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Static fatigue behaviour in various kinds of non-transforming ceramics has been investigated. It
was found that static fatigue is closely related to the presence of a glassy phase between adjacent
grains, as well as fracture toughness. Non-oxide ceramics, such as reaction-bonded silicon nitride
which scarcely contains the glassy phase (group 1), are insensitive to static fatigue, whereas

non-transformation oxide ceramics, like alumina and non-oxide ceramics such as silicon nitride
which contains the glassy phase (group 1), are sensitive to static fatigue. However, static fatigue
behaviour in the materials of group Il also depends strongly on fracture toughness. K,c. Namely,
fatigue parameter n increases linearly as K¢ increases. From such a dependence the life time

relation in the materials of group Il is proposed as t.= Bo; ©<in terms of applied stress o and Kic.

1. Introduction

It is well known that ceramic materials are subjected
to subcritical crack growth by a mechanism involving
environmentally assisted cracking processes under
sustained loading. One refers to this phenomenon as
static fatigue. Although static fatigue in ceramics has
been investigated widely [1-4], details of the mecha-
nism are still uncertain. It is important to understand
the mechanism for the application of ceramics to
structural components. :

Static fatigue in glass is due to reaction with water
in air, especially at crack-tip locations where glass is
highly stressed. The ensuing chemical reaction can be
written as [5]

H,O0 (atmosphere} — H,O (in glass) (1)
H,O (in glass) + [Si-O-Si] — 2[SiOH] (2)

This reaction leads to a break in the Si—O bond in the
glass. The attendant reaction with the water molecule
proceeds as per Equation 2. It has been supposed that
similar reactions are also able to occur for non-oxide
ceramics. Yamauchi et al. [6] have reported that static
fatigue in non-oxide ceramics depends on the amount
of intergranular glassy phase due to oxide additives
and its effect is enhanced with an increase in the
amount of the glassy phase. This implies that static
fatigue may be governed by a reaction associated not
with the-matrix but with the glassy phase. For dense
silicon nitride and silicon carbide having the glassy
phase, the path of slow crack growth is along the grain
boundary, whereas it is intragranular for ceramics
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without the glassy phase [7]. It is thus expected that
the former are susceptible to static fatigue, since the
glassy phase is located at the grain boundary alone.

Toughening is generally explained by a crack tip
shielding mechanism, such as crack deflection, grain
bridging, microcracking and phase transformation. If
static fatigue is related to toughness alone, highly
toughened materials are insensitive to static fatigue,
because of a reduction in stress at the crack tip due to
crack tip shielding. It is well known that fracture
toughness is seriously affected by microstructural
changes. The relation between microstructures and
fracture toughness has been relatively well investi-
gated for silicon nitride. For example, an increase in
the aspect ratio leads to a linear increase in fracture
toughness, and an increase in grain size with compar-
able grain morphology also causes fracture toughness
to increase. These factors are dependent upon powder
properties (type and phase composition of the starting
powders, impurity content), type and amount of
sintering additives and processing parameters (time,
temperature, pressure} [9-14].

Toughening of ceramics like silicon nitride has been
practically achieved by addition of a proper amount of
oxide additives such as MgO, Y,O; and Al,O;. Ifitis
related to the presence of the glassy phase, as well as
fracture toughness, static fatigue behaviour in ceramic
materials toughened in such a way is not easily
predicted, because static fatigue may be not only
restrained by crack tip shielding, but also enhanced,
due to the feasibility of chemical reaction with the
glassy phase located at the grain boundary. In order to
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understand static fatigue behaviour in such materials,
we should consider the influence of factors such as
presence of the glassy phase, microstructure and
fracture toughness.

In this study we have investigated the influence of
such factors on static fatigue, using various kinds of
ceramic materials. On the basis of the experimental
results obtained and other data available, static
fatigue behaviour is discussed.

2. Experimental procedure

2.1. Materials

Various kinds of ceramic materials, such as silicon
nitride, sialon, silicon carbide and alumina, were
prepared for the present experiment. The processing
conditions of the materials used are shown in
Table 1. Material SSN-1 was normally sintered at
1750 °C with Y,0;-MgAIl,O, additives. SSN-2 was
fabricated under the identical conditions as SSN-1,
except for variation of contents of additives. Contents
of additives were varied to obtain rod-like B-phase
grain morphologies with very different aspect ratios.
According to the study of Wotting and Ziegler [12]
for silicon nitride containing Al,O0;-Y,0; as addi-
tives, an increase in the amount of Al,O; leads to
a decrease in fracture toughness, due to a reduction in
the aspect ratio, whereas fracture toughness increases
with increasing Y,Oj, resulting in an increase in the
aspect ratio. On the basis of this result, SSN-1 of high
Y,O0; content and low Al,O; content, and SSN-2 of
high Al,0; content and low Y,0O; content were se-
lected for this study. It is thus expected that the aspect
ratio is higher in SSN-1 than in SSN-2. Material
RBSN was reaction-bonded at 1450 °C and consisted
of a mixture of o and B phase crystals.

