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1. Introduction 
 

Silicon carbide and silicon nitride have been recognised 
as important structural ceramics because of their good combi-
nation of mechanical and thermal properties1. Components to 
be properly applied in high temperature need to have a high 
resistance to thermal shock, thermal fatigue, corrosion, and 
resistance to creep deformation. Si-based ceramics such as 
silicon carbide and silicon nitride due to their covalent bond-
ing exhibit a high strength at elevated temperature (up to 
1000 °C), as well as low thermal expansion coefficient and 
high thermal conductivity, and therefore a high resistance to 
thermal shock24. A new approach that has received much less 
attention is the incorporation of Si3N4 in SiC with oxide addi-
tives. SiC has higher hardness and oxidation resistance, 
whereas Si3N4 has better strength and thermal shock behav-
iour. Kim et al.5 investigated microstructure and mechanical 
properties of SiC composites that contained up to 50 wt.% of 
Si3N4 particles. The fracture toughness increased as the Si3N4 

content increased and the effect of Si3N4 addition on toughen-
ing became apparent as Si3N4 contents of ≥ 30 wt.%. The 
strength increased with Si3N4 content and showed a maximum 
of 1020 MPa at 35 wt.% of silicon nitride. Shaoming6 re-
ported maximum strength and toughness values of 810 MPa 
and 5, 5 MPa m1/2 in specimens with different additive com-
positions of La2O3 and Y2O3. However, the thermal shock 
resistance of SiC+Si3N4 composites has not yet been reported. 
Takeda and Maeda7 showed that the thermal shock resistance 
of hot pressed SiC sintered with BeO and AlN depends on the 
thermal conductivity. At �100 W m1 K1  was Tc = 680 °C 
and at 65 W m1 K1 was Tc = 450 °C. Wang and Singh8 
measured Tc = 500 °C at thermal conductivity of 87 W m1 K1 
of  HP SiC. Pettersson et al.9 studied the best parameters for 
measuring the thermal shock resistance of Si3N4 based materi-
als with an indentation-quench method. Many other authors 
have studied thermal shock resistance of different ceramic 
materials by water quenching or indentation tests1014.  

Most ceramic materials are sensitive to thermal shock 
and thermal fatigue. Due to inhomogenous temperature distri-
butions in rapidly cooled or heated ceramic components, high 
thermal stresses are generated, which are responsible for the 
extension of existing cracks. The calculation of thermal 

stresses is an important step necessary for design with ce-
ramic materials. Thermal stresses depend on physical proper-
ties (thermal expansion coefficient elastic constants E and 
 thermal conductivity  specific heat Cp, density geo-
metric boundary conditions, and thermal boundary conditions. 
Failure occurs when the maximum thermal stress reaches 
a critical value c (strength) or, in terms of fracture mechan-
ics, when the stress intensity factor KI reaches the fracture 
toughness KIC. The thermal shock sensitivity of a material 
consequently depends on the physical properties and on c 
and KIC. Depending on the special boundary conditions, dif-
ferent shock parameters were defined15. In addition to these 
material properties, which can be tabulated, the microstruc-
ture character is also of importance and influences the thermal 
shock behaviour of the material9. The investigation of the 
behaviour of Vickers indentation cracks under quenching 
condition has raised interest during the last years. An indenta-
tion-quench method has been developed by Andersson and 
Rowcliffe16. Compared to the Hasselman quench-strength 
method17, the evaluation procedure is simple, the sample 
preparation is easy and only a small number of samples are 
needed for a series of measurements at different temperatures. 
The indentation-quench method can be used for the charac-
terization of materials and as a diagnostic tool to predict the 
thermal shock damage occurrence in a component18. To 
evaluate the thermal stress crack initiation and propagation 
behaviour of ceramics, two thermal shock resistance parame-
ters are usually used19. First is the resistance to initiation of 
crack, expressed by parameter R 
 
                                                                                                       
 
 
where f  is the fracture strength, E is the Young’s modulus,  
is the coefficient of thermal expansion and  is the Poisson’s 
ratio.  

Higher R represents a greater resistance to the initiation 
of fracture during rapid quenching and during steady-state 
heat flow down a steep temperature gradient. The second is 
the resistance to propagation of crack expressed by the pa-
rameter R´´´´   

which dedicates the resistance to catastrophic crack propaga-
tion of ceramics under a critical temperature difference, Tc. 

From the above two equations, it is clearly visible that 
the thermal shock resistance can be improved by the increased 
flexural strength and fracture toughness and by decreased 
Young’s modulus and coefficient of thermal expansion.  
      The main aim of this work is to study thermal shock 
behaviour of SiC+Si3N4 composites using indentation method 
and to compare to the behaviour of the reference silicon car-
bide, prepared by the same fabrication route. 
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2. Experimental procedures 
 
Material preparation 

 
SiC materials were prepared by mixing -SiC powder (HSC-
059, Superior Graphite) with sintering additives Al2O3 (A 16 
SG, Alcoa) and Y2O3 (grade C, H.C. Starck). In the case of 
composites -SiC powder was mixed with Si3N4 powder 
(AlY-3/54, Grade C, Plasma & Ceramic Technologies Ltd.), 
which contained Y2O3 and Al2O3 sintering additives in weight 
ratio 6:3. The final chemical compositions of the investigated 
materials are listed in Table I. The powder mixtures were ball 
milled in isopropanol with SiC balls for 24 hours. The suspen-
sions were dried and subsequently sieved through 25 m 
sieve screen in order to avoid hard agglomerates. The samples 
were sintered by hot pressing at 1850 °C /1h under mechani-
cal pressure of 30 MPa in N2 atmosphere. The hot pressed 
samples were subsequently heat treated at 1850 °C/5 h.  

