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Hot isostatic pressing (HIPing) was found to increase the thermal diffusivity/conductivity of 
uniaxial silicon carbide fibre-reinforced reaction-bonded silicon nitride (RBSN) matrix 
composites, as the result of the densification of the matrix, the increase in the grain size of the 
silicon carbide and the improved thermal contact between the fibres and the matrix. Transverse 
to the fibre direction the thermal diffusivity/conductivity was found to be a function of the 
surrounding gaseous atmosphere due to the access of the gas phase to the fibre-matrix 
interface, which was facilitated by the existence of an interfacial gap due to the thermal 
expansion mismatch between the fibres and the matrix. The interfacial conductance was found 
to exhibit a strong positive temperature dependence as the result of the closure of the 
interfacial gap with increasing temperature. 

1. Introduction 
Fibre- or whisker-reinforced ceramic matrix com- 
posites offer considerable advantages over single- 
phase ceramics in applications involving elevated 
temperatures in view of their improved fracture tough- 
ness, non-catastrophic failure mode and lower sens- 
itivity to surface damage. The thermal conduction 
characteristics of ceramic matrix composites are crit- 
ical when designing for service conditions involving 
transient or steady-state heat flow and the possibility 
of failure by thermal shock and fatigue. 

Theoretical studies have shown that the effective 
thermal conductivity of a. composite depends on the 
thermal conductivity values, the volume fraction and 
the distribution of the individual components within 
the composite [1-6]. Recently, a number of other 
studies have identified the role an interracial thermal 
barrier can play in establishing the effective thermal 
conductivity of composites [7 10]. 

For a composite uniaxially reinforced with fibres of 
circular cross-section, the effective thermal conduct- 
ivity perpendicular to the fibre axis is [8] 

Kc = K m [ ( K f / K  m -- 1 -- Kf /ah i )J / f  

+ (1 + K f / K  m + Kf /ahi )] / [ (1  - K f / K  m 

+ K f / a h i ) V  f + (1 + K f / K  m + K f /ah l )  ] (1) 

where K and Vrepresent the thermal conductivity and 
volume fraction, respectively, the subscripts c, m, and f 
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refer to the composite, matrix and fibre phases, re- 
spectively, a is the fibre radius and h i is the interfacial 
thermal conductance. 

The effect of the magnitude of the interfacial con- 
ductance on the composite thermal conductivity is 
governed by its influence on the magnitude of the non- 
dimensional parameter, K f / a h  i. For hi = oo (i.e. per- 
fect thermal contact) the expression for Kc reverts to 
the equation derived by Rayleigh [1]. For h i = 0, K c 
corresponds to that of a porous composite, and is 
independent of the value of Ke. Note that for imperfect 
thermal contact (hi is finite), the effective thermal 
conductivity is also a function of the size of the fibres. 

Less than perfect thermal contact at the 
fibre-matrix interface in composites can arise from 
poor chemical or mechanical adhesion between the 
fibre and the matrix and from mismatches in their 
coefficients of thermal expansion. In particular, this 
latter effect can occur for composites in which the 
coefficient of thermal expansion of the fibre is greater 
than that of the matrix. On cooling from the fabrica- 
tion temperature, internal stresses and interfacial 
debonding are generated, especially for those com- 
posites with poor interfacial adherence. Even with 
perfect mechanical contact, an interfacial thermal bar- 
rier can arise from less than perfect thermal coupling 
between the dominant mechanism of heat transfer in 
the individual components of the composite. 

For steady-state heat flow parallel to the fibre 
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direction in a uniaxially reinforced composite, the 
effective thermal conductivity is not affected by the 
existence of an interracial thermal barrier and from the 
rule of mixtures is given by 

K c = K m[1 - Vf(1 - Kf/Km) ] (2) 

Earlier studies on the effect of an interracial barrier 
on the effective thermal conductivity concentrated on 
a silicon carbide fibre-reinforced reaction-bonded sili- 
con nitride matrix composite [11, 12]. The presence of 
an interfacial gap, which resulted from the thermal 
expansion mismatch between the fibre and the matrix, 
was found to play a major role. The presence of such a 
gap was inferred from the observation that transverse 
to the fibre direction the effective thermal diffus- 
ivity/conductivity was a function of the atmosphere; 
i.e. it was lower in vacuum than in nitrogen or helium. 
It was also noted that by the selective oxidation of the 
interfacial carbon layer, the thermal diffusivity/con- 
ductivity of the composite transverse to the fibre 
direction was lowered even further, with major differ- 
ences in the values occurring in vacuum, nitrogen or 
helium. 

