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Fracture toughness of silicon nitride determined 
by cyclic-fatigue-cracked specimens 

Y. MUTOH, K. TANAKA, T. NIWA, N: M IYAHARA 
Department of Mechanical Engineering, Technological University of Nagaoka, 
Nagaoka-shi 940-21, Japan 

An experimental technique for determining fracture toughness has been developed. In this 
method, a fatigue precrack is introduced in single-edge notched beam specimens by cyclic 
fatiguing in four-point bend at an elevated temperature. The resulting fatigue precracks satisfy 
all conditions required by the ASTM Standard Test for plane-strain fracture toughness of 
metallic materials. The applicability of this technique to provide reproducible fracture tough- 
ness values is demonstrated by experimental results obtained for silicon nitride sintered in two 
different ways in comparison with those obtained by means of the indentation technique for 
the same materials. 

1. Introduction 
The method of the determination of the plane-strain 
fracture toughness K~c was already established and 
standardized for metallic materials, e.g. ASTM E339 
[1]. However, up to now, there seems no generally 
accepted method of K~c determination for ceramics, 
although various types of specimens and testing 
methods have been attempted [2]. Some typical exam- 
ples of fracture toughness test practised are the single- 
edge notched beam method [3, 4], the chevron notched 
method [5, 6], the controlled surface flaw method 
[7, 8], the indentation technique [9, 10], the bridge 
compression method [11, 12~ and the cyclic compres- 
sion method [13]. A major problem in the K~c deter- 
mination is the precracking and notch preparation. 
The effect of notch width or notch radius is very 
sensitive to K~c in such brittle materials as ceramics 
[3, 14]. From this respect, the bridge compression 
method and the cyclic compression method are prom- 
ising, since these methods can introduce an "ideal" 
precrack. However, these relatively new methods have 
not yet been investigated thoroughly and cannot 
avoid some limitations. In the bridge compression 
method, a rectangular bar specimen made a hardness 
indentation on the top surface is supported on an anvil 
and compressed with two rectangular punches, one 
on each side of the indentation. The artifacts of the 
geometrical and load variables affect so sensitively the 
morphology of the bridge compression cracks that 
there is a difficulty in the reproduction of precracks 
with a same size. In the cyclic compression method, a 
fatigue precrack is introduced in single-edge-notched 
specimens loaded in uniaxial cyclic compression, the 
local zone of damage during cyclic compression is 
fully embedded in material elastically strained in far- 
field compression. Thus, the length of the precrack is 
limited to the length of the local damage zone at the 
notch root, i.e. the notch root radius. In view of the 
limitations associated with the various fracture testing 
methods currently available for brittle solids, a con- 
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T A B  LE I Additives and densities of  silicon nitrides 

Additives (wt %) C,h co cot 

Y203 A1203 A1N (Mgrn-3) (Mgm-3)  (%) 

S-Si 3 N 4 6.2 1.4 - 3.26 2.85 87.5 
HIP-Si3N 4 8.0 - 4.0 3.27 3.27 100 

cota theoretical density, co density, co~ relative density. 

tinuing research effort requires new test procedures to 
be established. 

It has been represented here that precracks can be 
introduced into silicon nitride single-edge-notched 
beam (SENB) specimens by cyclic fatiguing at an 
elevated temperature. This procedure can provide 
accurate fracture toughness values satisfying the 
ASTM Standard Test Method for the plane-strain 
fracture toughness of metallic materials. 

2. Experimental procedures 
2.1. Materials and specimens 
Two silicon nitrides were examined. HIP-Si3N 4 was 
supplied for the main tests and S - S i 3 N  4 for the pre- 
liminary tests. The amount of additives and the rela- 
tive density for each material are listed in Table I, and 
Young's modulus and Vickers hardness in Table II. 
HIP-Si3 N4 is pressurelessly pre-sintered at 2073 K and 
sintered at 1973 K to almost 100 per cent density by a 
hot isostatic press. S - S i 3 N  4 is pressurelessly sintered at 
2073K, both have /3-crystalline structure. Both the 
bending strength and SENB specimens of the two 
silicon nitrides were cut from billets using a diamond 
saw. The specimen dimensions differed between the 
materials and testing procedures as shown in Table III. 

