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Thermal conduction in Cr3C2/SiC composite 
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Thermal conduction behaviour of Cr3C2/SiC composite is investigated in terms of 
temperature and SiC content. Experimental results showed that thermal diffusivity of the 
composite increases with SiC content up to 20 vol %, corresponding to a conductivity 
maximum, then decreases with further increase of SiC. The reduction in diffusivity and 
conductivity at higher SiC content may due to formation of small amounts of solid solution 
at the interface and/or of interfacial gaps due to lack of perfect contact among SiC aggregates 
leading to increased phonon scattering. The thermal conductivity demonstrates a positive 
temperature dependence but becomes temperature-independent when SiC content is above 
30 vol %. A correlation with composite theory is present. 

1. Introduction 
Chromium carbide (Cr3C2) has been widely used as 
precipitate-strengthening material in the steel and 
non-ferrous alloy industries for many years [1]. Its 
possession of sufficient, strength as well as hard- 
ness with the inertness to metal/alloy at elevated 
temperatures make the material an interesting candi- 
date in many metal industries. For instance, its 
high temperature stability, good oxidation and scale 
resistance allow Cr3C/ to be applied to a multi- 
type slab reheating furnace in the steel making indus- 
try [2]. In addition, chromium carbide has a low 
electrical resistance which allows electrical dis- 
charge machining for components having complex 
geometry [3]. 

In a previous study [4], the present authors have 
developed a composite material in a Cr3C2/SiC sys- 
tem by means of a hot-pressing technique. Due to 
large differences in coefficients of thermal expan- 
sion, i.e., C r 3 C  2 ~ l l .4x 1 0 - 6 / ~  and SiC ~ 4.2x 
10-6/~ a large residual compressive stress building 
up at the interface when cooling from processing 
temperatures is expected. This composite thus 
exhibited mechanical properties, such as bending 
strength and fracture toughness, superior to both 
its end compositions and comparable to those of 
silicon nitride. In addition, this composite has 
been found to demonstrate a superplasticity at 
elevated temperatures depending on SiC content, 
up to around 1200 ~ at 30 vol % of SiC [4]. 

For structural applications as well as for consider- 
ations of increased thermal efficiency, a knowledge of 
the thermal conduction behaviour of the composite is 
essential, especially for design purposes. The thermal 
diffusivity and conductivity data of SiC are well- 
documented; unfortunately, limited data are available 
for chromium carbide [5,6]. Therefore, besides 
a study on the thermal conduction in single- 
phase Cr3C2, this paper aims at investigating the 

758 

effect of SiC content and temperature on thermal 
transport properties of the Cr3C//SiC composite. 
Effect of microstructure orientation upon hot- 
pressing direction on thermal diffusivity is des- 
cribed and a correlation with composite theory is 
presented. 

2. Experimental procedures 
Fine-grained chromium carbide (1.5 gm, Hermann C. 
Starck) and SiC powders (0.5 ~tm, Showa Denko A-l) 
with 0-40% volume were mixed by ball-milling 
for 20 h with ethanol solution as medium. The mixed 
powder was oven-dried at 150~ shaped to form 
a cake 6 cm in diameter and 1 cm in thickness, then 
hot-pressed under a uniaxial pressure of 30 MPa 
in an induction-heating furnace to 1300-1450~ 
for 4h in vacuum (6.5x10-2pa). The resulting 
composites, having densities of above 98.5% of theor- 
etical determined by Archimede's method, were 
polished and punched ultrasonically into a disc with 
dimensions of approximately 10mm in diameter 
and 1.3 mm in thickness and used for thermal diffus- 
ivity and conductivity measurements. Densities of 
the composites were measured by a water dis- 
placement technique. A scanning electron micro- 
scope (SEM, Cambridge Instruments, S-360) was 
used for microstructure examination. 

A laser-flash instrument (ULVAC, SINKU-RIKO 
Inc., Model TC-3000H) was employed to measure the 
thermal diffusivity (a) and specific heat (Cp) of the 
specimens simultaneously [7] from room temperature 
to 600~ A ruby laser is used as an energy source 
which has a beam size of 10 mm diameter; the infrared 
detector is liquid-nitrogen-cooled InSb. For thermal 
diffusivity measurement, the specimen surfaces were 
coated with colloidal graphite to promote the absorp- 
tion of incident energy pulses during the test. The 
sample was held in vacuum in an electric furnace 
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for high temperature measurement. The thermal 
diffusivity (ct) is thus obtained as follows 

Ot = 1.38LZ/~Zz (1) 

where L is the sample thickness and r is the time taken 
for the temperature of the sample rear surface to reach 
half of the maximum value after the sample front 
surface has been irradiated by an instant heat source. 
Five shots were made for each measurement. 