From the perspective of the present study, it should 
,be noted that the reaction-bonded silicon nitride 
(RBSN) matrix phase of these earlier studies was 
relatively porous with a mean value of porosity of 
about 38%, but with localized regions, especially in 
the immediate vicinity of the fibres, with pore contents 
much higher than the average value. Such porosity 
levels are expected to govern the direct physical con- 
tact between the matrix phase and the fibre and 
thereby affect the value of the interfacial thermal 
conductance. Removal of the pore phase from the 
matrix by hot isostatic pressing (HIPing) would mod- 
ify the thermal contact between the fibre and matrix 
and thereby affect the overall effective thermal con- 
ductivity of the composite. The purpose of the present 
paper is to report the results of such a study. 

2. Exper imental  procedure 
2.1. M a t e r i a l  
The starting materials for the composites of this study 
were double-coated SCS-6 SiC monofilaments and 
high-purity silicon powder having an average particle 
size of 0.3 lain. The SiC fibres, produced by chemical 
vapour deposition of methyltrichlorosilane on to a 
heated carbon substrate, have a complex microstruc- 
ture and can be regarded as microcomposites in them- 
selves. A schematic diagram of the cross-section of the 
fibre is shown in Fig. la. The fibre consists essentially 
of an SiC sheath with an outer diameter of 142 ~tm 
surrounding a pyrolytic graphite-coated carbon core 
with diameter of 37 lain. The sheath consists entirely of 
columnar ]3-SIC grains and contains two zones; the 
inner zone, referred to as A in Fig. la, contains 
carbon-rich SiC and the outer zone, referred to as B, is 
essentially stoichiometric SiC. The outer surface of the 
SiC sheath contains two layers of a carbon-rich coa- 
ting, for which the chemical composition as a function 
of thickness is shown schematically in Fig. lb. 

The composites were fabricated by a three-step 
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Figure 1 Schematic drawing of an SiC fibre: (a) cross-section and 
(b) composition profile of carbon coating. 

process. In the first step, SiC fibre mats and silicon 
cloth were consolidated using two different polymer 
fugitive binders - one polymer for maintaining proper 
spacing between the fibres in the fibre mat, and the 
other polymer for preparing pliable silicon cloth. The 
volume fraction of fibres in the final composite was 
controlled by either varying the thickness of the silicon 
cloth or by changing the spacing between fibres in the 
mat. In the second step, alternate layers of SiC fibre 
mats and silicon cloth were stacked in a metal die and 
pressed in a vacuum hot press under an applied stress 
ranging from 27-200 MPa for up to 1 h in the temper- 
ature range 600-1000 ~ In the third step, the con- 
solidated SiC/Si preforms were heat treated in a 
high-purity ( ~ 99.99%) nitrogen environment at tem- 
peratures ranging from 1000-1400~ for up to 100 h 
to convert them to the their final form. The typical 
dimensions of the as-nitrided composite panels were 
150 m m x  50 mm x 2.2 ram. Some of the as-nitrided 
SiC/RBSN composites were further densified by HIP- 
ing in an argon atmosphere at a pressure of 138 MPa 
and a temperature of 1850~ for a period of 1 h. The 
density of the as-nitrided composite was found to be 
2.17 g cm -3, whereas the density of the HIPed com- 
posite was measured to be 3.05 g cm-3. 

Fig. 2a and b show representative photomicro- 
graphs of polished cross-sections of as-nitrided and 
HIPed composite specimens, respectively. The fibre 
volume fraction was approximately 28% in the as- 
nitrided composite and 42 vol % in the HIPed com- 
posite. The matrix phase of the as-nitrided composite 
contained about 38% porosity, whereas in the HIPed 
composite the matrix phase was essentially pore-free. 
The carbon core, the surface coating and the two 
silicon carbide zones in the fibres are clearly evident. 

