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A high-strength Si,N, with elongated P-Si,N, and equiaxed 
a'-sialon was tested in cyclic and static fatigue at 1400°C. 
At low stress intensity factors and high frequencies, the 
pullout process of the elongated grains was enhanced, which 
suppressed the crack growth. This provides a possible 
explanation for the increased lifetime under cyclic loading 
conditions reported for ceramics by several investigators. 
While crack-healing by high-temperature annealing was 
found to greatly reduce the subsequent static fatigue crack 
growth rate, it had only a modest effect on cyclic fatigue and 
none at high frequencies. 

I. Introduction 

HE common observations for mechanical fatigue of struc- T tural ceramics at room temperature are a shorter lifetime 
and a higher crack growth rate under cyclic loading (i.e., cyclic 
fatigue) compared to static loading (i.e., static fatigue).'-22 This 
is further supported by the observation that the fatigue lifetime 
is more cycle-dependent than time-dependent. On the other 
hand, a number of investigators have reported the opposite phe- 
nomenon of a longer cyclic fatigue lifetime when the fatigue 
tests were conducted at elevated  temperature^.^^"' (This is 
despite the early report on pure A1,0, which showed little dif- 
ference in static and cyclic fatigue crack growth An 
opposite frequency effect, i.e., a greater cycles to failure at a 
higher freq~ency,'~ was also noted. Clearly, qualitatively differ- 
ent damage mechanisms must operate in different temperature 
regimes. 

One reason for a longer cyclic fatigue life lies in the smaller 
fraction of time spent under high stress during cycling. This dif- 
ference can be accounted for by defining an effective stress 
(intensity factor) or effective time if damage assumed is to 
accumulate in the same way as in static fatigue at the same 
stress (intensity factor) level. Several studies have shown, how- 
ever, that even with such an adjustment, the cyclic fatigue life- 
time was systematically longer than the static one. Some direct 
fatigue crack growth measurements at elevated temperatures 
for a commercial A1,0, and an AI,O,-SiC composite also seem 
to support the same notion of fatigue retardation.28"' No mecha- 
nistic explanation, to our knowledge, has been offered to ratio- 
nalize these observations. 

Si,N4 is an important structural ceramic with current and 
potential applications at elevated  temperature^.^^ To our best 
knowledge, direct measurement of fatigue crack growth rates 
has not been made for this class of material. In this study, we 
will report the crack growth behavior in a hot-pressed Si3N4 
which has a relatively high strength at elevated temperatures 
(750 MPa at 1400"C).35 A multiple controlled-flaw technique 
was used allowing efficient data acquisition without in siru 

crack length monitoring. This first report will focus on the 
results obtained at 1400°C which revealed some novel fre- 
quency effects and crack-tip phenomena. These observations 
have provided new insight to the cause of fatigue retardation at 
elevated temperatures. 

11. Experimental Procedure 

( I )  Material 
The silicon nitride studied was a two-phase material con- 

taining a'-sialon (30 ~01%) and P-Si,N4 (70 ~01%). The compo- 
sition chosen is along the Si,N4-Y,0,:9A1N composition line 
and lies on the so-called a'-sialon phase. Details of material 
design, processing conditions, and preliminary mechanical 
properties of this series of materials will be published else- 
where.35 The material studied was hot-pressed at 1780°C in N, 
for 1 h to reach full density. Scanning electron microscopy 
examination revealed a microstructure containing many elon- 
gated p-Si,N4 grains, as evident from Fig. 1. X-ray diffraction 
and transmission electron microscopy further verified the exist- 
ence of P-Si,N4 and a'-sialon phases, the latter being interdis- 
persed in the form of small equiaxed particles between 
elongated P-Si,N, grains. This duplex microstructure results in 
a very low A1 and Y content in the grain boundary and hence 
minimizes the adverse impact of low-viscosity glassy phase. 
Excellent flexural strength has been measured in four-point 
bending in air at room temperature (1050 MPa) and elevated 
temperature (750 MPa at 1400°C).35 
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(2) Specimens 
Bend bars with dimensions of 17 mm X 3 mm X 1.2 mm 