Aluminas with equiaxial grain morphologies were
sintered using the same high purity alumina powder
(99.995%) without additives and subsequent HIP
processing. Variation of grain size is obtained by
changing HIP processing temperature. ALO-1 was
produced by HIP processing at 1700°C, whereas
ALO-2 was made by HIP processing at 1400 °C.

a-sialon ceramics are formed by the reaction as
follows

aSizN, + b(OAIN + Y,053) - cY, (Si, Al);, (O, N), 6
3)

where x varies from zero to 0.8 at 1750°C. For
0 < x < 0.3, (2 + B) sialon, which consists of a mixture

TABLETI Processing conditions of materials used

Materials Additives Processing method  Phase
SizN, SSN-1  Y,0; + AlLLO;  Sintered B
SSN-2  Y,0; + ALLO; Sintered B
RBSN Reaction bonded a+f
ALO; ALO-1 HIP o
ALO-2 HIP o
Sialon SA-1 Y,0; + AIN Sintered o+ B
SA-2 Y,0; + AIN Sintered o
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of B-SizN, and a-sialon, is obtained, whereas for
0.3 = x £ 0.8, a-sialon alone is obtained [15]. In this
study, x-values are 0.2 for SA-1 of (o + B)-sialon and
0.5 for SA-2 of a-sialon.

2.2. Static fatigue test

These materials, with dimensions of about 4 x 5 x 45
mm, were ground and lapping polished to produce the
specimens for the fatigue test, with dimensions of
3 x4 x40 mm. Before fatigue testing, two or three
precracks were introduced at the centre of the speci-
men by a Vickers indentor, using loads of 98 N for
silicon nitrides and 49 N for the remainder.

Fatigue tests using the specimens with two or three
precracks provide conservative data for the fatigue
lives of materials, compared with tests of specimens
with a single crack {16]. Different indentation loads
were employed to keep the precrack size almost the
same, irrespective of the kinds of materials. Precrack
size of specimens was 200-300 um, except for reaction-
bonded silicon nitride. Since indentation load for
RBSN was selected to lead to a larger precrack size
than pore size, the precrack size in RBSN is larger
than that in other materials.

Static fatigue tests were conducted in four point
bending (outer span 30 mm, inner span 10 mm), using
an electrohydraulic testing system. All experiments
were carried out at room temperature in air.

3. Results
3.1. Microstructures and fracture toughness
Figs 1 and 2 show scanning electron micrographs of
the fracture surface of silicon nitride and sialon
ceramics, respectively. From these figures it is in-
dicated that all these materials have rod-like struc-
tures and also fracture intergranularly. For silicon
nitride ceramics both aspect ratio and grain size are
a few times larger in SSN-1 than in SSN-2.

For sialon ceramics grain size is coarser in «-sialon
than in (o + PB)-sialon, whereas aspect ratio is larger in

“the latter than in the former.

Table II shows fracture toughness, grain size and
morphology of the materials used in this study. SSN-1
with a high aspect ratio and coarse grains shows
a higher fracture toughness, as compared with SSN-2
of low aspect ratio and fine grains. Such a tendency is
in agreement with results by Wotting and Ziegler [12].
RBSN shows very low fracture toughness. Generally,
it has been reported that reaction-bonded silicon
nitride ceramics are poor in toughness, although they
have rod-like structures [13,16]. It is thought that this
is due to a high pore density and not containing
a glassy phase at the grain boundary [13, 17].

On the other hand, SA-1 of (o« + B)-sialon with fine
grains shows a higher K¢ than SA-2 of a-sialon with
coarse grains. This may be attributed to the higher
aspect ratio of SA-1. However, K¢ of SA-1 is lower
than that of SSN-1, though they have dlmost the same
aspect ratio. From these results it is understandable
that fracture toughness depends on grain size, as well
as aspect ratio.



Figure 2 Scanning electron micrographs of fracture surfaces of sialon ceramic materials: (a) SA-1; (b) SA-2.

In the case of alumina with equiaxed grain struc-
ture, fracture toughness also increases with increasing
grain size. However, the toughness in alumina is con-
siderably lower than that in silicon nitride, although
the grain size of alumina is a few times as large as that
of silicon nitride. It is likely that such a differ-
ence in toughness is attributed to the effect of grain
morphology, because the value of toughness
of silicon nitride having equiaxed grain morphologies
is about 3MPam'/2, almost equal to that of
alumina [10].