Fig. 3a and b show scanning electron micrographs 
of the regions in the immediate vicinity of a fibre in an 
as-nitrided and HIPed composite, respectively. In the 
as-nitrided composite the highly porous regions in the 
matrix phase immediately adjacent to the fibre are 
clearly evident. In the HIPed composite, this region is 
absent. 

For purposes of comparison, samples were also 
made of the as-nitrided and HIPed RBSN matrix 
without fibres, following identical fabrication tech- 
niques used for preparation of the composite samples. 



Figure 2 Optical micrograph of a cross-section of uniaxially SiC fibre-reinforced reaction-bonded silicon nitride transverse to the fibre 
direction (a) as-nitrided and (b) HIPed. 

Figure 3 Scanning electron micrograph of polished section in the immediate vicinity of a fibre: (a) as-nitrided and (b) HIPed. 

2.2. Determination of thermophysical 
properties 

The effective thermal diffusivity was measured by the 
laser-flash technique [13, 14]. The specimens, in the 
form of square platelets with dimensions of approxim- 
ately 8 m m x  8 m m x  2 ram, were cut from the larger 
as-nitrided and HIPed  blocks. A glass-neodymium 
laser was used as the flash source. The specimens were 
lightly coated with colloidal carbon to promote 
absorption and prevent direct transmission of the 
laser pulse. An lnSb infrared detector was used to 
monitor  the transient temperature rise of the specimen 
up to temperatures of 700 ~ and a silicon photodiode 
detector was used for temperatures above 700 ~ The 
detectors viewed a circular area having a diameter of 

5 ram. The thermal diffusivity up to 1000 ~ was 
measured at intervals of about  100 ~ in helium and 
nitrogen at atmospheric pressure and in vacuum at a 
pressure of about  0.13 Pa. 

The specific heat was measured by differential 
scanning calorimetry from room temperature to 
600~ using sapphire as the standard. Data  from 

600-1000~ were obtained by extrapolation guided 
by general trends presented in the literature. 

The values for the thermal conductivity were calcu- 
lated by multiplying the data for the thermal diffus- 
ivity with the product of the density and the specific 
heat. In this manner, values for the thermal conduct- 
ivity were established from room temperature to 
1000~ for the as-nitrided and HIPed  matrix phase 
and for the composites parallel and perpendicular to 
the fibre direction. 

The coefficients of linear thermal expansion for the 
matrix and composites perpendicular to the fibre dir- 
ection were found to be equal, with a mean value of 3.0 
• 10 6 o C -  1 over the range from room temperature 
to 1200~ For the composite parallel to the fibre 
direction, the corresponding value for the coefficient of 
thermal expansion was 3.6 x 10 -6  ~  These values 
were used during the calculation of the thermal diffus- 
ivity to adjust for the increase in sample dimension 
with increasing temperature. These values were also 
used in the calculation of the thermal conductivity to 
adjust for the decrease in density with increasing 
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temperature, The coefficient af thermal expansion of 
the fibres was measured to be 4.53 x 1 0 - 6 ~  -1  