For specific heat (Cp), the specimens were prepared 
in a similar fashion to that for measurements of ther- 
mal diffusivity; an additional Pt-Rh thermocouple 
wire with diameter 0.1 mm was attached by a silver 
paste to the rear surface of the specimen followed by 
4-h curing at 150 ~ The Cp is then given by 

Cp = Q. /pwAZmax (2) 

where w is the sample weight and ATma x is the max- 
imum temperature increase of the sample when ir- 
radiated with the energy pulse. Thus, the thermal 
conductivity (K) was determined by; 

K = e v a  p (3) 

where p represents the bulk density of the composite 
and the measurement error is within 5% verified by 
a sapphire standard. 

3. Results and discussion 
Fig. 1 shows the values of thermal diffusivity of the 
composite in terms of temperature with varying SiC 
contents. For monolithic Cr3C2 ceramic, the thermal 
diffusivity showed a negative dependence below 
300 ~ and became positively temperature-dependent 
of diffusivity up to 600~ Since Cr3C2 has a low 
electrical resistivity, i.e., 68 laQcm-1, over which few 
electrons may be free to move in a certain way in 
Cr3C2; thereby, the thermal transport in Cr3C2 may 
be contributed to by a combination effect of both 
phonon and electron. At lower temperatures where 
phonon conduction is predominant and leads to a 

typical negative temperature dependence of thermal 
diffusivity, while electrons might play an important 
part at higher temperatures. 

Similar trends are observed for the composite with 
SiC content up to 20 vol %, nevertheless, higher tem- 
perature dependence was observed with increasing 
SiC content indicating the increased phonon-phonon 
contribution due to SiC. It is interesting to note that 
the diffusivity decreased again for temperatures above 
450~ the reasons are unclear, but may probably 
result from the effect of SiC on reduction of heat 
conduction rate due to increased phonon scattering at 
elevated temperatures [8]. A negative temperature 
dependence was observed over the temperature range 
for higher SiC content, i.e., 30 vol%. The nearly 
T-1 dependence indicating that the thermal conduc- 
tion is essentially controlled by phonon-phonon scat- 
tering as shown by Peierls [8], who indicated that the 
phonon mean free path due to scattering by anhar- 
monic vibration of lattice to be proportional to the 
inverse of absolute temperature, and which may fur- 
ther substantiate the increased phonon scattering 
effect mentioned earlier. 

Considering the effect of SiC on thermal diffusivity 
depicted in Fig. 2, at both ambient and elevated tem- 
peratures, the diffusivity increased with SiC up to 
20 vol %. This is expected in general from composite 
theory, which shows that a dispersed phase with high 
thermal conductivity within a matrix with low thermal 
conductivity results in an increase in overall thermal 
conductivity, and vice versa, a decrease in overall 
conductivity, regardless of the size and distribution of 
the dispersed phase [9-11]. However, further increase 
of SiC content decreases the diffusivity, which seems 
to contradict the expectation of composite theory. 
A general explanation for most of composites is the 
formation of an interracial gap between the dispersed 
and matrix phase due to the difference in thermal 
expansion coefficient [12, 13]. However, it is impracti- 
cal for the present composite material because the 
matrix has a higher thermal expansion coefficient than 
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Figure 1 Temperature dependence of thermal diffusivity for 
Cr3C2/SiC composite. El, 0%; Q, 5%; O, 10%; A, 20%; + ,  30%. 
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Figure 2 Thermal diffusivity of Cr3C 2 composite in terms of various 
SiC contents at 25 ~ (O) and 600 ~ (12]). 
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the dispersed SiC particle and the dispersant surface 
should be exerted by a residual compressive stress as 
high as 250000-300000 p.s.i, when the composite is 
cooling from about 1000~ [4], where no stress 
relaxation has been assumed to take place, according 
to [14] 

AcxA T E d 
S I = (4) 

(1 + Vm)(Ed/2Em) + (1 - 2Vd) 

where Act is the difference of thermal expansion coef- 
ficient, E and v are modulus and Poisson's ratio of the 
material respectively, the subscripts d and m represent 
the dispersed and matrix phase respectively. There- 
fore, a perfect contact between the SiC particle and 
Cr3C 2 phase is expected. 