3.2. Static fatigue behaviour

For most ceramic materials the rate of crack growth
under static load is generally expressed by the simple
power law:

da

— = AK} 4

" i 4
where a is the crack size, t is time, A and n are
constants, and K, is the stress intensity factor. K; is
given by:

K, = Yo.a'”? (5)
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TABLE II Mechanical
materials used

and microstructural properties of

Materials Flexural K¢ Grain size  Morphology
stress (MPam') (um)
(MPa)

Si;N, SSN-1 669 6.5 1.0 Rod-like
SSN-2 764 5.0 0.5 Rod-like
RBSN 2.5 Equiaxial

ALO; ALO-1 670 3.1 10 Equiaxial
ALO-2 438 2.5 2.0 Equiaxial

Sialon SA-1 1039 5.5 0.3 Rod-like
SA-2 676 44 1.0 Rod-like

where Y is a geometric factor and o, is the applied
stress. According to the K-concept of fracture me-
chanics, failure occurs when K| reaches a critical value,
Kic. For static bending tests with o, the lifetime,
I, can be calculated by integration of Equation 4 to
yield [187:
. 20072

Bo% B = o avkes ©

tf:

where o, is the inert strength, ie. the strength in the
absence of subcritical crack extention.

Fig. 3 shows static fatigue lives, #;, as a function of
the applied stress, o, for various silicon nitrides with
different microstructure: SSN-1, SSN-2 and RBSN.
Scatter in these data was very small, compared with
preceding results [19]. It is indicated in this figure that
there are linear decreases in stress and subsequent
plateaux at lower stresses for all materials, though
there is a difference in their slope. Such tendencies are
also observed in other ceramics, as shown in Figs 4
and 5. These results indicate that static fatigue
behaviour can be well expressed by Equation 6. Static
fatigue degradation is very small in SSN-1 and RBSN,
whereas it is prominent in SSN-2.
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Figure 3 Static fatigue lifetimes for various kinds of silicon nitride
materials. (O) SSN-1; () SSN-2; (A) RBSN, ’
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Figure 4 Static fatigue lifetimes for aluminas with two different
grain sizes: () ALO-1; (O) ALO-2.

500 T | 1 14 f‘ T { 1 1
400 | -
300+ g .
\D_
e ) %‘T’i‘ .
__ 200} .
10
s
s | _
&
100 .
50 1 1 i 1 1 1 L L vl
103 10" 10" 10° 10° 107
t (s)

Figure 5 Static fatigue lifetimes in SA-1 of (« + B)-sialon and SA-2
of a-sialon: (0J) SA-1; (O) SA-2.

Fig. 4 shows static fatigue lifetimes in aluminas with
different grain size [20]. From this figure it is under-
standable that static fatigue degradation is not affec-
ted by grain size. In addition, the degradation in
alumina is considerably larger than that in silicon
nitride.

Fig. 5 shows static fatigue lifetimes in sialon
ceramics, This figure shows that o-sialon is hardly
subject to static fatigue effects.

4. Discussion

4.1. Influence of the presence of a grain
beundary glassy phase

It has beenn known that static fatigue in ceramics is

responsible for stress corrosion cracking, related to



TABLE III Oxygen contents of non-oxide ceramic materials used

Materials O (wt %)
SizN, SN-1 4.8
SSN-2 5.8
RBSN 1.8
Sialon SA-1 24
SA-2 38

water in air. Yamauchi et al. [6] have investigated the
dynamic fatigue behaviour of various kinds of ceramics
and shown that static fatigue resistance in non-oxide
ceramics decreases with an increase in the amount of
intergranular glassy phase, without regard to the
kinds of ceramics. This result implies that stress cor-
rosion cracking is related not to the matrix itself, but
to interfaces between matrix and glassy phase at the
grain boundary or to glassy phase at the grain bound-
ary, because cracks in ceramics with the glassy phase
grow intergranularly. Besides, it is well known that
o-sialon and reaction-bonded silicon nitride scarcely
have an intergranular glassy phase [13,217. Therefore,
the fact that such materials are insensitive to static
fatigue can be explained by the suggestion of
Yamauchi and coworkers [6].

However, the results for silicon nitride ceramics and

(o + P)-sialon with the glassy phase are inexplicable

by their suggestion alone. Because although (o + B)-
sialon has a lower oxygen content than SSN-1, as
shown in Table ITI, the former is more sensitive than
the latter to static fatigue. Furthermore, static fatigue
degradation is substantially smaller in SSN-1 than in
SSN-2, in spite of these materials having almost the
same oxygen contents. Therefore, it is thought that
static fatigue behaviour in these materials is associated
with other factors, besides the amount of intergranular
glassy phase.

4.2. The influence of fracture toughness

Some researchers [22, 23] have reported that static
fatigue depends upon the microstructure of the
ceramic materials tested. As noted in Section 3, micro-
structures are closely related to fracture toughness.
Hence, it is expected that static fatigue depends on
fracture toughness. In ceramic materials toughening
has been explained in general by the mechanisms of
crack tip shielding. These mechanisms are expressed
as [8].

