *’ (in-plane, 647-740 W/m K; through-plane, 56-50 W/m K), Suarez et al. 12
(in-plane, 136.68 W/m K; through-plane, 22.09 W/mK) and Sudrez et al. *® (in-plane, 201.49
W/mK; through-plane, 23.43 W/mK) 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 thermal 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-K *'), does not exhibit such values of thermal conductivity in this case. Thermal
conductivity is very far from these values in the graphite sintered with the spark plasma sintering
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 *.

Regarding the mechanical properties of the composite, these follow a trend like that of the thermal
and electrical 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 sample. It is important to
consider that chromium (ll) carbide has a young’s modulus of around 373 GPa according to Powell
and Schofield %, while that of graphite sintered using the spark plasma sintering apparatus is 22.53
GPa (for a relative density of 76%). Therefore, chromium carbide is responsible for the increasing
value of the young’s modulus, although the densification has a relevant role that explains the
deterioration of the young’s modulus for the composite with 10 vol. % Cr (together with the
potential chromium (Il) carbide losses produced by extrusion during the sintering process). The
increase of the resistance as the chromium content increases is the result of chromium (ll) carbide

that improves the mechanical resistance of the composite. The mechanical resistance, as in the case
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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 perpendicular

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 coefficient of thermal expansion (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 coefficient of thermal expansion was determined for this sample graphite-7 vol. % Cr
in the in-plane direction and in the through-plane direction. The values are 3.21-10° K*, and
12.82:10° K, respectively. Apart from the low values, whether compared with those of other
conventional materials used in heat dissipation as the aluminum (25.5-10° K™) or copper (16.7-10° K’
'), they are comparable with other competing composite alternatives including diamond, i. e. 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:

_CTE, 3.21- 1076 K™!

IR = =
CTE;, 12.82-107 6K

= 0.2504

(4)

where CTE is the coefficient of thermal expansion in the in-plane direction (perpendicular direction
to the applied pressure), while CTE| is the coefficient of thermal expansion in the through-plane
direction (parallel direction to the applied pressure). A value equal or close to 1 indicates an
isotropic material ** while the smaller the IR, the more anisotropic the composite is. Considering the

34
l.

criteria of Seehra et al. ", this composite with a ratio CTEJ_/CTE” closer to zero is very anisotropic.
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The anisotropic behavior of the composite was studied in detail with the support of the X-ray
diffraction technique. X-ray spectra was obtained in the in-plane and through-plane directions using
20 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 (002) and (100) as follows:

I
Da = 100

" 100 + looz
(5)

The X-ray spectra in the in-plane and through-plane directions are collected in the Figure 6. The
peaks corresponding to the planes (002) and (100) appear in the angles 27° (32942 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).

Using the equation 5, the values of the Da |, corresponding to the in-plane X-ray diffractogram, and
Daj, corresponding 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, /Day. The value is
16.87, which indicates the clear anisotropic behavior of graphite-chromium composites, because the

greater the value the more anisotropic the material is.
5. Conclusions

A family of graphite-matrix composite material containing chromium particles (chromium carbide,
Cr;C,, after sintering) has been successfully developed for heat management applications.
Composites are produced by spark plasma sintering 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
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this element in the thermal, electrical, and mechanical properties of the composite (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 diffraction
technique, which confirm this behavior. Since the sintering temperature (1800 °C) is well-bellow that
required 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, thermal 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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Fig. 2. Spheroidal-irregular morphology chromium used in the experiments.

Fig. 3. Micrograph of the mixed powders, in the image, graphite-10 vol. % chromium.

Fig. 4. X-ray diffraction pattern of the sample graphite-7 vol. % Cr previously uniaxially pressed at 60 MPa

and then SPS sintered at 1800 °C-20 min. X-ray diffraction patterns are analogous for the other compositions
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Fig. 6. X-ray diffractometer spectra of the sintered specimen graphite-7 vol. % Cr in the in-plane (blue) and

through-plane (orange) directions.
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Tables

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

Theoretical density, Apparent density, d
Sample Relative Density (%)
den (g/cm’) (g/cm’)

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

Accepted Article

Table 2. Electrical conductivity values of the 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 0.7910.14

Graphite-10 vol. % Cr 0.45+0.10

Table 3. Values of the thermal conductivity in the through plane direction.
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Sample Thermal conductivity (w/m-K) Thermal conductivity (w/m-K)
(through-plane) (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

Table 4. Values of the young’s modulus of the SPS-samples.

Sample Young modulus (GPa)

Graphite 22.5310.10
Graphite-1 vol. % Cr 23.3440.12
Graphite-2 vol. % Cr 27.0940.52
Graphite-5 vol. % Cr 45.50+0.29
Graphite-7 vol. % Cr 52.7310.46
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
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