2.3. Calculation of the interfacial conductance 
The value for the interracial conductance was calcu- 
lated based on a number of simplifying assumptions. 
The silicon nitride matrix and the silicon carbide of 
the fibres were assumed to exhibit isotropic thermal 
conductivity. The fibres themselves were considered to 
be a composite consisting of an outer silicon carbide 
sheath and a carbon inner core. This carbon core, in 
view of its preferred crystallographic orientation, was 
assumed to exhibit anisotropic thermal conductivity. 
The thermal conductivity of the silicon carbide phase 
in the fibres parallel to the fibre direction was calcu- 
lated from the thermal conductivity of the matrix, the 
thermal conductivity of the composite for heat flow 
parallel to the fibre direction and the thermal conduct- 
ivity of the core using the rule of mixtures for a three- 
phase composite. The thermal conductivity of the 
carbon core was inferred from the correlation between 
Young's modulus and the thermal conductivity estab- 
lished by Nysten et al. [15]. For a value of Young's 
modulus for the carbon core of 41 GPa  [16], this led 
to a value of the thermal conductivity of the carbon 
core parallel to its axis of 29 W m-  1 K -  1. This low 
value for the thermal conductivity, which is well below 
the value for many other carbon fibres, indicates that 
the crystal structure of the fibre core is highly defec- 
tive. For this reason, the thermal conductivity of the 
core was assumed to be independent of temperature as 
the phonon mean-free-path was thought to be primar- 
ily governed by the defect structure. It should be noted 
that this assumption introduces little error in the final 
results of the thermal conductivity of the fibres as the 
core represents only 6.8% volume fraction of the fibre 
and an even smaller value of the composite as a whole. 
The transverse thermal conductivity of the silicon 
carbide in the fibres was assumed equal to the thermal 
conductivity of the fibres parallel to their axis. The 
carbon core within the fibres, in view of its highly 
preferred crystallographic orientation, is expected to 
exhibit highly anisotropic thermal conductivity 
[-17-19]. For this reason, transverse to the core the 
thermal conductivity is expected to be quite low com- 
pared to the value parallel to the core and for simpli- 
city was assumed to be zero. Again, as pointed out 
earlier, this assumption is not expected to introduce a 
major error, as the core represents a small volume 
fraction of the fibres or composite as a whole. The 
effective thermal conductivity of the fibres transverse 
to their axis was then obtained using the appropriate 
porosity correction from Equation 1. From the res- 
ulting thermal conductivity data for the matrix, fibres 
and the composite sample with heat flow transverse to 
the fibre direction, the interracial thermal conductance 
was then calculated by means of Equation 1. 

3. Results,  discussion and conclusions 
Fig. 4 shows the experimental data for the thermal 
diffusivity of the as-nitrided and HIPed RBSN matrix 
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Figure 4 Thermal diffusivity of (~)  as-nitrided and (~)  HIPed 
reaction-bonded silicon nitride matrix phases in helium, nitrogen 
and vacuum. 

phases in atmospheres of helium, nitrogen and 
vacuum. Clearly, HIPing caused a significant increase 
in the thermal diffusivity due to the elimination of the 
pore phase. Within the experimental scatter and pos- 
sible specimen-to-specimen variation, the differences 
in gaseous environments appeared to have no signific- 
ant effect on the thermal diffusivity of either matrix. In 
fact, the experimental data in the three gaseous atmo- 
spheres were so close, they could not be plotted 
separately. The relative temperature dependence of 
the data, shown in Fig. 4, is typical for dielectric 
materials in which phonon heat transfer is the primary 
mechanism of heat conduction. 

Fig. 5 shows the data for the thermal diffusivity of 
as-nitrided and HIPed composite samples for heat 
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Figure 5 Thermal diffusivity of(O) as-nitrided and (~) HIPed SiC 
fibre-reinforced reaction-bonded silicon nitride parallel to the fibre 
direction in helium, nitrogen and vacuum. 
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flow parallel to the fibre direation in the presence of 
helium, nitrogen and vacuum atmospheres. Again, 
HIPing caused a significant increase in the thermal 
diffusivity, attributable to the densification of the ma- 
trix and, as to be discussed, an increase in the thermal 
conductivity of the fibres. 

Comparison of Figs 4 and 5 shows that the presence 
of the fibres increases the effective thermal diffusivity 
by about a factor of two over the corresponding value 
for the matrix. This implies that the thermal conduct- 
ivity of the fibres significantly exceeds the value for the 
matrix. These values will be presented shortly. 

Fig. 6 shows the data for the effective thermal 
diffusivity of as-nitrided and HIPed composite sam- 
ples transverse to the fibre direction in helium, ni- 
trogen and vacuum. As expected, HIPing increased 
the thermal diffusivity for all environmental condi- 
tions. Also note that the thermal diffusivity for the 
as-nitrided and HIPed samples in the different atmo- 
spheres exhibits significant differences. This observa- 
tion came as quite a surprise, at least to these authors. 
In order to find a plausible explanation for this effect it 
should be noted that the coefficient of thermal ex-  
pansion of the silicon carbide fibre is higher than that 
for the matrix. This implies that on cooling from the 
nitriding temperature, tensile internal stresses are gen- 
erated across the interface, which, for weakly bonded 
interfaces, can lead to interfacial cracking. Assuming 
that such cracks are uniform around the interface, 
their width at room temperature is of the order of 
0.1 pro, as calculated from the differences in the coef- 
ficients of thermal expansion of the fibre and the 
matrix, the fibre size and the range of temperature 
over which the composite is cooled. Such a crack 
width is sufficient for the environmental atmosphere 
to enter the interface and contribute to the conduction 
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Figure 6 Thermal diffusivity of ( , , . ,  O) as-nitrided and (• K], 
�9 HIPed SiC fibre-reinforced reaction-bonded silicon nitride 
transverse to the fibre direction in (A, A) helium, (Z3, , )  nitrogen 
and (�9 O) vacuum. 