were obtained from the hot-pressed material. The long axis of 
the specimen lies on the hot-pressing plane and the tensile sur- 
face lies normal to the hot-pressing plane. The surface of the 
specimen was finely ground along the long axis, then polished 
using a 6-pm diamond paste to obtain a good finish. A series of 
Vickers indents was placed on the tensile surface at a load of 
12 kg. These indents were 0.5 mm apart and carefully aligned 
so that comer cracks emanating from the indents were all paral- 
lel or perpendicular to the long axis of the specimen. To remove 
the residual stress around the indent before fatigue testing, two 
kinds of heat treatment were performed. In the first treatment, 
specimens were held at 1400°C for 1 h under a flexural load of 
50 N. Depending on the local flexural stress, a typical crack 
extension of 10 to 40 pm was obtained after this treatment. In 
the second treatment, specimens were held at 1400°C for 1 h 
without a load. No change in crack length was found after this 
treatment. 

(3) Fatigue Testing 
A modified four-point bending configuration with an inner 

span of 1.25 mm and an outer span of 13 mm was used in this 
study. It provides a long outer span where the (linear) stress dis- 
tribution, regardless of the contact conditions at the two loading 
points, can be accurately determined. At the same time, there is 
a short inner span within which the stress is essentially constant 
but could have some variation due to uneven loads at the inner 
contacts. Usually, 3 indents were placed within the inner span 
and 10 other indents on each end outside. The adoption of this 
configuration facilitated data acquisition over a relatively broad 
range of crack extension force from one specimen. When the 
specimen eventually failed from one of the cracks in the inner 
span, the two remaining cracks could be used for critical crack 
length measurement and microscopy since they had experi- 
enced essentially the same load history and were near critical 
length, 

Cyclic bending fatigue tests were conducted using a com- 
mercial servohydraulic machine (Model 810, MTS Test Sys- 
tems Inc., Minneapolis, MN) operated under load control, with 
a sinusoidal wave form. The specimen was first heated to 
1400°C at a rate of 60"C/min. The load was then slowly applied 
at a ramp rate of 5 N/s until the maximum stress level was 
reached. The maximum nominal stress was 172 MPa and the 
R-ratio (minimum stress/maximum stress) was 0.1. Three fre- 
quencies (0.1, 1, and 5 Hz) were used to evaluate the frequency 
effect. For comparison, static fatigue tests at the same tempera- 
ture and held at the same maximum stress were also conducted. 
All fatigue tests were terminated after 20 h unless failure 
occurred sooner. The load was removed during cooling, which 
was estimated to occur at a rate of 75"C/min. Crack length was 
measured after testing using an optical microscope. 

(4) Data Processing 
The applied stress intensity factor at the tip of a semielliptical 

surface crack subject to pure bending was calculated from the 
finite element analysis of Newman et ~ 1 . ~ ~  The aspect ratio, a/b, 
for the semielliptical crack was approximated by using an 
empirical equation recommended by ASTM E 740:" 

a a  _ - -  - + 1  b t  

where a and b are the half crack length of the major and minor 
axis, respectively, and t is the specimen thickness. Since it was 
assumed that most of the residual stress due to indentation had 
been removed during the heat treatment prior to fatigue testing, 
the applied stress intensity factor was taken as the only driving 
force for crack extension. 

Under such a driving force, the slow crack growth rate may 
be assumed to follow a power law relation: 

da 
dt 
- = AK" 

where A and n are constants, and K is the stress intensity factor 
at the crack tip. For static fatigue, K is constant until crack 
extension. For cyclic fatigue K varies from a minimum (K,J to 
a maximum (K,J during each cycle. For the latter case, two 
expressions have been used to compare the crack growth rate. 
The first is identical to Eq. (2), but with K replaced by K,, dur- 
ing a cycle; such an expression is adequate for the present study 
in which the R-ratio was held at 0.1. In the second expression, 
the same power law relation is used, but allowing the stress 
intensity factors to vary with time. The following expression 
after integration over time is arrived at: 

da - = AK,,," dt (3) 

In the above, K,, may be regarded as the effective stress inten- 
sity factor in static fatigue that will result in the same amount of 
crack growth over time as in cyclic fatigue. For sinusoidal load- 
ing profile, simple integration shows 

1 + R  1 - R .  
sin (21rwt) 

= K,,F(n,R) (4) 

In the above equation, w is frequency, and F(n,R) may be 
viewed as a correction factor for converting K,, to Kea This 
correction factor is plotted in Fig. 2.  It can be seen that the 
effective stress intensity factor, which is independent of fre- 
quency w, decreases drastically as the exponent, n, and stress 
ratio, R, decrease. 

