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Abstract 

The compressive creep properties o f  Si3N4/TiC 
composite, in comparison with those o f  Si3N 4 matrix 
and Si3N4/TiN, were studied in temperature range 
1260-1340°C at stresses between 100 and 300 MPa. 
The creep curves and the stress dependence o f  the 
creep rate showed that a diffusional creep, with a stress 
exponent n = 1, was dominant up to 1340°C and 300 
MPa. Although the creep rate was greater than that o f  
the matrix, a significant increase o f  creep ductility was 
obtained. Furthermore, the microstructural develop- 
ment under applied processing conditions was 
examined. The TiC dispersoid, added to improve the 
toughness and strength o f  Si3N 4, was found to be 
'chemically' reactive with the Si3N 4 matrix. The 
reaction products, composed of  TiCo.sNo. 5 and SiC 
crystals, were observed in the vicinity o f  TiC/Si3N 4 
interfaces. The matrix grain refinement, desirable 
interfaces and a modification o f  the glassy film were 
suggested to affect both the creep rate and creep 
ductility. 

Das Kriechverhalten yon Si3N4- Verbundwerkstoffen 
wurde im Temperaturbereich yon 1260 bis 1340°C bei 
Driicken yon 100 bis 300 MPa untersucht undmit dem 
yon reinem Si3N 4 und S i3NJTiN verglichen. Bis 
1340°C und 300 MPa zeigten die Kriechkurven und 
die Spannungsabhiingigkeit der Kriechgeschwindig- 
keit diffusionsgesteuertes Kriechen mit einem 
Spannungsexponent yon n = 1. Obwohl die Kriech- 
geschwindigkeit gr6fler war als die der Matrix, zeigte 
sich eine betriichtliche Zunahme der Kriechver- 

formung. Desweiteren wurde die Gefiigeentwicklung 
unter den angewandten Prozeflbedingungen unter- 
sucht. Es zeigte sich, daft die zur Erh6hung der 
Ziihigkeit und der Festigkeit des Si3N 4 zugegebenen 
TiC- Teilchen mit der Si3N4-Matrix reagierten. Die 
Reaktionsprodukte, bestehend aus TiCo.sNo.5 und 
SiC Kristallen, konnten in der Umgebung der TiC/ 
Si3N ¢ Grenzfliichen nachgewiesen werden. Au f  den 
Ein)qufl einer reduzierten Korngr6fle des Matrix- 
materials, der Bindungsverhiiltnisse an den Korn- 
grenzen und einer Veriinderung der Zusammen- 
setzung der vorhandenen Glasphase auf die Kriech- 
geschwindigkeit wie auch auf  die Verformung wiih- 
rend des Kriechens wird eingegangen. 

Les propriktks du fluage en compression du composite 
Si3N4/TiC, comparativement gl celles de la matrice 
Si3N 4 et du Si3N4/TiN, ont btb btudibes dans une plage 
de tempbrature 1260-1340°C, sous des contraintes 
allant de 100 g1300 MPa. L'btude de la dbjbrmation et 
de sa vitesse pour diffbrentes contraintes montre qu'un 
fluage diffusion, avec un exposant de contrainte n = 1, 
est dominant jusqu'b 1340°C et sous 300 MPa. Bien 
que la vitesse de fluage soit plus grande que celle de la 
matrice, la ductilitk augmente de fa¢on significative. 
En outre, le dkveloppement de la microstructure dans 
les conditions appliqubes au cours du processus 
dWaboration a btb examinb. Les particules de TiC, 
ajoutkes pour ambliorer la rbsistance mkcanique et la 
tbnacitk, sont 'chimiquement' rkactives avec la matrice 
de Si3N 4. Des produits de rbaction, composks par des 
cristaux de TiCo.sNo. 5 et de SiC, ont ~t~ observ~s prbs 
de l'interface TiC/Si3N4. La rkduction de taille de 
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grain de la matrice, la cohOsion des interfaces et le 
changement de composition du film vitreux sont 
consid&ks affecter la vitesse et la ductilitb de fluage. 

