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The thermal conductivity of SisN4-TiN composites with TiN dispersed uniformly in the 
SiaN 4 matrix prepared by CVD of a SiCI4-TiCI4-NHa-H2 system was measured at the 
temperature range of 20 to 900 ~ C. The conductivity of composites having the crystalline 
SiaN 4 matrix decreased drastically with increase in the TiN content and was markedly 
different from the values calculated using the general mixture rule. This phenomenon 
results from the peculiar microstructure of the Si3N4-TiN composites. 

1. Introduction 
Silicon nitride is promising as a structural material 
since it has high strength and superior resistance to 
creep, corrosion and oxidation. Thermal shock 
resistance is one of the important properties for 
high temperature applications and is closely 
related to thermal conductivity. Because the 
thermal conductivity is structure sensitive, espec- 
ially for ceramics, the effects of microstructures 
on the thermal conductivity of SiaN4 bodies have 
been examined [1-8] .  

We have prepared SiaN4-TiN composites by 
CVD of a SiC14-TiC14-NH3-H2 system and have 
previously reported the crystal structure, preferred 
orientation, surface morphology, TiN content and 
microstructure [9-12] .  The present study was 
conducted to clarify the effects of the composi- 
tion and microstructure on the thermal conduc- 
tivity of these SiaN4-TiN composites. 

2. Experimental procedure 
2.1. Sample preparation 
The SiaN4-TiN composites were deposited on a 
directly heated graphite substrate at deposition 
temperatures (Tdep) of 1050 to 1450~ C and total 
gas pressures (Ptot) of 1.33 to 10.7kPa using 
SIC14, TIC14, NHa and H2 gases. The flow rates 
of SIC14, TIC14, NHz and H2 were 136, 18, 120 
and 2720 cm 3 min -1 , respectively. The details of 
the sample preparation were previously reported 
[11]. As shown in Table I, the structure of the 
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Si3N4 matrix and the TiN content depended on 
Taep and Prof. The composites having amorphous, 
a- and ~-Si3N4 matrices are designated as amor- 
phous, a- and /~-composites, respectively, in the 
following text. The TiN was deposited in the form 
of NaC1 type crystal. 

2.2. Thermal conductivity measurement 
A disc 5 mm in diameter and 0.5 to 1.5 mm in 
thickness was cut out from the deposits. The 
thermal diffusivity (a) was measured by means 
of the laser flash method; details were previously 
reported [6]. The specific heat of the composites 
(Cp) was determined from the reported values 
of the specific heats of Si3N4 [6] and TiN [13] 
and the TiN content. The thermal conductivity 
(k) was calculated using Equation 1. 

k = o~Cpp. (1) 

Here p is the density of the composites. 

3. Results and discussion 
Figs. 1 to 4 give the thermal conductivity (k) of the 
composites prepared atPto t of 1.33 to 10.7 kPa. It is 
clear that the conductivity of c~- and/3-composites 
is higher than that of the amorphous composites. 
The a- and /3-composites exhibited a negative 
temperature dependence of k, which is typical of 
crystalline dielectric ceramics such as Si3Na. How- 
ever, this temperature dependence for the com- 
posites was not as strong as that observed for the 
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T A B L E I Preparation conditions and some properties of Si~N~-TiN composites 

Deposition Total gas TiN volume Structure of Density of 
temperature pressure, fracture the Si~N~ the SiaN 4 
Tale ~ (~ C) P*ot (kPa) matrix matrix (gcm- ~) 

1050 4 0.192 Am 2.85 
1050 8 0.095 Am 2.92 
1150 1.33 0.199 Am 2.86 
1150 4 0.051 Am 3.03 
1150 8 0.052 Am 3.02 
1150 10.7 0.045 Am 2.92 
1250 1.33 0.062 a 3.18 
1250 4 0.027 c~ 3.19 
1250 8 0.024 c~ 3.15 
1250 10.7 0.026 Am 2.96 
1350 1.33 0.044 a 3.17 
1350 4 0.026 ~ 3.18 
1350 8 0.021 # 3.17 
1350 10.7 0.021 ~ 3.18 
1450 1.33 0.046 ~ 3.15 
1450 4 0.021 ~3 3.20 
1450 8 0.016 # 3.18 
1450 10.7 0.020 /3 3.18 

*Am: amorphous Si3N,, a :  o ~ - S i a N 4 ,  fl: r  4 . 

pure c~-Si3N4, which exhibited a marked decrease 

in k from 59 W m  -1 K -1 at 20 ~ C to22  W m  -1 K -1 

at 900~ [6]. TiN is an electric conductor and 

the thermal conductivity slightly increased from 
2 1 W m  - 1 K  -1 at 20 ~  - ~ K  - t a t 9 0 0  ~  

[14]. The amorphous composites exhibited a 
weak positive temperature dependence of k, 

which is typical of amorphous ceramics. 