At higher SiC concentration especially for 40 vol % 
SiC, the SiC phase is nearly continuous; another ex- 
planation based on agglomeration of SiC particles is 
thus proposed. To obtain a dense body, a higher firing 
temperature, i.e. 1450 ~ was employed for the com- 
posites with 30 vol % and 40 vol % SiC. However, the 
temperature is too low for SiC agglomerates to have 
a completely sintering behaviour, i.e. SiC particles are 
in contact physically without the formation of a well- 
developed grain boundary. Hence, considerable 
amounts of interfacial gap may be present between 
contacting SiC particles due to particle geometry fac- 
tors and/or surface roughness of the particle, and is 
assumed to distribute randomly through the com- 
posite. These interfacial gaps may have widths of 
tenths of microns and are expected to act as a barrier 
to heat flow (referred to as a contact resistance [15]), 
which in turn, increases phonon as well as electron 
scattering, and consequently, decreases thermal diffus- 
ivity. If this is true, the higher values of thermal diffus- 
ivity for 30 vol % and 40 vol % SiC-contained com- 
posite than that for single-phase C r 3 C  2 indicates the 
contribution of SiC to thermal conduction. 

Nevertheless, if the interfacial gap does exist among 
SiC particles, it may weaken the strength [4], the 
maximum strength appears at the composite with 
30 vol % SiC but decreases significantly at 40 vol % of 
SiC content. Since the SiC phase is more possibly 
a continuous phase for the latter composition than for 
the former one, therefore this does not seem likely to 
be the only reason. A more plausible explanation is 
a combination effect of the interfacial gaps together 
with the formation of small amounts of solid solution 
at the interface between SiC and C r 3 C  2 due to higher 
processing temperatures, although no conclusive evid- 
ence for such an assumption is substantiated. The 
solid solution is known to have a significant effect on 
reducing the phonon mean free path [16, 17] and is 
assumed to play a major role in phonon scattering for 
composite with 30 vol % SiC, whereas both effects are 
assumed to be important for the 40vo1% SiC- 
contained composite. 

The roughly parallel behaviour of thermal diffus- 
ivity with respect to SiC concentration at various 
temperatures in Fig. 2 indicates that the interfacial 
barrier together with solid-solution scattering are in- 
dependent of temperature. The electronic contribution 
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TABLE I Values of specific heat (Jg ~ K) and density (gcm -3, in 
parentheses) of the Cr3C2/SiC composite in terms of various SiC 
contents and temperatures 

SiC 0% 5% 10% 20% 30% 40% 

(6.524) (6 .43)  (6.30) (5 .96 )  (5.56) (5.26) 
25 ~ 0.40 0.465 0.489 0.517 0.505 0.416 

100~ 0.431 0.537 0.542 0.561 0.545 0.51 
200~ 0.479 0.618 0.619 0.625 0.62 0.556 
300 ~ 0.502 0.732 0.642 0.706 0.632 0.67 
400 ~ 0.534 0.736 0.732 0.725 0.622 0.69 
500 ~ 0.572 0.794 0.767 0.758 0.708 0.703 
600 ~ 0.766 1.09 1.085 1.088 0.885 0.859 
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Figure3 Temperature dependence of thermal conductivity for 
Cr3C2 composite. El, 0%; O, 5%; O, 10%; A, 20%; V, 30%. 

to heat conduction of Cr3C2 appears to play a minor 
role in the composite with higher SiC concentration at 
elevated temperatures [18], since electron scattering 
due to imperfect contact together with the electrical 
insulation effect of the SiC particles must also be taken 
into consideration [19]. 

Table I gives the specific heat of the composite at 
different temperatures. The specific heat increases with 
temperature and with SiC content up to 20 vol %, but 
decreases slightly with a further increase of SiC con- 
tent. By multiplying the values of thermal diffusivity, 
specific heat, and density according to Equation 3, the 
values of thermal conductivity of the composite are 
determined with the consideration of dimensional 
change during heating, as illustrated in Fig. 3. The 
thermal conductivity of the composite showed a posit- 
ive temperature dependence with SiC content below 
30 vol %, while above 30 vol % the conductivity ap- 
pears to be independent of temperature over 500 ~ 
This is essential for design purposes, because for a con- 
stant thermal conductivity, a linear temperature 
gradient and negligible thermal stress result while 
subjected to a linear heat flow. 