 
Microstructure and mechanical properties 

 
For microstructural observation the specimens were cut, 

polished to a 1 m finish and plasma etched. The microstruc-
tures were studied using an SEM (JEOL JSM-7000F). The 
densities of the sintered and annealed specimens were meas-
ured according to Archimedes´ principle. Hardness was deter-
mined by Vickers indentation (hardness testers LECO 
700AT) under a load of 49.05 N with a dwell time of 10 s. In 
order to determine the indentation toughness at least 15 Vick-
ers indentations per specimen were introduced with the load 
of 49.05 N. The indentation toughness was calculated from 
the lengths of radial cracks and indents diagonals using 
a formula valid for semi-circular crack systems as proposed 
by Anstis et al.20. The strength was measured using specimens 
with dimensions 3445 mm, tested in the four point bending 
mode. They were ground by 15 m diamond grinding wheel 
before testing. The two edges on the tensile surface were 
rounded with a radius about 0.15 mm in order to eliminate 
a failure initiated from an edge of the specimen. At least ten 
specimens were tested for each material. 

                                                         
Indentation thermal shock resistance 

 
For the investigation of thermal shock resistance the 

indentation-quench method was used. The indentations were 
made, using the load 49.05 N to obtain pre-cracks approxi-

mately in the same length. Four indents were made in  each 
specimen with dimensions 3420 mm. The lengths of the 
cracks were measured with the same equipment as in the 
hardness and fracture toughness test. After the indentation the 
samples were heated in a vertical tube furnace in air to the 
required temperature and held there for 25 min. Then the 
specimens were rapidly immersed into a ~20 °C water bath. 
Final radial crack lengths were again measured. The proce-
dure was repeated at increasing quenching temperatures T, 
up to the critical value of Tc at which radial crack became 
unstable and the specimen failed.  

Samples Heat treatment Composition [wt. %] 

SIC SI3N4 Y2O3 AL2O3 
  SC-N0-HP             HP (1850°C/1h) 91.0  0 6.0 3.0 
  SC-N5-HP             HP (1850°C/1h) 86.5  5 5.7 2.8 

  SC-N10-HP             HP (1850°C/1h) 81.9 10 5.4 2.7 
  SC-N0-AN HP (1850°C/1h) +AN (1850°C/5h) 91.0  0 6.0 3.0 
  SC-N5-AN HP (1850°C/1h) +AN (1850°C/5h) 86.5  5 5.7 2.8 
  SC-N10-AN HP (1850°C/1h) +AN (1850°C/5h) 81.9 10 5.4 2.7 

Table I 
Chemical composition of prepared materials 

a 

b 

Fig. 1. SEM micrographs of (a) hot pressed SC-N5-HP and (b) 
annealed SC-N5-1850  composites 
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3. Results and Discussion 
 

Microstructure and mechanical properties  
 
Representative SEM micrographs of a polished and 

plasma etched surface of the hot pressed and annealed 
SiC+Si3N4 composites are shown in Fig. 1. The microstruc-
tures of hot pressed SC-N5-HP (Fig. 1a) consist of fine sub-
micron-sized equiaxed SiC grains with a low aspect ratio 
(~1). The microstructures of the SiC material and SiC+Si3N4 
composites significantly changed after their post-sintering 
high temperature treatment at 1850 °C, Fig. 1b. They have a 
bimodal distribution and consist of elongated SiC grains with 
higher aspect ratio (4.4) and of smaller SiC grains. In the case 
of SiC+Si3N4 composites the addition of silicon nitride re-
sulted in a finer microstructure of investigated materials. 
The basic properties of the materials are summarized in the 
Table II. All materials are almost full dense (more than 97 % 
theoretical density). By increasing of Si3N4 content the den-
sity increased.  In our case the addition of Si3N4 does not play 
a role in hardness and fracture toughness values. The effect of 
Si3N4 addition on fracture toughness became apparent at Si3N4 

content of ≥ 30 wt.% (ref.5). The mechanical properties are 
strongly affected to their microstructural character. For fine-
grained globular microstructure of hot pressed SiC and 
SiC+Si3N4 composites the fracture toughness had a value of 
KIC between 2.82.9 MPa m1/2. For annealed materials with 
plate-like microstructure higher fracture toughness was ob-
tained (4.35.4 MPa m1/2).  Sciti 21 showed the increase of KIC 
from 3 up to 5.5 MPa m1/2 after annealing treatment at 1900 °
C. In materials with fine microstructure and globular grains, 
the crack propagates mainly intergranularly with relatively 
small deflection from the main crack direction. Toughening 
mechanisms are absent in such microstructures. The crack 
propagation in the materials with coarse plate-like grains and 
microstructure is significantly different. The crack deflection 
is enhanced (often up to approximately 10 m from the main 
crack direction). The toughening mechanisms in the form of 
crack branching and crack deflection have been observed22. 
Such toughening mechanisms are probably responsible for the 
increase of fracture toughness. The flexural strength decreases 
with annealing and aspect ratio of SiC grains but slightly in-
creases with Si3N4 addition. Kim5 estimated a maximum 
strength value of 1020 MPa at a Si3N4 content of 35 wt.%. 