As shown in Table I, the density of the crystal- 
line Si3N4 matrix was independent of preparation 
conditions and almost equal to the theoretical 
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Figure 1 Thermal conductivity of the Si~N4-TiN com- 
posites prepared at Ptot of 1.33 kPa. 
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values of 3.18 g cm -3 for a-Si3N4 and 3.19 g cm -3 

for ~-Si3N 4 [15]. On the contrary, the density 

of the amorphous Si3N4 matrix varied from 2.85 

to 3.03 gcm -3 , depending on Tae p and Prof. The 

dependence of k on the density of the amorphous 

"13 
C 
O 
u 

-6 
E 
(D 
c- 

l--  

30 

20 

7dep('C) 

o : 1050 (Am) 
Ptot =4kPa  �9 : 1150 (Am) 

zx : 1250 (eL) 
�9 : 1350 (/~) 
o :  1450 (/3) 

:h l .o~  

LA r l ~ r q ~ - r l  

bO-g__Q--Q--O--O--Q--D--III~O 
C~D~__O--O~----o--O--O--O--O--O 

~ 260 4oo sb0 1000 
Temperature ('C) 

Figure 2 Thermal conductivity of the Si3N4-TiN com- 
posites prepared at Ptot of 4 kPa. 
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Figure 3 Thermal conductivity of the Si,N4-TiN com- 
posites prepared at Ptot of 8 kPa. 

Si3N4 matrix was examined. However, no clear 
relationship between them was found. 

Figs. 5 and 6 show the relationship between 
the composition and k at 20 and 900 ~ C, respec- 
tively. Here, the conductivities for the amorphous 
and a-Si3N4 at the zero TiN volume fraction are 
the previously reported values on CVD-Si3N4 
[6]. Pure ~-Si3N4 has not yet been prepared by 
CVD. 
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Figure 4 Thermal conductivity of the Si~N4-TiN com- 
posites prepared at Ptot 10,7 kPa. 
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Figure 5 Relationship between the thermal conductivity 
at 20 ~ C of the Si~N4-TiN composites and the TiN 
volume fraction. 

For amorphous composites, the conductivity 
decreased slightly with increasing TiN volume 
fraction. A similar phenomenon has been observed 
in Si3N,-C composites with carbon dispersed in 
the amorphous Si3N4 matrix prepared by CVD 
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Figure 6 Relationship between the thermal conductivity 
at 900~ of the Si3N4-TiN composites and the TiN 
volume fraction. 
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Figure 7 Comparison of the thermal conductivity of the 
c~-composites measured at 20~ with the theoretical. 
(a) measured curve, (b) theoretical curve for 21 W m -a 
K -1 of the TiN conductivity, (c) theoretical curve for 
1.2 W m -1 K -1 of the TiN conductivity. 

of  a SiC14-NH3-H2-CsHs system [16]; the 
increase in the carbon content caused the decrease 
in the conductivity of  the Si3N4-C composites. 

For the a- and /3-composites, two results must 
be pointed out. One is the drastic decrease in the 
conductivity with increasing TiN volume fraction; 
the conductivity at 20 ~ C of  the a-composite with 
0.062 TiN volume fraction is about one tenth in 
magnitude of  that of  the pure a-Si3N4. A detailed 
discussion about this phenomenon is described 
later. The second point is that the ~-composites 
exhibited high conductivity compared to a- 
composites. Tsukuma etaL [7] obtained a pure 
13-SisN4 body with a density of  3.15 g cm -3 by 
high pressure hot-pressing using no additives and 
reported the room temperature conductivity to 
be 30 W m -1 K -1 . This value is low compared to 
that of  a-Si3N 4 prepared by CVD [6]. Ziegler and 
Hasselman [8] stated that the conductivity of  
a-Si3N4 is lower than that of/3-Si3N4 because o f  
the more strained crystal structure of  the a-phase 
compared to the g-phase. As previously reported 
[12], the microstructure of  the /3-composites is 
different from that of  the c~-composites; while the 
TiN in the 13-Si3N4 matrix is columnar, that in 
the a-Si3N 4 matrix is particulate. However, the 
TiN dispersions in the both matrices are contained 
in Si3N4 crystal grains. Although the shape of  the 
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Figure 8 Comparison of the thermal conductivity of the 
c~-composites measured at 900~ with the theoretical. 
(a) measured curve, (b) theoretical curve for 25 W m -1 
K -1 of the TiN conductivity. 

