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Abstract

Comparatively little is known about cyclic fatigue processes in ceramics.
Fractographic studies were performed on the fracture surfaces of silicon
nitride and yttria tetragonal zinconia polycrystals, which had been cyclically
loaded to failure.

The micrographs showed numerous small micro-cracks in the fatigued region
in the vicinity of the origin of failure. The role of cyclic stress is supposed to
be basically a grain boundary effect. In addition, a hypothetical model
proposed by Horibe, based on asperity contacts, was confirmed.
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Summary

Different proposed models for the cyclic fatigue effects in ceramics were
reviewed. A number of cyclically fractured samples of two ceramics were
fractographically studied in an SEM and the results were compared with
existing models.

The results showed that for both ceramics the role of cyclic loading is to
break up grain boundaries through micro-cracking, in accordance with one of
the proposed models. In addition, a second hypothetical model, based on
asperity contacts, was confirmed.
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1 Introduction

Recently, a number of papers have been published concerning mechanical
property data for cyclic fatigue in ceramics. Even if the existence of fatigue
effects is now established, the basic mechanisms of cyclic crack growth are
still very uncertain.

Cyclic fatigue effects have now been observed in a number of monolithic
c¢eramics such as; alumina [1-3], yttria-stabilized-zirconia [4], magnesia-sta-
bilized zirconia [5] and silicon nitride [6-7].

According to Dauskardt et al [8], there are two possible classes of
mechanisms where failure is associated with a dominant crack: namely,
intringic mechanisms where, as in metals, crack advance results from damage
processes in the crack-tip region, and extringic mechanisms, where the crack-
advance mechanism is identical to that of monotonic loading but the
unloading cycle promotes accelerated crack growth by degrading the degree
of crack-tip shielding,

Obviously, fractographic studies of samples fractured under cyclic and mono-
tonic loading conditions could be useful to distinguish between the possible
fatigue mechanisms in ceramic materials. Fractographs have to some extent
been published, but from these no definite conclusions can be drawn. In the
few cases in which fractographs have been published, the pictures have either
been taken at quite low magnifications, which has made it difficult to
distinguish between the characteristic details in cyclic and monotonic
fractured samples, or have been taken of parts of the fractured surfaces which
are not representative of the fatigue process.

The aim of this paper is to review published possible mechanisms for the
cyclic fatigue effects in ceramic materials and to evaluate these with the help
of fractographs obtained at high magnifications in a scanning electron micro-
scope.



2 Possible Fatigue Mechanisms

Various models have been proposed as explanations for fatigue effects in
ceramics. : '

2.1 Microcracks

Masuda et al [7] have discussed a model based on cyclically induced micro-
cracks as a possible explanation for fatigue effects. Microcracks are caused by
stress concentrations around flaws in the microstructure. During cycling, the
microcracked area extends out from the initial fault, and when the weakened
area has reached a critical size, the sample fails in a catastrophic manner.
Fractographic evidence for such a mechanism was presented in Ref. [9].
According to Ref. [4] and [5], the micro-cracking model is the most likely
mechanism for cyclic fatigue in ceramics, at least in zirconia, '

2.2 Crack growth

Other mechanisms have been suggested to account for the effect of cyclic
loading on crack growth, Normally, numerous aspertities can be observed in
fractographs obtained from. cyclically fractured surfaces. According to a
model proposed by Evans [10], local plastic deformation due to the compres-
sive stress from trapped particles initiates lateral cracks during unloading, re-
sulting in an increase in the crack length during cycling.

2.3 Frictional degradation

Frictional degradation of bridging grains has been proposed by Rddel et al
[11]. In monophase ceramics such as alumina and silicon nitride, the principal
mode of crack tip shielding is bridging of the crack interphase by interlocking
grains [12]. The proposed model is based on a frictional degradation of the
interlocking grains. Direct observations of the degradation in gitu in an SEM
during cyclic loading also revealed the accumulation of debris between
sliding grain facets along the crack interfaces in accordance with the model
[t1].

2.4 Asperity contacts

Asperity contacts of crack surfaces is another possible mechanism. Horibe [6]
proposed a model based on the effect of trapped debonded particles in the
propagating fatigue crack.

A schematic illustration of the process is shown in Fig.1.

Small particles are always observed in the cyclically deformed fracture sur-
faces when observed at high magnification [9). The particles trapped inside
the crack increase the stress at the crack tip during subsequent unloading, and
accordingly cause the crack tip to propagate further. After the first unloading
cycle, however, the trapped material will increase the crack tip shielding.