The constants A and n can best be obtained by least-squares 
fitting of the measured crack growth data. Although in situ 
crack growth rate measurements were not performed, there 
were sufficient crack length data from each test for such a fit. 
(For each crack, the initial length and the final length were 
recorded. Since these cracks were of various initial lengths and 
subject to various stresses, they grew to various lengths during 
testing. Typically there were about 10 to 15 data of significant 
crack extension to best-fit two unknowns for each test using 
regression analysis. For this reason, this form of data analysis is 
referred to in the following as the "regression method'.) Once 
these constants have been determined, the crack growth rate in 
static fatigue and cyclic fatigue under various loading condi- 
tions can be compared on the basis of K,, or Kefp A compari- 
son on the basis of K,,, allows us to assess the relative severity 
of creep and cyclic damage. Alternatively, a comparison on the 
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Fig. 2. Correction factor F(Keff/KmaX) as a function of R and n. 
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basis of K, ,  highlights the additional cyclic loading effect by 
relating to the slow crack growth equation. 

To compare with the regression method described above, the 
conventional “average” method was also performed. In the lat- 
ter case, the average crack growth rate for each indent was 
obtained by dividing the total crack extension by test duration, 
and the average stress intensity factor was the mean value of the 
maximum stress intensity factors associated with the initial and 
final crack lengths. 

111. Results and Discussion 

(2 )  Frequency Effect 
Table I summarizes the test results for specimens heat-treated 

at 1400°C under a preload of 50 N. The A, n, and F(n,R) values 
obtained from both regression and average methods are shown 
for each test condition. The n values obtained from the average 
method are only slightly smaller, indicating that the crack 
extension curves are essentially straight lines with a slightly 
concave upward curvature. The comparison is shown graphi- 
cally in Fig. 3. In Fig. 3(a), two data points corresponding to the 
initial and final crack growth rates inferred from the regression 
method are drawn for each crack, while in Fig. 3(b), each datum 
represents the average crack growth rate for each crack. Despite 
the larger scattering of the data analyzed by the average method 
(Fig. 3(b)), the trend and the magnitude of the data are essen- 
tially the same as those from the regression method (Fig. 3(a)). 
In view of the similarity, only data processed by regression are 
presented in the following discussion. 

Several interesting features in Fig. 3 which compare crack 
growth rates at the same K,,, under different loading conditions 
are worthy of note. First, it is apparent that at 1400°C the crack 
growth rates under cyclic loading conditions are always less 
than those under static loading conditions. Second, the crack 
growth retardation due to cyclic loading is much more pro- 
nounced at higher frequency and lower stress intensity. Third, 
cyclic fatigue at higher frequency has a higher K,, sensitivity, 
i.e., a larger n exponent. Fourth, the value of n exponent is rela- 
tively small, ranging from 4 to 9. These features are unique to 
high-temperature fatigue. (The opposite trend is typically seen 
for ceramics at low temperature; i.e., the crack growth rate is 
higher in cyclic fatigue, the enhancement is more pronounced at 
higher frequency and lower stress intensity, and cyclic fatigue 
has a lower stress intensity exponent which is nevertheless very 
large in magnitude, typically above 20.) The crack growth rate 
is also plotted against the effective stress intensity factor (Kerf) 
as shown in Fig. 4. In such a plot, the effect of unloading from 
K,, has been taken into account explicitly. Note that at 0.1 Hz, 
the crack growth rate is reduced to the same as in static loading 
once the unloading effect is considered. Thus, at least at low 
frequencies, the crack growth mechanism in static and cyclic 
loading seems to be the same. At higher frequencies, however, a 
genuine retardation due to cyclic loading becomes apparent. 
This retardation is more pronounced at higher frequency and 
lower stress intensity factor as evident from the n exponent 
which changes from 4.4 to 8.4. Obviously, a different damage/ 
crack growth mechanism must be involved at higher 
frequencies. 