TiN dispersions may have an influence on the 
conductivity, the results shown in Figs. 5 and 6 
seem to support Ziegler's statement. 

For a composite with spherical inclusions dis- 
persed uniformly in the matrix, the Equation 2 is 
proposed to estimate the thermal conductivity of  
the composite [17]. 

1 + 2va(1 -km/%)/ (Zkm/kd + 1) 
kc = km 

1 -- Vd(1 - -km/kd) / (2km/kd + 1) 

(2) 

Here, he, k m and k d are the conductivities of  the 
composite, matrix and dispersion, respectively, 
and V d is the volume fraction of  the dispersion. 
Lange [2] measured the room temperature con- 
ductivity of SiaN4-SiC composites containing 0.1 
to 0.4 volume fraction of  the SiC dispersions 
which were fabricated from powder mixtures 
of  a-Si3N4, MgO and SiC with average sizes of  
5 to 32 #m. He observed a predicted increase in 
the conductivity with the SiC addition and a fairly 
good agreement of  the measured values with those 
calculated from Equation 2. 

Figs. 7 and 8 show comparisons of  the conduc- 
tivity of  the cx-composites measured at 20 and 
900 ~ C, respectively, with the theoretical values 
from Equation 2. The conductivity of  TiN is the 
reported values, 21 W m -1 K -1 at 20 ~ C and 25 W 
m -1 K -1 at 900 ~ C [14]. It is apparent from Figs. 7 
and 8 that measured values are markedly different 
from the theoretical and some a-composites exhi- 
bited lower conductivities than those of  the end 
members, a-Si3N 4 and TiN. 
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Figure 9 Electron micrograph of  the  c~- 
composi te  prepared at Tale p of  1250 ~ C and 
P to t  of  4 kPa. 

In solids, heat is mainly transmitted via phonons 
for dielectrics and electrons for conductors. 
Besides phonon-phonon,  electron-phonon and 
electron electron collisions, imperfections in 
solids also act as scattering centres for phonons 
and electrons, becoming sources of the thermal 
resistance. The impurity atoms, dislocations, grain 
boundaries, pore, etc. are included in imperfections. 

Yamada etal .  [18] measured the room tem- 
perature thermal conductivity of TiN bodies 
prepared by high pressure hot-pressing and found 
a grain size dependence of the conductivity 
(kT/W m -1 K -1) in the grain size (d/m) range of 
0.3 to 20 pm, as written in Equation 3. 

k T = 8.0 X (d X 106)  0"41. (3) 

They stated that the scattering of electrons at the 
grain boundaries is related to the variation of the 
conductivity. 

As shown in Fig. 9, the TiN in the a-composites 
is uniformly dispersed; however~ the size is as 
small as about ten nanometres. Using Equation 3, 
k T at d of 10 nm is estimated to be 1.2 W m -1 K -I . 
In Fig. 7, the theoretical curve calculated using 
the value 1.2 W m -1 K -1 is also drawn. However, 
this does not agree with the measured values; 
additional sources of the thermal resistance may 
exist. As previously described, the TiN dispersions 
are included in the Si3N4 grains. Such an inclusion 
distorts the crystal lattice of SiaN4 and may 
generate dislocations and subboundaries in the 
crystal [19]. These imperfections are thought to 
act as additional scattering centres for phonons, 
causing the decrease in the conductivity. 

4. Conclusions 
(a) The a- and/3-composites exhibited a negative 

temperature dependence of the thermal conduc- 
tivity, while the amorphous composites exhibited 
a positive temperature dependence. 

(b) The conductivity of the amorphous compo- 
sites decreased slightly with increase in the TiN 
content. 

(c) The conductivity of the 13-composites was 
higher than that Of the a-composites. 

(d) The conductivity of the a- and/3-composites 
decreased drastically with increase in the TiN 
content and was markedly different from the 
theoretical values calculated using the general 
mixture rule. 
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