Other possible mechanisms have also been discussed, but the common feature
seems to be the conclusion drawn by Cook et al, [13], that the grain
boundaries are the controlling element for the microstructural effect.



3  Experimental Procedure

The test bars of silicon nitride (HPSN) were supplied by ABB CERAMA and
those of yttria tetragonal zirconia polycrystals (Y-TZP) by Friedrichfeld.
About forty samples of each material were cyclically loaded to failure in four-
point bending at room temperature in order to obtain the S/N-curves. For both
ceramics, an apparent fatigue limit at 2 x 10% cycles was obtained at about
65% of the monotonic breaking strength,

The S/N-curves and the experimental details are published elsewhere [9].
Fractured surfaces were analyzed by low-power optical microscopy and high
magnification microsopy in an SEM. Most of the work in the SEM was per-
formed at magnifications between 20 and 15 000 times. Before examination,
the fractured surfaces were gold-coated by sputtering.

Fractographic studies were performed on most of the cyclically loaded and a
few monotonically loaded samples,

The main effort of the work has been to compare the morphology in the
vicinity of the origin of failure of samples cyclically and monotonically
loaded to failure.




4 Fractographic Studies of Silicon Nitride

The fractographs shown here have mainly been obtained from monotonically
and cyclically loaded samples at corresponding locations and at the same
magnifications. As can be seen from the micrographs, there is a basic
difference in the fracture surface appearance between the two ceramics.
Micrographs obtained on silicon nitride show clear and sharp features in the
fracture surface, while the appearance of the grains in zirconia is smeary. The
reason for this is most probably the effect of the stress-induced phase trans-
formation in zirconia.

4.1 Fractographs obtained from cyclically fatigued
samples

The fractographs in Figures 2 - 5 were obtained from different locations on a
cyclically fatigued sample of HPSN. ¢ _, was 500 MPa and the number of

cycles to failure was 4.1 x 105,

makx

Figure 2 was obtained 50 pm from the origin of failure. As can be seen from
the figure, the fracture is basically intergranular, showing micro-cracks,

Figure 3 was obtained 40 pm from the origin of failure, and shows basically
the same features as Figure 2.

Figure 4 is taken in the centre of the fractured surface, about 2 mm from the
origin of failure. The fracture at this location is mainly transgranular.

Figure 5 was obtained 50 pm from the origin of failure. The accumulation of
debris was not observed on all cyclically fatigued samples - only on a few
samples which were cycled at the lowest ¢ and which survived more than

103 cycles. The "wear lines" which can be seen in the fractograph always
point in the direction of the origin of failure,

max

4.2 Fractograph obtained from a monotonically
loaded sample

Ofracture 107 the actual sample was 725 MPa. The cross-head speed was
0.5 mm per minute.

Figure 6 was obtained inside the fracture mirror 50 pm from the origin of
failure. As can be seen from the Figure, the fracture for the monotonically
loaded sample is transgranular. The micrograph should be compared with
Figures 2 and 3.
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S . Fractographic Studies of Zirconia

5.1 Fractographs obtained from a cyclically
deformed sample

Fractographs were obtained from different locations on the fracture surface of
a sample cyclically loaded to failure at o, 450 MPa. The number of cycles

to failure was 4.5 x 105,

Figure 7 was obtained inside the mirror, 40 pm from the origin of failure. The
interpretation of the fractograph is difficult due to the high degree of damage,
but the main features seem to be basically intergranular fracture with a
number of small asperities. A number of micro-cracks can also be seen.

Figure 8 was obtained on the same sample 2 mm from the origin of failure.
The fracture is mainly transgranular.

Figures 9 - 11 were obtained at lower magnifications in the vicinity of the
origin of failure. As can be seen from the fractographs, a similar
accumulation of debris.can occur in both HPSN and Y-TZP. The "wear lines"
always point in the direction of the origin of failure.

5.2 Fractograph obtained from a monotonically
loaded sample

Gtracture WaS 600 MPa, obtained at a cross-head spead of 0.5 mm per min.
Figure 12 was obtained 100 pm from the origin of failure. In the same way as
with the finding from HPSN, the fracture for this loading case is mainly
transgranular. :
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6 Discussion and conclusion

Considering that the two ceramics investigated are quite different in terms of
both structure and properties, such as grain size and the stress-induced in-situ
phase transformation in zirconia, the fractographic studies show that the
effect of cyclic loading is very similar,

One feature which can be observed inside the fatigued zone is the presence of
micro-cracks in both materials. The term micro-crack is used for very small
cracks, with a width of less than 1 pm and a length of 10 to 20 pm, as
observed in the SEM. The fracture in this region is basically intergranular,
while the fast fracture outside the fatigued zone is mainly transgranular. The
fatigued area also contains a number of agperities.