of heat across the interface. Raising the temperature of 
the sample will result in a decrease in the width of the 
interfacial crack. This, in turn, will result in improved 
direct physical contact and expulsion of the gas phase 
from the interface as the temperature approaches the 
composite's processing temperature, This is in agree- 
ment with the observation that the thermal diffusivity 
data in vacuum are well below the corresponding 
values in helium and nitrogen at the lower temper- 
atures, but are almost equal at temperatures from 
about 800-1000~ Direct evidence for the existence 
of such a crack by scanning electron microscopy of 
fracture surfaces could not be obtained. However, 
parallel studies of mechanical behaviour showed that 
interfacial fracture usually occurred within the carbon 
coating on the SiC fibres and occasionally at the 
interface between the SiC and the carbon layer, but 
not at the interface between the carbon coating and 
the silicon nitride. Of course, the effect of the gas phase 
on the thermal diffusivity represents indirect evidence 
for the existence of an interfacial gap. 

The above unexpected finding suggests that for the 
as-nitrided and/or HIPed composites the thermal ex- 
pansion crack is expected to play a major role in 
establishing the effective thermal conductivity trans- 
verse to the fibre direction. Fig. 6 also indicates that 
for any given processing history, the values of the 
thermal diffusivity are highest in a helium atmosphere, 
followed by nitrogen and are the lowest in vacuum. 
This ranking is in accordance with the ranking of the 
thermal conductivity of helium, nitrogen and vacuum, 
providing indirect evidence for the hypothesis that the 
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gaseous atmosphere can enter the interfacial gap and 
thereby contribute to the heat transfer between the 
fibre and matrix. A more detailed discussion of the 
nature of the heat transfer across gaps will be pre- 
sented as part of the discussion of the values for the 
interracial thermal conductance. 

Fig 7a and b show the experimental and extrapol- 
ated values for the specific heat of the as-nitrided and 
HIPed RBSN matrix and the silicon carbide-silicon 
nitride composite, respectively. The magnitude of the 
specific heat for the matrix phase appears to be un- 
affected by the HIPing process within the accuracy of 
the experimental method, estimated to be about 3%. 
The HIPing, however, appears to have decreased the 
specific heat of the composite samples. No informa- 
tion is available to explain this effect. 

Fig. 8 shows the calculated values for the thermal 
conductivity of the as-nitrided and HIPed RBSN ma- 
trix samples in helium, nitrogen and wacuum. These 
data reflect the same relative differences as those found 
for the thermal diffusivity, with the exception that 
because of the positive temperature dependence of the 
specific heat, the temperature dependence of the ther- 
mal conductivity is less negative than for the thermal 
diffusivity. 

Fig. 9 shows the calculated values for the thermal 
conductivity of the composite samples for heat flow 
parallel to the fibre direction. Again, these data show 
the same relative values as found for the thermal 
diffusivity, with the same exception, that the relative 
temperature dependence of the thermal diffusivity is 
more negative than the corresponding dependence of 
the thermal' conductivity. The data of Fig. 9 also 
indicate that HIPing appears to have increased the 
relative negative temperature dependence of the ther- 
mal conductivity compared to the as-nitrided com- 
posite. Calculation of the fibre thermal conductivity 
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from the thermal conductivity data of the matrix and 
the composite for heat flow parallel to the fibre direc- 
tion, using Equation 2, showed that HIPing also 
increased the thermal conductivity of the fibres signi- 
ficantly. Such an increase most likely is the result of 
the annealing of structural defects, introduced in the 
silicon carbide during chemical vapour deposition, 
and grain growth at the much higher temperature of 
the HIPing process. As a result, the temperature de- 
pendence of the thermal conductivity of the HIPed 
silicon carbide fibres is expected to be more controlled 
by the negative temperature dependence due to 
phonon-phonon interactions, rather than the 
athermal effects associated with phonon-defect inter- 
actions. In turn, this is reflected in the relative temper- 
ature dependence of the composite samples. 