1 Introduction 

Silicon nitride-based ceramics are materials with 
high strength, low thermal shock sensitivity, good 
oxidation resistance and relatively high fracture 
toughness, and as such represent an appealing base 
for the development of particulate modified micro- 
structures. Indeed, for some time, increasing atten- 
tion has been devoted to additives containing Si3N4 
for some specific elevated temperature applications 
and dense intricate components, stimulating the 
development of reinforced SiaN4-based ceramics 
with electrical conductive particles (TIN, TiC, TiB2, 
etc.).1-4 Among these electroconductive composites, 
TiC particles/silicon nitride composites form a new 
class of wear-resistant materials, combining the 
outstanding properties of the silicon nitride matrix 
with the high hardness of TiC, successfully utilized in 
metal cutting tool and wear applications. 5-8 Inten- 
ded applications have generally directed mechanical 
studies on rupture strength and fracture toughness 
of composites at room and elevated tempera- 
ture. 7-~2 However, a recent work was undertaken to 
study the creep and microstructure of electro- 
conductive TiN particles/Si3N4 matrix com- 
posites) 3 Considering the influence of chemically 
'inert' TiN particles on the creep behaviour of 
pressureless sintered Si3N 4, a decrease of the creep 
strength with increasing volume fraction and 
decreasing particle size of TiN was shown. In the 
microstructure microcracks along weakly bonded 
particle/matrix interfaces were characteristic of a 
cavitational creep mechanism. 

Since chemically 'active' additives as TiC particles 
are known to modify the Si3N4 matrix micro- 
structure development during processing, 7-9 it is 
expected that these dispersoids can prevent the 
formation of weakly bonded dispersoid/Si3N4 
matrix interfaces. This study was then undertaken to 
consider the creep behaviour and the micro- 
structural features of Si3NJTiC composites com- 
pared with SiaN 4 matrix and Si3NJTiN composites. 

2 Experimental 

Silicon nitride-based composites were obtained by 
mixing commercial Si3N 4 powder and 40 wt % TiC 
(2"5 #m) or 40 wt% TiN (2.5 and 1 #m) particles with 

high purity Y203 and A 1 2 0 3  used as sintering aids in 
the weight ratio of unity. The different powders were 
ball milled in liquid medium. Green parts, obtained 
by slip casting, were sintered under a nitrogen 
atmosphere at about 1750°C and densities higher 
than 99%dth were achieved. In the case of TiC 
particles/Si3N4-based composites a hot uniaxial 
pressure (HPSN) was used. Billets were prepared and 
supplied by C. T. Desmarquest (CTD, Evreux, 
France), and the SiaN 4 matrix had the same 
composition as the Kersit 601 grade from CTD. 

Crystalline phase identification by X-ray diffrac- 
tion showed that the matrix consists only offl-SiaN 4 
with no detectable a-phase. 

Specimens of approximately 3 x 3 x 8 mm 3 were 
utilized for compressive creep tests using a constant 
load machine built in the laboratory. 14 All the 
experiments were performed in air between 1260 and 
1340°C. The final dimensions of samples were 
measured to determine their strain from dimen- 
sional variation recorded during test. The deformed 
samples were cooled under load. Thin foils were 
taken from crept samples and ion-thinned for 
transmission electron microscopy (TEM) obser- 
vations and energy dispersive spectroscopy (EDS) 
X-ray microanalysis. 

3 Results and Discussion 

The results of the compressive creep experiments 
performed on the composite containing 40 wt% TiC 
particles showed a normal transient and steady-state 
creep behaviour in the temperature range 1260- 
1340°C. The stress exponent n was found to be of the 
order of 1 for stress jumps 150-200-250-300 MPa 
(Table 1). The value of activation energy, determined 
both by conventional and temperature jump 
methods, was about 540 kJ/mol for a stress of 200 
MPa (Fig. l(a)). 

Table  1. Determination of the stress exponent, n 

TiN~TiC T I00~150 150~200 200~250 250~300 
(wt%) (°C) 

0 1 260 1 1 1.1 1.5 
1 300 0.9 1 1.4 2.4 
1 340 0.9 1-2 2.6 Rupture 

1 260 1 1 1.4 2.6 
1 300 1 1 2 3'5 
1 340 0-8 1-1 2.5 Rupture 

1 260 
1300 1 1 1 
1340 1 1 1 

40% TiN 

40% TiC 
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strain to the onset of tertiary creep was about twice 
and five times as large as those of the SiaN 4 matrix 
and SiaN4/TiN composites respectively. In the case 
of TiN particles/SiaN4-based composites the tert- 
iary period was observed with an acceleration of 
creep strain in the temperature range 1300-1340°C 
for a stress of 200 MPa and a maximum deformation 
of 5% was achieved. The limit stress for which the 
secondary creep of the S iaNJTiN composites 
exhibited nearly viscous creep (n = l) was 200 MPa. 