T A B L E  l I  Young's modulus E and Vickers hardnesses Hv of 
silicon nitrides 

E (GPa) H~ (GPa) 

S-Si3N 4 204 6.56 
HIP-Si3N 4 320 15.67 
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T A B L E  I I I  Specimen dimensions 

Kind of  bend test B W a0 L 1 

Fatigue precracking 
S-Si3 N4 Fracture toughness 

HIP-Si3N 4 
Bending strength 
Fatigue precracking 
Fracture toughness 

4-point 5 4 1 40 20 
3-point 5 4 1 27 -- 

3-point 4 3 - 27 - 
4-point 4.85 10 4 40 20 
3-point 4.85 10 4 40 - 

Those dimensions indicated were the thickness B, 
width W, support span length L and loading span 
length 1. Both sides of all the specimens were surface- 
ground along the length of the specimens with a 600 
grit diamond wheel; the maximum surface roughnesses 
of which were less than 0.5 #m. SENB specimens were 
notched at the centre by a diamond wheel to a depth 
of a = 4.0ram for HIP-Si3N4 specimen and a = 
1.0ram for S-Si3N4, with the notch width N = 0.3 mm 
and the notch radius r = 0.15 mm. After the notch 
was machined, the thickness sides in the vicinity of the 
notch were polished with a diamond paste in order to 
make the observation of the fatigue cracks easier. 

2.2. Bending strength test 
Bending strength tests were conducted in a vacuum 
(4 x 10 5torr) by three-point bending, using six dif- 
ferent temperatures between room temperature (RT) 
and 1673 K. They were carried out under a loading 
rate of 0.5 mmmin -~ using an Instron-type tensile test- 
ing machine, and the peak load to failure, Pf ,  w a s  

noted. 

2.3. Fatigue precracking and fracture 
toughness tests 

Precracking by fatigue was carried out in air at 1473 K 
using a servohydraulic testing machine. This was done 
for a four-point bend under a load control of the stress 
ratio R ( =  Pmin/Pmax) = 0.1 at 1 Hz. Fig. 1 shows the 
results of the fatigue fracture tests of SENB specimens 
for HIP-Si3N 4 plotted as the relationship between net 
section stress amplitude and the number of cycles to 
failure. With reference to the SN curve, the stress 
amplitude of 65 MPa was adopted as the standard 
loading level to introduce a fatigue precrack. The 
precracking was performed by the following two 
methods in order to examine the effect of the maxi- 
mum stress intensity factor at the fatigue precracking, 
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Kr . . . .  on the fracture toughness Kc. One method is the 
constant amplitude loading method (Method I) as 
illustrated in Fig. 2a; After the initial 8000-cycle block 
test at constant stress amplitude of 65 MPa (the appar- 
ent maximum stress intensity factor Kfmax will corre- 
spond to 6.5-7.0 MPa 1/2, if the length of the possible 
fatigue crack is not included and the notch length is 
assumed to be equal to that of crack) the test was 
interrupted to observe the fatigue crack. When the 
length of the fatigue crack reached 0.4-0.5 mm the test 
was stopped. The test was continued until the appear- 
ance of the relevant length of crack, interrupting the 
test every 4000 cycles to measure the crack length. 
The other method is the Kfm,x decreasing method 
(Method II) as illustrated in Fig. 2b; the stress ampli- 
tudes were decreased following the sequence of blocks 
from 65MPa to 40MPa and then interrupted to 
observe the fatigue crack. When the length of the 
crack attained 0.4-0.5ram, the test was stopped. 
When the crack length was not attained the test was 
continued at the stress amplitude of 40 MPa until the 
appearance of the relevant length of crack as periodi- 
cally interrupted to measure the crack length. 

The terminal values of Krr, ax for these two methods 
were evaluated at almost 7.7 MPa m 1/2 and 4.4 MPa m ~/2, 
respectively. Here, the length of the precrack plus that 
of the notch was equalized to the length of crack and 
the evaluation was done according to the formulation 
obtained from a handbook edited by Tada et al. [15]. 
Fracture toughness tests were carried out on the pre- 
cracked specimens at various temperatures from RT 
to 1473 K in the same way as the bending strength test. 

In comparison with the SENB fracture toughness 
test, the indentation technique was also performed. 
On all the SENB specimens tested, Vickers diamond 
pyramid indentations were made by using loads 
49-490 N with hold times 10-30 sec. In each specimen, 
three points for the same loading condition were 

Figure 1 S-N curve at 1473K for HIP-Si3N 4 SENB speci- 
men. R = 0.1. 
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Figure 2 The sequence of block loading for precracking. (a) The 
constant Krm~ method. (b) The decreasing Kfm,x method. 

indented and their median cracks were carefully 
measured by means of  an optical microscope. The 
indentation fracture toughness was evaluated accord- 
ing to the following formulation [16], 

Kc = O.0725P/a 3/2. 