Ktip = KImax_Ks (7)

where K,;, is the stres intensity factor at the crack tip,
K max the maximum stress intensity factor, and K the
stress intensity factor due to shielding. From Equa-
tions 4 and 7 it is expected that static fatigue lifetimes
in a ceramic material increase with an increase in
fracture toughness, because of a reduction of stress at
the crack tip by crack tip shielding. As shown in
Figs 3-5, lifetimes in the same kind of ceramics in-
crease with an increase in fracture toughness.
However, in order to predict quantitatively static

fatigue lifetimes, the n value, which indicates the
degree of static fatigue resistance of a material, should
be determined. So far, n value is only known as a con-
stant value depending on material. Fig. 6 shows the
relationship between the applied stress normalized by
flexural stress and time to failure for alumina and
non-oxide ceramics which involve a glassy phase.
From this figure it is recognized that static fatigue
degradation in these materials is enhanced as fracture
toughness increases, without regard to the kinds of
material.

Static fatigue degradation in aluminas is large, in
spite of scarcely containing an intergranular glassy
phase. Kawakubo et al. [19] have shown that oxide
ceramics such as alumina are sensitive to static fatigue
and the degree of static fatigue degradation is almost
the same as with glass. According to Himsolt et al.
[10] and Faber et al. [24], the K¢ of equiaxed grained
silicon nitride is smaller than half of the K¢ of rod-like
grained silicon nitride, and almost equal to the K¢ of
aluminas. Moreover, static fatigue degradation in sili-
con nitride is remarkably larger in the former than in
the latter. Therefore, it is thought that low fracture
toughness and large static fatigue degradation in
alumina is attributed to its equiaxed structure.

Himsolt et al. [10] have investigated subcritical
crack growth behaviour of hot pressed silicon nitride
ceramics with different grain structures and shown
that as K¢ increases, crack growth rate is restrained
and also the n value rises. This implies that the value of
n depends upon K¢ in some way.

The relation between K¢ and n for the materials
used in this study is shown in Fig. 7. As shown in this
figure, the materials are divided into two groups:
a non-glassy phase group (group I) of which the
n value is independent of K¢, and an oxide or glassy
phase group (group II) whose n value depends on K.
It is expected that silicon carbide (additives: B, C)
having no grain boundary phase belongs to group I
On the other hand, the n value of materials of group II
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Figure 6 Comparison of static fatigue lifetimes in various kinds of
ceramic materials plotted as a function of the normalized applied
stress: (@) SSN-1; (O) SSN-2; (M) ALO-1; (1) ALO-2; (A) SA-1.
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Figure 7 The relation between n and K., containing the data for
silicon nitride ceramic materials of Himsolt ef al. [10]: O present
work; [0 Himsolt et al.

increases linearly with increasing K¢, without regard
to the kinds of material. Such a relation is also ob-
tained by replotting the data of Himsolt and Knoch
['10]. Therefore, the relation between n and K¢ for
materials of group II can be expressed as follows

n = CKj 8)
where C is constant. However, as shown in Fig. 7,
a considerable difference in the slope between the
present work and previous work is shown. It is
thought that this is in part attributed to a difference in
precrack size, because of the use of a long crack in
previous work. In fact, it has been reported that static
fatigue degradation in silicon nitride increases as pre-
crack size increases [25]. From Equation 8, Equations
4 or 6 are given as follows

da
—_— = AKCKIC
dt !
or
t, = Bog e ©)

Therefore, it is concluded that for non-oxide ceram-
ics which involve a glassy phase and oxide ceramics
such as alumina, static fatigue behaviour is related
closely to fracture toughness, K¢, i.e. static fatigue is
considerably restrained by an increase in K¢, result-
ing in a decrease in stress in the crack tip as well as an
increase in the value of n.

5. Conclusions

Static fatigue behavior was investigated for various
kinds of non-transforming ceramics. The main results
obtained are as follows:

(i) Static fatigue depends on the presence of an
intergranular grassy phase. Non-oxide ceramics, such
as RBSN and «-sialon, which scarcely contain an
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intergranular glassy phase, are insensitive to static
fatigue. In contrast, non-transforming oxide ceramics
like alumina, as well as non-oxide ceramics such as
silicon nitride and (x + B)-sialon, which contain the
glassy phase, are sensitive to static fatigue.

(ii) Stafic fatigue behaviour in oxides or materials
containing a glassy phase also depends strongly upon
Kic. Namely, static fatigue degradation is consider-
ably restrained by an increase in K¢, which results in
a decrease of stress at the crack tip as well as a linear
increase in the n value with increasing K.

(iii) From this result, the modified lifetime relation
is suggested as t, = Bo, K.
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