The addition of hard TiN particles did not 
improve the creep properties of the composite as 
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Fig. l. Arrhenius plots of steady-state creep rates for (a) 
40 wt % TiC-Si3N 4 composite by both the conventional and the 
temperature-jump method, and for 0 and 40wt% TiN-Si3N4 
composites by (b) the conventional methods and (c) the 

temperature-jump method. 

The preceding results are compared in Figs 1 and 
2 with results for the matrix alone and for 
composites containing 40 wt% TiN particles. The 
activation energies determined by both methods in 
the present work for the Si3N4 matrix and for the 
Si3N4/TiN composites are higher than the previous 
values (Fig. l(b) and (c)). For the Si3N4/TiC 
composite the creep rate increased with respect to 
the matrix but was lower than in the Si3NJTiN 
composites. In addition, the creep ductility signifi- 
cantly improved, the deformation remaining in the 
steady state up to 15% without acceleration at 
1340°C for a stress of 300 MPa. In other words, the 
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Fig. 2. Compressive creep curves at (a) 1260°C, (b) 1300°C and 
(c) 1340c'C for a stress a = 200 MPa of composites with 0 and 
40wt% TiC, and 40wt% TiN particles. [3, 0% (TIC, TIN); 0 ,  
40% TiC (2.5/~m); I ,  40% TiN (2.5 ym); @, 40% TiN (1 ym). 
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(a) (b) 

(c) 

Fig, 3. TEM images of (a) the dispersoid-free, (b) 40wt% TiN-Si3N 4 and (c) 40wt% TiC-SiaN 4 matrices. Scale ba r=  1 ~m. 



Creep of TiC particulate Si3N4-based composites 315 

expected from models treating the matrix material 
as a homogeneous continuum and the dispersoids as 
mechanically or chemically inert particles. 15 On the 
one hand the creep rates increased and on the other 
hand the creep ductilities significantly decreased, 
with respect to the matrix, as the volume fraction to 
particle size ratio of the particles increased. 13 In the 
case of TiC particles/Si3N4-based composites the 
effect of particle size should not be so important, 
since it was reported that TiC presents a brittle to 
ductile transition in the range 800--1000°C.  16'1v As 
TiC particles are known to modify the Si3N 4 matrix 
microstructure development during hot pressing, v- 9 
the change of chemical composition in the vicinity to 
the Si3N4/TiC interfaces and the resulting new 
microstructure, in addition to the TiC high- 
temperature ductility, could determine the creep 
behaviour of the composite. Thus a careful obser- 
vation of samples in TEM has been necessary 
throughout this study. 

In TEM the Si3N 4 microstructure of the 
dispersoid-free material appeared perfectly dense 
and the grain size varied from 0-25 to 1/~m (Fig. 3(a)). 
It was the same for both TiN-dispersed particle 
composites (Fig. 3(b)). The micrograph in Fig. 4 

Fig. 5. TEM micrograph of the Si3N4/TiC composite showing 
the matrix polluted by SiC precipitates. Scale bar = 0.5/~m. 

Fig. 4. TEM micrograph showing the distribution of TiN 'inert' 
particles in a Si3N4/TiN composite crept at 1340°C for a stress 

of 200 MPa. Scale bar = 5 #m. 
Fig. 6. TEM micrograph of a Si3N4/TiC composite showing 

the reaction zone. Scale bar = 0.2/~m. 
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revealed the homogeneous distribution of TiN 
particles in the SiaN 4 matrix. In contrast, the TiC 
particles/SiaN4-based composites showed a refine- 
ment in the matrix grain size (Fig. 3(c)). The larger 
ones were absent and SiC precipitates could be 
detected in the SiaN 4 matrix (Fig. 5). This is in 
agreement with previous work, 9 where it has been 
shown that the presence of a TiC dispersoid, 
chemically reactive with the SiaN 4 matrix, leads to 
substantial matrix grain refinement as compared to 
the Si3N 4 monolith. 