The slower crack growth rates at higher frequency arising 
from the unloading portion of the cycle may be due to either 
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Fig. 3. 
(a) by regression method and (b) by average method. 

Crack growth rates against maximum stress intensity factors 

enhanced pullout of elongated grains or formation of load-bear- 
ing contacts, as schematically shown in Fig. 5. In either case, 
the effective stress intensity at the crack tip is somewhat 
reduced. In the following, we will discuss the relevance of these 
two mechanisms to our observations of fatigue retardation. 

(a) Crack Face Contact-This can be caused by deforma- 
tion irreversibility during unloading (Fig. 5(b)).38 Below a cer- 
tain load, the crack tip stress intensity factor is sufficiently 
reduced by such contacts, so that the static fatigue effect is 
largely mitigated (Fig. 5(c)). Since creep and grain boundary 
sliding are more active at high temperature, displacement irre- 
versibility is enhanced, which in turn causes significant retarda- 
tion of crack growth in cyclic loading. It is known that, at low 
temperature, crack shielding by closure is most affected by the 
R-ratio but not frequency. This R-ratio dependence is likely to 
prevail at high temperature although it has not been investi- 
gated. A frequency effect, however, is also likely to arise at 
high temperature in view of the strain rate dependence of grain 
boundary sliding and creep.39 Since a lower frequency should 
promote more creep and grain boundary sliding, it favors more 
closure and retardation. This is contrary to our observations. 

Grain Pullout-This can be caused by repeated sliding 
between grains which weakens the graidgrain interface. (In 

(b) 

Table I. Fatigue Data at Different Frequencies 

n Test 
duration 

Correction factor, 
A 0 8 )  Cyclic 

fmuencv 
(Hz) ‘ Regression Average Regression Average Regression Average (h) 

5 8.39 8.18 2.10 X 2.76 X 0.8279 0.8279 20 
1 5.45 5.16 4.53 x lo-’* 5.96 x lo-” 0.7715 0.7715 20 
0.1 4.52 4.25 1.52 x l o - ”  1.80 x lo-” 0.7471 0.7471 20 

Static 4.42 4.16 5.63 X 10.’’ 7.09 X lo-“ 1 1 8.8 
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ferent frequencies against the effective stress intensity factor. 

Crack growth rates in static fatigue and cyclic fatigue at dif- 

mechanism (a), no degradation of grainlgrain interface by slid- 
ing is assumed.) At higher temperature, traction for grain 
boundary sliding is sufficiently reduced to allow grain pullout 
without grain fracture (Figs. 6(e) and (0). Cycling at high fre- 
quency will accumulate more damage to weaken the interface 
even more to facilitate this process. This is in agreement with 
our observation. At higher stress intensity factors, the chance of 
breaking grains at the crack tip before their pullout is substan- 
tially increased. Therefore, this shielding mechanism is lost. 
The crack growth rate then increases to approach that in static 
fatigue. This is also in agreement with our observation. 

The physical evidence of the pullout mechanism is relatively 
difficult to obtain for two reasons. First, it was found that 
numerous needlelike small grains nucleated and grew on the 
tensile surface of the specimen after long-term exposure to the 
flowing nitrogen atmosphere at high temperatures. This renders 
the disclosure of fine details of the crack tip difficult. Second, 
the remains of broken bridges may be damaged by repeated 
abrasion of crack faces during cycling. Hence, the difference in 
crack morphology between cyclic and static fatigue is not 
always apparent. Despite these problems, some features that 

arain boundatv 

grain bridging 

Fig. 5. 
mechanisms at high temperatures. 

Schematics of possible fatigue crack growth retardation 

support the above mechanism have been found on the tensile 
surface near the crack tip. One example from a specimen cycled 
at a relatively high frequency and relatively low stress intensity 
factor (5 Hz and 2.3 MPa.m"') is shown in Fig. 6. At the crack 
tip, an elongated grain that has been pulled out for about 2 pm 
and damaged by a tiny crack (indicated by arrows) can be seen 
in Fig. 6(a). Further back in the crack wake, several broken 
grains with a similar pullout distance can also be seen in 
Fig. 6(b). Such pulled-out grains with a long pullout distance 
were rarely observed in specimens tested in static fatigue. 