Table II 
 Selected properties of SiC and SiC+Si3N4 composites 

Samples Density 
[g cm3] 

Hardness 
HV5 [GPa] 

Fracture  
toughness 

KIC [MPa m1/2] 

Fracture 
Strength [MPa] 

RTHEORETIC 
[°C] 

REXPERIMENTAL 
[°C] 

SC-N0-HP 3.220 20.4 ± 0.9 2.90 ± 0.2 359.2 228 320 
SC-N5-HP 3.236 19.7 ± 0.6 2.88 ± 0.2 464.7 333 350 

SC-N10-HP 3.249 20.6 ± 0.7 2.89 ± 0.1 541.9 359 500 
SC-N0-AN 3.189 20.6 ± 0.3 4.54 ± 0.4 122.6  90 650 
SC-N5-AN 3.196 22.5 ± 0.8 5.39 ± 0.3 352.3 206 850 
SC-N10-AN 3.204 20.7 ± 1.1 4.38 ± 0.4 193.9 136 760 

Fig. 2. Crack growth behaviour in the prepared materials  
after single quenches into water 

a 

b 

Fig. 3. Optical micrograph of 50 N contact impressions  of (a) hot 
pressed SC-N10-HP and (b) annealed SC-N10-1850 composites 
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Further addition of Si3N4 up to 50 wt.%, decreased the 
strength to 855 MPa. To the 10 wt.% of silicon nitride were 
values of strength less than 700 MPa. In our case the values of 
flexural strength are significantly lower.  
 
Indentation thermal shock resistance 
       
For all tested specimens the rise in thermal shock resistance 
with a higher amount of silicon nitride was observed (Fig. 2). 
This means that the composite SiC+Si3N4 have better thermal 
shock resistance than the monolithic silicon carbide. The ini-
tiation crack length of annealed materials was 20 m shorter 
than to the hot pressed specimens (Fig. 3). Thermal shock 
tests, studied by indentation-quench method show enhanced 
resistance of the SiC+Si3N4 composite and the monolithic SiC 
material with coarse microstructure, with higher fracture 
toughness. The explanation of this fact could bee described by 
the Rth parameter.23 This parameter reflects the fact that, to 
resist a given thermal shock, a material has to exhibit a high 
resistance to cracking, i.e. a high toughness, and has to have 
a low thermal stress. Therefore, it is important to design mate-
rials with specific microstructures to obtain an optimal state 
between resistance to initiation (R) and resistance to propaga-
tion of crack (R´´´´). Kalantar and Fantozzi2 showed that ma-
terials with elongated grains (with higher aspect ratio) had 
higher Tc. The materials with elongated grains show several 
mechanisms of toughening, and so they may have stable crack 
propagation. If the experimental measured Tc values are 
compared with the calculated R parameter (Table II), in most 
cases the level of theoretic values is less than measured values 
and a linear relation exists between them2. In our case, the Tc 

values are lower for all tested specimens, but the largest dif-
ference is between theoretical R parameter and experimental 
estimated Tc of annealed monolithic SiC and SiC+Si3N4 
composites. These materials have lower flexural strength 
values compared with fine-grained materials because the big-
gest and more strength degrading flaws were found mainly in 
form of pores and agglomerates on SiC grains. 

 
 

4. Conclusions 
 

The Si3N4 addition has no influence on the hardness and 
fracture toughness but the heat treatment at 1850 °C results in 
the coarsening of the microstructure which leads to the in-
crease of the indentation toughness. This increase is con-
nected with the present toughening mechanisms in the form of 
crack deflection and crack branching. The flexural strength 
decreased for annealed materials with increased aspect ratio 
of their SiC grains, but slightly increased with Si3N4 addition. 

It was found that both the silicon nitride addition and the 
heat treatment have a positive effect on the improvement of 
the thermal shock resistance of the investigated composites. 
However, more experiments are necessary to understand and 
explain the effect of the silicon nitride addition on the im-
provement of the thermal shock resistance. 
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Agency VEGA, project No. 2/7194/27, APVV-0171-06, LPP-
0203-07, and NANOSMART, Centre of Excellence, SAS. 
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The thermal shock resistance of SiC+Si3N4 composites 

was investigated by indentation technique. The results were 
compared with thermal shock behaviour of SiC prepared by 
the same technological route. It was found that the silicon 
nitride addition has a positive effect in the improvement of the 
thermal shock resistance of the investigated composites. 