Fig. 10 shows the calculated values for the thermal 
conductivity of the as-nitrided and HIPed composite 
samples for heat transfer transverse to the fibre direc- 
tion in helium, nitrogen and vacuum. These data 
reflect the relative differences in the data for the 
thermal diffusivity shown in Fig. 6, with the exception 
that the relative temperature dependence of the ther- 
mal conductivity is less negative than the correspond- 
ing dependence for the thermal diffusivity, for the 
same reason stated earlier. 

Fig. 11 shows the values for the thermal conducti- 
vity of the fibres parallel and transverse to the fibre 
direction, calculated in the manner described earlier. 
The thermal conductivity transverse to the fibre direc- 
tion is lower than the corresponding value parallel to 
the fibre direction, because the contribution of the 
carbon core (with thermal conductivity assumed to be 
equal to zero) will be relatively greater transverse to 
the fibre direction than in the parallel direction. This is 
easily ascertained by ~ comparison of Equation 1 



i 2O 

I - -  

i r i I f I i I E I 

15 

3 1 0  

r, 

t : :  

8 

I - -  

r 

0 

I 

i 

L I i I ~ I J I 1 [ 
200 400 600 800 1000 

Temperature (o C) 

Figure lO Calculated values for the thermal conductivity of(&, I ,  
O) as-nitrided and (G, D, �9 HIPed SiC fibre-reinforced reaction- 
bonded silicon nitride transverse to the fibre direction in (A, A) 
helium (~,  I )  nitrogen and (�9 O) vacuum. 

i I i I ~ I i r i I 

1o 

50 

I 

40 
r E 

y. a0 

i [ L I i I = I L 1 

0 200 400 600 800 1000 

130 

T e m p e r a t u r e  ( o  C) 

Figure 11 Calculated values for the (V, 11') longitudinal and 
( 0 0 )  transverse thermal conductivity of SiC fibres (IT, 0)  prior to 
and (V, O) following HIPing in helium, nitrogen and vacuum. 

(with hi = 0) and Equation 2. The transverse conduct- 
ivity is lower than the parallel conductivity by about 
13 %. The data of Fig. 11 also indicate that the HIPing 
operation has led to a significant increase of the 
thermal conductivity of the fibres, of as much as a 
factor of 2 at room temperature. Transmission elec- 
tron microscopy showed that this increase can be 
attributed to the extensive growth of crystallites, 
rather than to a decrease in density of the stacking 
faults. The data also confirm the earlier speculation 
that the relative negative temperature dependence of 
the thermal conductivity of the SiC fibres in the HIPed 

composite is greater than in the as-nitrided composite, 
which represents evidence for a decrease in the density 
of lattice defects, such as vacancies. Nevertheless, 
whether in the as-nitrided or HIPed composites, the 
magnitude of the thermal conductivity of the SiC 
fibres is still relatively low, compared to sinte- 
red SiC with values at room temperature near 
100 W m -1 K -a, BeO-doped SiC with a value near 
200 W m -  1 K -  1 or a high-purity single crystal with a 
value approaching 500 W m  - 1 K  -~ [20, 21]. Some of 
the differences in the data shown in Fig. 11 also reflect 
the differences in the experimental thermal diffusivity 
values, possibly related to transverse transient heat 
flow, as discussed earlier. 

Fig. 12 shows the values for the interfacial thermal 
conductance, calculated, using Equation 1, from the 
data for the thermal conductivity of the matrix, fibres 
and the composite for heat flow transverse to the fibre 
direction. For simplicity, the pore phase in the im- 
mediate vicinity of the fibre was assumed to be part of 
the interfacial conductance, so that the calculation of 
the conductance could be based on the value of the 
conductivity of the homogeneous matrix. 

In comparing the data of Fig. 12, it should be noted 
that the interfacial conductance is the sum of the 
conductances due to heat transfer as the result of 
direct physical contact across the interface, heat trans- 
fer by gaseous conduction and heat transfer by radi- 
ation at those positions where no direct contact across 
the interface exists, expressed by [22] 

hi = hc + hg 4- hr (3) 
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where he, hg and hr are the contact, gaseous and 
radiative conductances, respectively. 