3. E x p e r i m e n t a l  r e s u l t s  
3.1. Bending strength 
Fig. 3 shows the results of  the bending strength test 
for HIP-Si3N 4. The strength aB was calculated from the 
conventional elastic formulation, aB = 3PrL /2BW 2. 
The strength at room temperature was about 920 MPa. 
With the increase in temperature, the strength showed 
a gradual reduction up to 1173 K, but above the tem- 
perature, the reduction rate increased rapidly. 
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Figure 3 Relationship between bending strength and temperature 
for HIP-Si3 N 4. 
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Figure 4 Relationship between fracture toughness and temperature 
for HIP-Si3N 4. O Kfm~ = 4 ,4MPam 1/2, �9 Krmax = 7 .7MPam I/2, 
[] notched (R = 0.15). For S-Si3N 4 zx Kfmax = 2 .8MPam ~2. 

3.2. Fracture toughness test for fatigue 
precracked specimens 

Fig. 4 represents the relationship between fracture 
toughness and temperature. Values of  fracture tough- 
ness Kc appeared to be almost independent of  tem- 
perature up to 1273 K for both the materials, but 
decreased slightly at 1473 K for HIP-Si3N 4. The rel- 
evant values were around 8 MPa m ~/2 at the lower tem- 
peratures and 7 MPa m ~/2 for HIP-Si3N4, and 6 MPa m 1/2 
at the lower temperatures for S - S i 3 N  4. Fig. 4 indicates 
that no significant difference in Kc values can be found 
between the high Kfm,x(= 7 . 7 M P a m  ~/2) test and the 
low Kt~,ax(=4.4MPam 1/2) test, although the latter 
satisfies the condition, Kfmax ~ 0 . 6 K I c  , while the 
former does not. This fact suggests that the ASTM 
Standard condition can be mitigated for ceramic 
materials. The figure also exhibits the results for 
notched specimens with root radius r = 0.15mm. 
These were much higher than those for precracked 
specimens. The fact, of  course, emphasizes the effec- 
tiveness of  the fatigue precracking. 

Fig. 5 shows an optical micrograph of  the fatigue 
crack at the notch root observed on the specimen 
surface of  an HIP-Si3N 4. An example of  the fatigue 
crack front resulting from such an experiment is illus- 
trated in Fig. 6. These figures indicate that the fatigue 

Figure 5 An optical micrograph of a fatigue crack at a notch root 
in HIP-Si3N 4. 
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Figure 6 An SEM micrograph of a fracture surface in HIP-Si3N 4. 

crack appeared as sharp and as straight as that 
in metallic materials, and that the crack front was 
straight through and unambiguously determinable. 
Fig. 7 demonstrates the detailed view of the fracture 
surface. The fatigue crack surface looked glassy and 
was distinguishable from the static fracture surface. 
There was no difference in these observations between 
HIP-Si3N4 and S-Si3N 4 specimens. Fig. 8 shows a 
result of X-ray microanalysis on such a fracture sur- 
face in S-Si3N 4 specimen. This indicates that nitrogen 
was replaced by oxygen on the fatigue fracture sur- 
face. Hence it was evident that the glassy surface was 
formed by abrasion and oxidation attack during 
fatigue crack propagation. 

3.3. I n d e n t a t i o n  f rac tu re  t o u g h n e s s  
Fig. 9 indicates the relationships between the indenta- 
tion crack length a and the applied load P for the two 
materials. These were correlated, on average, with the 
P - a  3/2 relations as the two respective full lines. The 
relevant Kc values were 7 .3MPam m for HIP-Si3N 4 
and 5 .2MPam ~/2 for S-Si3N 4. For  comparison, the 
fracture toughness values obtained by using fatigue 
precracked specimens are also evaluated as P - a  3/2 rela- 
tionships and the results were shown in the figure by 
the respective two broken lines for the two materials. 
The latter values were positioned in the side of slightly 
larger magnitude for each material compared with the 

average indentation toughness relation, but almost of 
the same magnitude compared with the upper bound 
of the data scatter in the indentation fracture tough- 
ness. 