Based on the fractographic studies, the primary effect of cyclic loading is
presumed to be a process consisting of breaking up of grain boundaries.
During such a process, a generation of small asperities, mainly from the
glassy phase in the grain boundaries, takes place. After a number of cycles,
larger cracks are formed and the sample fails according to the Griffith
equation,

In addition to the basic micro-cracking process, a wedge effect in accordance
with the hypothetical model by Horibe[6] was found to exist in both the
investigated ceramics,

From the experimental results, the following conclusions can be drawn.

Cyclic fatigue effects in polycrystal ceramics at room temperature are
primarally caused by micro-cracking at grain boundaries.

Asperity contacts between micro-crack surfaces may increase the stress at the
crack tip and contribute to the cyclic fatigue effects.

Based on the findings from the fractography, the following model is proposed
to represent the cyclic fatigue process in ceramics,

I The initial step is a generation of micro-cracks to a depth of about 50 pm
in the surface region on the tensile side of the test bar. (Intergranular
fracture).

I Micro-cracks coalesce and large cracks are formed where asperities
can be trapped. The extent of damage is now of the order of 100 pm.,
(Intergranular and transgranular fracture).

11 When the damaged area has reached a critical size - 100-200 pm - the
sample fails in a catastrophic manner in accordance with the Griffith
equation. (Transgranuiar fracture).
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10 Figure captions

Figure 1

Figure 2

Figure 3.

Figure 4,

Figure 5.

Figure 6.

Figure 7.

Figure 8.

Figure 9.

Figure 10,

Figure 11.

Figure 12.

The particles trapped inside the crack increase K at the crack
tip during subsequent unloading or compressive loading
(Horibe [6])

Micrograph obtained 50 pm from the origin of failure of the
fracture surface of HPSN cyclically loaded to failure. o,,,,

was 500 MPa and Ng,, ... 4.1 x 10° cycles.

Micrograph obtained 40 pm from the origin of failure of the
same sample as in Figure 2.

Micrograph obtained 2 mm from the origin of failure of the
same sample as in Figure 2.

Micrograph obtained 100 pm from the origin of failure of
the same sample as in Figure 2.

Micrograph obtained 50 pm from the origin of failure of the
fracture surface of a sample of HPSN monotonically loaded
to failure. Transgranular fracture,

Micrograph obtained 40 pm from the origin of failure of
the fracture surface of Y-TZP cyclically loaded to failure.
O,.0x Was 450 MPa and N, .. 4.5 x 103 cycles.

max

Micrograph obtained 2 mm from the origin of failure of the
same sample as in Figure 7,

Origin of failure of the sample in Figure 7.
Part of the fatigued area in Figure 9.
Part of the fatigued area in Figure 9.

Micrograph obtained from the origin of failure of the frac-
ture surface of a sample of Y-TZP monotonically loaded to
failure. Transgranular fracture.
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(a) Tensile loading

f

Particle trapped

}

(b) Unloading or Compressive loading

Figure 1  The particles trapped inside the crack increase K at the crack
tip during subsequent unloading or compressive loading
(Horibe [6])
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Figure 2  Micrograph obtained 50 pm from the origin of failure of the
fracture surface of HPSN cyclically loaded to failure. o,

was 500 MPa and N, ..o 4.1 X 10 cycles.
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Figure 3. Micrograph obtained 40 pm from the origin of failure of the
same gsample as in Figure 2.
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Figure 4. Micrograph obtained 2 mm from the origin of failure of the
same sample as in Figure 2.
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Figure 5. Micrograph obtained 100 pm from the origin of failure of
the same sample as in Figure 2,
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Figure 6. Micrograph obtained 50 pm from the origin of failure of the
fracture surface of a sample of HPSN monotonically loaded
to failure. Transgranular fracture,




21

2 pm

— —

Figure 7. Micrograph obtained 40 pm from the origin of failure of
the fracture surface of Y-TZP cyclically loaded to failure.
O pnax Was 450 MPa and N, ... 4.5 x 10° cycles,



22

Figure 8.
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Micrograph obtained 2 mm from the origin of failure of the
same sample as in Figure 7.
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Figure 9.  Origin of failure of the sample in Figure 7.
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Figure 12, Micrograph cobtained from the origin of failure of the frac-
ture surface of a sample of Y-TZP monotonically loaded to
failure. Transgranular fracture.