The radiative conductance can be derived to be [11] 

hr = [4e/(2 - a)]cynT 3 (4) 

where ~ is the emissivity of the two surfaces (assumed 
to be equal), ~s is the Stefan-Boltzmann constant, n is 
the refractive index of the medium within the gap and 
T is the absolute temperature. Substitution of reason- 
able values for a and n into Equation 4 indicates that 
over the temperature range of this study the radiative 
conductance is negligible compared to the magnitude 
of the values shown in Fig. 12. 

The contact conductance, he, is a strong function of 
the roughness of the two surfaces in contact and is 
expected to vary from one situation to another [23]. 
Because the degree of contact between the fibres and 
matrix of the composites of this study is not easily 
established, no independent estimate of the contact 
conductance can be made. Furthermore, as gaseous 
conduction will occur only at those interracial regions 
with no direct physical contact, the processes of con- 
tact and gaseous interfacial conduction are expected 
to be competitive. 

The gaseous conductance, hg, is a function of the 
ratio of the mean free path, /, of the gaseous species 
and the width, d, of the interracial gap, defined by the 
Knudsen number 

NKn = [-/d (5) 

For  NKn < 1, referred to as the "continuum regime", 
the gaseous heat transfer is controlled by the collisions 
between the gaseous species. In this regime, the gase- 
ous conductance is 

h, = K/d (6) 

where K is the thermal conductivity of the gas. In the 
continuum regime, hg is independent of pressure and 
inversely proportional to the gap thickness. 

For NKn > 10, inter-atomic or inter-molecular colli- 
sions are rare and the conductance is controlled by the 
energy exchange during the collisions of the gaseous 
species with the surfaces of the gap. In this regime, 
referred to as the "molecular regime", the conductance 
is given by [23] 

hg = ( c p i t / 1 ) E ( y  + 1)/23'][(2 - CO/C , 

+ (2 - C2)/C2]-~ (7) 

where Cp and it are the specific heat and viscosity of the 
gas phase, C 1 and C2 are the thermal accommodation 
coefficients for each surface, 3' is the ratio of the 
specific heats at constant pressure and constant vol- 
ume and/-is the mean free path of the gas. The thermal 
accommodation coefficient represents the efficiency of 
energy exchange during the collision between the gap 
surfaces and the gaseous atomic or molecular species. 

In the molecular regime, the gaseous conductance, 
hg, as expressed by Equation 6, is independent of the 
gap thickness and is directly proportional to pressure. 
For the mean gap thickness for the present samples of 
the order of 0.1 itm, and values for the mean free path 
at the pressures of this study [24, 25], the gaseous 
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conductance is expected to be governed by criteria for 
the molecular regime. 

Because no quantitative information is available on 
any measure of direct physical contact across the 
interface or on the, magnitude of the thermal accom- 
modation coefficients, independent quantitative estim- 
ates of the contact and gaseous conductances cannot 
be given at this time. For  this reason, when discussing 
the data shown in Fig. 12, emphasis will be placed on a 
comparison of the ,data. It is of interest to note, 
however, that the conductance values shown in Fig. 12 
compare favourably with those found in experimental 
studies of surfaces in contact [26, 27]. 

The data of Fig. 12 indicate that the nature of the 
gaseous phase has a significant effect on the magni- 
tude of the interracial conductance. Because of the 
almost complete absence of a gaseous phase under 
vacuum conditions, it appears reasonable to conclude 
that the conductance in vacuum represents the contact 
conductance due to direct physical contact across the 
interface. The difference between the conductance val- 
ues in vacuum and the (oral conductance in helium or 
nitrogen must be attributed to the contribution of the 
gaseous conductance. The relative values of the con- 
ductances in helium and nitrogen are in accordance 
with the differences in the mean velocity of the helium 
atoms and the nitrogen atoms, inferred from the kin- 
etic theory of gases. It should be noted that the actual 
values for the accommodation coefficients for helium 
and nitrogen could well differ significantly, so that no 
quantitative measure of the relative differences in the 
gaseous conductances for helium and nitrogen can be 
made at this time. 