The microstructure of the TiC particles/SiaN4- 
based composites revealed the presence of reaction 
product zones around TiC grains (Fig. 6). It seemed 
that the reaction products were arranged in distinct 
and separate layers in the vicinity of Si3N4/TiC 
interfaces (Fig. 7), but sometimes small SiC precipi- 
tates of the order of 0.05 pro, embedded in the SiaN 4 
grains, were observed (Fig. 8). Previous work ~'8 
suggested that this reaction zone was composed of 
SiC and TiCo.sNo.5 crystals, which formed under 
applied hot-pressing conditions according to the 
reaction 

SiaN 4 + 6TiC --~ 3SiC + 6TiCo.sN0.5 + 0"5N 2 

EDS X-ray microanalytical data of the reaction Fig. 8. TEM micrograph of a Si3N4/TiC composite showing a 
small SiC precipitate of the order of 0"05/~m embedded in the 

SiaN 4 grain. Scale bar = 0'1 #m. 

Fig. 7. TEM micrograph showing the distribution of 
TiCo.sNo. 5 and SiC crystals in the vicinity of the TiC/Si3N 4 

interface. Scale bar=0.2pm. 

zones showed the presence of titanium and carbon 
according to the previous reaction (Fig. 9). In TEM 
the SiC grains were apparent and their particle size 
in the examined zones varied between 0.1 and 0.2 pro, 
while the larger TiC0.sNo. 5 grains were generally 
juxtaposed to the TiC ones. In contrast to previous 
observations in TiN particles/SiaN4 composites, 
cavities and microcracks were not observed in the 
material up to 15% strain (Fig. 10), but numerous 
strain whorls located along grain boundaries of 
SiaN 4 were also present (Fig. 11), their density 
depending on the sample deformation. 

The deformation of the matrix has been deter- 
mined to be controlled by solution-diffusion- 
precipitation accommodated grain-boundary slid- 
ing. la In the TiC particles/SiaN4-based composites 
the absence of cavities and microcracks at the SiaN4/ 
TiC interfaces indicated that the diffusional creep of 
the Si3N 4 matrix was well accommodated by the TiC 
particles. In addition to the properties of dispersoid, 
creep behaviour of the SiaN4/TiC composite is 
strongly dependent on the composition of the 
intergranular liquid phase and on the coherency of 
the Si3N4/dispersoid interfaces. Based on TEM 
observations, the SiC crystals were separated from 





318 E Peni, J. Crampon, R. Duclos, B. Cales 

the TiCo.sNo.5 crystals and their size diminished 
moving away from the TiC grains, suggesting that 
their formation occurs by combining Si with C, 
diffused from the TiC surface. Elsewhere TiC o. 5No. 5 
crystals were found to be crystallographically 
coherent with the parent TiC grains, while the SiC 
crystals were usually set in glassy intergranular films 
near TiC. a However, it has been shown 19 that the 
dispersion of SiC nano particles, having desirable 
interfaces with the Si3N 4 matrix, improved both 
toughness and strength at high temperatures. It is 
likely that such a dispersion could have favourable 
effects on the creep properties of the SiaNJTiC 
composite, especially on the creep ductility. On the 
other hand, presumed inclusions of SiC, C and Ti in 
the glassy film, diffused during processing, have 
changed its composition and viscosity, thus affecting 
the matrix microstructure development. Fine grain 
matrix microstructure developed in the SiaN4/TiC 
composite was suggested to be responsible for 
increasing the creep rate as compared to the Si3N 4 
monolith. 

4 Conclusion 

The creep and microstructure of a Si3N4/TiC 
composite, compared with the SiaN 4 matrix and 
with Si3N~/TiN materials, were studied in the 
temperature range 1260-1340°C. In contrast to the 
addition of 'inert' TiN dispersoid, which resulted in 
decreased creep resistance with respect to the matrix, 
the ductile and 'active' TiC had a better influence, 
particularly on the creep ductility. It was shown that 
the development of microstructure was influenced 
by the presence of the TiC dispersoid, chemically 
reactive with the Si3N 4 matrix under applied 
processing conditions. A gradient of reaction 
products, composed of TiC0.sNo.5 and SiC crystals, 
and a substantial matrix grain refinement as 
compared to the Si3N 4 monolith, were detected. TiC 
properties, fine grain matrix microstructure, desir- 
able interfaces and a modification of the glassy film 
were suggested to be responsible for the creep 
properties of the Si3N4/TiC composite as compared 
to those of the matrix and of the SiaN4/TiN 
composites. 
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