Finally, the onset of the pullout mechanism may introduce a 
rising crack wake shielding in the initial stage of crack exten- 
sion. During this transient period, the power law growth expres- 
sions, Eqs. ( 2 )  and (3), and their counterpart in cyclic fatigue, 

Fig. 6.  SEM micrographs of an indentation crack fatigued at 5 Hz and K,,, = 2.3 MPam"': (a) near the crack tip and (b) in the crack wake. 
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are not applicable unless the shielding stress intensity factor is 
explicitly incorporated in the expressions. A short-crack behav- 
ior is thus anticipated. This aspect is under investigation else- 
where:’ For the present set of experimental conditions, 
however, the crack extension curves are believed to be nearly 
straight lines. Thus any short-crack behavior, if present, is prob- 
ably very short-lived and not expected to significantly compro- 
mise the validity of the data analysis used here. 

(2) Annealing Effect 
The stress applied in the 1400°C heat treatment prior to 

fatigue testing was found to have a significant effect on the 
subsequent crack growth. This is illustrated by the data in 
Fig. 7. Here we compare crack growth data from specimens 
heat-treated with a preload (represented by filled circles) and 
ones without (represented by open circles). In static fatigue 
(Fig. 7(a)), cracks annealed without a preload subsequently 
grew slower by almost 1 order of magnitude. No such differ- 
ence was found in cyclic fatigue at 1 Hz (Fig. 7(c)) and above 
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Fig. 7. Comparison of fatigue crack growth rates of specimens sub- 
ject to different prior annealing treatment (a) static fatigue, and cyclic 
fatigue at (b) 0.1 Hz and (c) 1 Hz. 

and the retardation effect at 0.1 Hz (Fig. 7(b)) was also more 
moderate. In the following, the cause for such annealing effects 
based on knowledge of crack-tip mechanics will be speculated 
on. 

Assuming that, without a load applied, the annealing at 
1400°C was able to blunt or heal the crack tip. In static fatigue, 
the crack face is not bridged by pulled-out grains. Hence, the 
effective stress intensity at the crack tip depends sensitively on 
the crack-tip geometry. A blunt or healed crack therefore expe- 
riences retardation until the crack tip is resharpened during sub- 
sequent loading. This could account for the behavior seen in 
Fig. 7(a). In high-frequency cyclic fatigue, on the other hand, 
the crack tip is subject to repeated damage which could develop 
a sharp crack tip at the same time of effecting extensive pullout. 
(Recall Fig. 6(a) for evidence.) In such a case (heavily bridged 
crack), the crack-tip geometry is of less importance in 
determining the stress intensity factor and, at any rate, a sharp 
crack tip could obtain soon after stress cycling. Therefore, the 
initial crack-tip geometry does not substantially influence the 
subsequent crack growth behavior. The frequency dependence 
of this pre-load/annealing effect is consistent with the above 
interpretation. 

IV. Conclusions 

( I )  An effective test methodology by four-point bending 
with a short inner span and multiple controlled flaws was devel- 
oped for the fatigue testing of structural ceramics at high 
temperatures. 

For a hot-pressed Si,N, with 70 vol% (elongated) 
P-Si,N, and 30 vol% (equiaxed) a’-sialon, the crack growth 
rate at 1400°C was slower under cyclic loading than under sus- 
tained loading, even after the effect of load-time profile was 
accounted for. This observation is consistent with the longer 
lifetime under cyclic loading which has been reported in the 
ceramic literature. 

(3) The fatigue retardation effect was pronounced at higher 
frequency and lower stress intensity factor. Evidence for fatigue 
enhanced (P-Si,N,) grain pullout which could cause crack 
shielding and decreased crack growth rate was obtained. 

(4) Annealing at 1400°C without load prior to fatigue test- 
ing greatly suppressed the subsequent crack growth rate in 
static fatigue, but not in cyclic fatigue (especially at higher fre- 
quencies). This implies that the crack-tip stress intensity of an 
unbridged crack, as in static fatigue, is highly sensitive to crack- 
tip geometry and blunting during high-temperature annealing. 
A similar blunting effect is apparently unimportant for a 
bridged crack as in cyclic fatigue at high temperature. 

(2) 
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