Of particular interest is the finding, as seen in 
Fig. 12, that the conductance values for the as-nitrided 
and HIPed samples increase with temperature. As 
discussed earlier, most likely this effect can be at- 
tributed to the closure of the thermal expansion crack, 
due to the thermal expansion mismatch between the 
fibre and matrix, as the composite is heated again 
towards the temperature at which it was fabricated. 
Related to this effect is the finding that the relative 
difference between the conductances in vacuum and 
helium or nitrogen decreases with increasing temper- 
ature. This is expected, as with increasing temperature 
and associated tendency for crack closure, increased 
physical contact will occur between the fibre and 
matrix with a corresponding decrease in the oppor- 
tunity for gaseous heat transfer. The conclusion that 
the strong positive temperature dependence of the 
conductance is the result of increased physical contact 
across the interracial thermal expansion crack is sup- 
ported by the findings, to be published elsewhere, that 
the interfacial shear stress required to cause sliding 
between the fibre and matrix also increases with tem- 
perature. 

The HIPing operation caused a significant increase 
in the magnitude as well as the temperature depend- 
ence of the conductance. A number of reasons, neces- 
sarily qualitative, can be given for this effect. The 
primary effect of the HIPing operation was the den- 
sification of the matrix. As a result, for the as-made 
composites followingHIPing, the fibre is in far greater 



degree of direct physical contact with the matrix than 
was the case for the highly porous matrix in the as- 
nitrided material. For the porous matrix much of the 
heat transfer between the fibre and matrix would 
require gaseous conduction through the pores at the 
fibre-matrix interface. This contribution, however, is 
expected to be minor, as, in general, the effective 
thermal conductivity of a gas phase in a pore, whether 
in the molecular or continuum regime, is much less 
than the net thermal conductivity of the direct solid- 
to-solid contact. As a very first approximation, a pore 
phase will reduce the relative area of direct physical 
contact at the fibre-matrix interface by an amount 
equal to the volume fraction porosity. With a pore 
phase content of approximately 37% for the matrix 
phase of the as-nitrided composite, elimination of the 
pore phase would cause an increase in the area of 
direct interfacial contact by about 50%. This estimate, 
however, assumes that for the porous matrix, perfect 
contact exists between the solid fraction of the matrix 
and the fibres. In other words, it assumes that the 
morphology of the solid part of the matrix conforms 
exactly to the morphology of the fibre surface. The. 
nitriding reaction, however, was not carried out at a 
pressure at which the matrix could be compacted 
against the fibre. Therefore, any direct physical con- 
tact between the fibre and matrix most likely occurs at 
the outer points or edges of the individual grains of the 
matrix. If so, the fractional area of direct interfacial 
contact is expected to be a great deal less than the 
volume fraction of solid within the matrix phase. 
HIPing, however, will deform the grains to greatly 
increase the direct contact between the fibre and 
matrix with a corresponding large increase in the 
interfacial conductance. It was hoped that evidence in 
the form of fractographs could be presented which 
would support this hypothesis. Unfortunately, for the 
as-nitrided and HIPed composite samples, fracture 
always occurred at the interface between the silicon 
carbide and the carbon coating or within the carbon 
coating rather than at the carbon-silicon nitride inter- 
face. Looking at this from another angle, the overall 
interfacial thermal conductances represent the sum 
effects of the silicon carbide-carbon interface, the 
carbon-matrix interface and possible effects within the 
carbon coating itself. The HIPing operation is ex- 
pected to have primarily affected the conductance of 
the matrix-carbon coating interface. 

In general, the observations of this study indicate 
the very powerful role interfaces can play in the 
effective thermal conductivity of composites. Espe- 
cially seen in the light of the current technical develop- 
ment of tailoring interfaces with fibre coatings in order 
to optimize interfacial mechanical properties and cor- 
responding fracture toughness of composites, signific- 
ant interfacial thermal effects should be expected and 
accounted for. 

The results of this paper also clearly indicate that 
the measurement of the thermal diffusivity or conduct- 
ivity can be used as a qualitative non-destructive tool 
to determine the integrity of the fibre matrix interface 
and to monitor microstructural changes occurring in 
the fibres, matrix and interface during fabrication or 
during service. 
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