Fig. 4 shows the effect of hot-pressing direction on 
the thermal diffusivity of the composite with 30 vol % 
SiC content. The specimens used for the measurement 
were prepared by cutting from one composite sample 
in different directions. It is clear to see that the 
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Figure 4 Thermal diffusivity of the composite with 30 vol % SiC as 
a function of temperature and hot-pressing direction. [~, parallel, �9 
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Figure 5 X-ray diffraction patterns of the composite with 30% SiC 
with direction (a) parallel and (b) perpendicular to the hot-pressing 
direction. 

specimen with direction parallel to the hot-pressing 
direction has values of thermal diffusivity higher 
by about 10% than those perpendicular to the hot- 
pressing direction. This finding suggests a microstruc- 
ture effect as those observed in other composite sys- 
tems especially for composites with short fibres or 
whiskers as a dispersed phase [-20, 21]. For the present 
composite in which particulate SiC is the only second- 
ary phase, the resulting anisotropic thermal conduc- 
tion property may thereby arise from CraC2 grains. 
Unfortunately, no considerable difference in respect- 
ive microstructure can be differentiated by SEM ex- 
amination E4]. As a continuous phase, the Cr3C 2 
grains may grow in a preferred orientation according 
to the hot-pressing direction. This was evidenced by 
X-ray diffraction patterns in Fig. 5, where crystallo- 

graphic (1 2 1) plane is preferred in a parallel direction 
while the (2 3 0) plane is preferred in a perpendicular 
direction. This indication suggests that by adjusting 
the crystallographic orientation of Cr3C2 crystals 
upon manufacturing, composites with controllable 
thermal transport properties can be achieved to meet 
various requirements. 

Hasselman et al. [13] derived a series of expressions 
by modifying the original composite theories of 
Rayleigh [10] and Maxwell [-11] by considering the 
effect of interracial thermal resistance. These expres- 
sions allow the prediction for the effective thermal 
conductivity of composite consisting of a homogene- 
ous matrix phase in which particles of a second homo- 
geneous phase are dispersed. For spherical dispersions 
the equation is given by 

K~ff = Km 2 ah 1 Va 

+ ~ + ~ - + 2  1 - - - +  Vd 
Km 

Ka 2Ka ] -  1 
+ ~ + ~ + 2j (51 

where Keff is the effective thermal conductivity of 
composite, a is the radius of a sphere, h is the inter- 
facial thermal conduction coefficient, and V is the 
volume fraction of the dispersion. In the absence of 
interracial thermal resistance, i.e., 1/h = 0, Equation 5 
agrees with Maxwell's theory for Keff and is also 
consistent with Eucken's relation [22] for the case of 
a continuous phase with spherical inclusion. By em- 
ploying Equation 5, with 1/h = 0, to the present com- 
posite (Fig. 6), the predicted values of thermal con- 
ductivity (solid line) are in general agreement with the 
experimental measurements (room temperature data) 
up to 20 vol % of content. The results also confirm the 
perfect contact between SiC and Cr3C2 previously 
mentioned. Large deviations occur for higher SiC 
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Figure 6 Thermal conductivity of the Cr3C2/SiC composite as 
a function of SiC content in comparison with theoretical prediction. 
Straight line, Equation 5 with 1/h = 0. 
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contents, i.e., for the cases of 30 vol % and 40 vol %, 
indicating the presence of other factors such as inter- 
facial gaps in SiC aggregates and a solid-solution 
effect affecting the heat conduction mode. 

4. Conclusion 
Thermal conduction properties of Cr3C2/SiC composite 
have been investigated. For monolithic Cr3C2, heat trans- 
port is primarily controlled by phonon and electron; 
phonon conduction characteristics become more pro- 
nounced with further increase of SiC. A maximum value 
of thermal diffusivity as well as conductivity can be reach- 
ed at 20 vol % SiC content. However, the conductivity 
decreases significantly for 30 and 40 vol % content which 
may be postulated as a combination effect of an interfacial 
gap that forms between poorly-sintered SiC particles and 
formation of small amounts of sofid solution between SiC 
and Cr3C2. The composite with 30 vol % SiC content 
demonstrates a lower and temperature-independent ther- 
mal conductivity, and this together with the superior 
mechanical properties demonstrated by our previous in- 
vestigation, suggests it to be a prime candidate for im- 
proving energy efficiency in energy-conversion systems. 
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