4. Discussions 
4.1. Validity as a plane strain fracture 

toughness test 
It is obvious from Fig. 5 that the lengths of the fatigue 
precrack introduced satisfied the following require- 
ment of ASTM E399: the length of the fatigue crack 
on each surface of the specimen shall not be less than 
2.5% of W ( = 0 . 2 5 m m  for HIP- and 0.10ram for 
S-Si3N 4 specimens). It is also clear from Fig. 6 that the 
following requirements applied to the fatigue crack 
front were satisfied: (1) The difference between any 
two of the three crack length measurements shall not 
exceed 10% of the average crack length. (2) The sur- 
face crack length measurements shall not differ from 
the average crack length by more than 15%, and the 
differences between these two measurements shall not 
exceed 10% of  the average crack length. 

Furthermore, it is required in the standard for valid 
Klc that both the specimen thickness B and the crack 
length a exceed 2.5(K~c/ays) 2, where O-y s is the 0.2% 
offset yield strength. In general, the yield strengths of 
such brittle materials as ceramics cannot be deter- 
mined, and thus the fracture strengths for smooth 
specimens may be used instead. In the present study, 
the fracture strengths were obtained only for HIP- 
Si3N4 and so the following discussion will refer to this 
material. The yield strengths to satisfy the require- 
ment shall exceed 190MPa at RT and 1273 K, and 
166 MPa at 1473 K. These are much lower than the 
fracture strengths of 920MPa at RT, 620MPa at 
1273 K and 580 MPa at 1473 K, respectively. 

4.2. Effect of fatigue damage on fracture 
toughness 

In the cycling test at 1473 K, the plastic deformation 
or intergranular sliding at the crack tip causes the 
fatigue crack formation. The plastic strain induced at 
the crack tips may remain as residual stress and affect 
the fracture toughness at lower temperatures. If  this is 
very influential, the fracture toughness at RT will be 
dependent on the value of  Krmax applied at 1473 K. 
However, the results in Fig. 4 did not vary with Kfm,x. 
This indicates that, in the present study, the residual 

Figure 7 SEM fractographs for a HIP-Si3N 4 fracture toughness specimen. (a) Fatigue fracture region. (b) Static fracture region. 

3942 



1000[ (e) 0-K0c 500 (b) l N-Ko~ 1 

600 300 

,oo[ ii111 200 
,~176 I /Stotic Fatique 

ot-:u%%: o i:ur o% ) 
I - 

Figure 8 X-ray microanalys is  on the fracture  surface for 
S-Si3 Na specimen.  (a) Oxygen  profile. (b) Ni t rogen  profile. 

stress at the crack tip did not affect the fracture tough- 
ness, but, generally speaking, the Kfmax decreasing 
method is more desirable to avoid the possible effect 
of residual stress. 

Fig. 7 shows the occurrence of oxidation on the 
fatigue fracture surface. The resulting oxide film may 
influence the fracture toughness. If the oxide film is 
assumed to consist of SiO2, silicon nitride can be 
oxidized according to the following reaction 

Si3N 4 q- 302 --9 3SIO2 4- 2N 2. 

Since the specific weights are 3.18 Mgm 3 for Si3N4 
and 2.22 Mgm -3 for SiO~ and the atomic weights are 
140.3 g for Si3N4 and 44.1 g for SiO2; it is anticipated 
from the reaction that the volume of Si3N4 surface film 
expands 1.84 times by the oxidation. The expansion 
causes the crack closure at the crack tip during the 
fracture toughness test at low temperatures. This may 
explain the reason for the slightly higher values in 
fatigue precracking fracture toughness than those in 
indentation fracture toughness. 

4. Conclusions 
An experimental technique for determining fracture 
toughness in ceramics has been developed. In this 
method, a fatigue precrack is introduced in SENB 
specimens by cyclic fatiguing in a four-point bend at 
an elevated temperature. The fatigue precracks for- 
med in the present study satisfy all the conditions 
required by the ASTM Standard Test Method for plane- 
strain fracture toughness of metallic materials (E399). 
Subsequently the valid fracture toughness values can 
be obtained by using the fatigue precracked specimens. 

From the results of fracture toughness tests on two 
kinds of silicon nitride at the temperatures between 
room temperature and 1473 K, the fracture toughness 
values were almost constant below 1273K but 
decreased above 1273 K. The values at room tempera- 
ture were almost equal to, or rather higher than, those 
obtained by the indentation technique. The slightly 
higher values are attributed to the occurrence of crack 
closure resulting from the formation of oxide film on 
the fatigue fracture surface. 
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