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Current studies on the fatigue lifetime of ceramics are 
mostly focused on the relation between the stress amplitude 
(or maximum stress) and cycles to failure. For a more com- 
pliant and plastic ceramic which has a pronounced nonlin- 
ear stress-strain relation, the role of plastic strain in the 
fatigue damage is investigated for the first time in this study 
using a 12 mol% Ce-TZP. By testing at  different tempera- 
tures, we were able to vary the amount of transformation 
plasticity with the same microstructure. The Coffin-Man- 
son relationship, which suggests that fatigue lifetime in the 
low cycle fatigue regime is best correlated with the plastic 
strain range, was confirmed for the tough ceramic. Fatigue 
damage is found to be a bulk process which continuously 
degrades flaw tolerance by microcracking. Evidence for 
the latter mechanism was also provided by uniaxial cyclic 
tension-compression stress-strain response and by TEM 
examination. Despite such damage, the possibility of plas- 
ticity-induced surface-crack nucleation in fatiguing ceram- 
ics, unlike in metals, appears unimportant. 

zirconia polycrystals (Ce-TZP). Plasticity in Ce-TZP has its ori- 
gin in phase transformation.*'.** Lowering the test temperature 
without changing the microstructure increases the driving force 
for the phase transformation, which in turn results in a higher 
amount of transformation plasticity. Compared to the other two 
zirconia materials which were studied previously, yttria- 
stabilized zirconia (Y-TZP)2'~~*5 and magnesia-stabilized zirco- 
nia (Mg-PSZ),25 Ce-TZP is notable in that its plasticity can be 
much greater in magnitude." This makes Ce-TZP an ideal 
ceramic material to investigate the plastic strain effect on 
fatigue. 

Inasmuch as plasticity-dominated fatigue behavior might be 
expected in Ce-TZP, it is also interesting to question the rele- 
vance of fatigue crack nucleation by deformation, especially in 
the near surface regions. Current understanding of fatigue 
behavior in metals and polymers states that the fatigue lifetime 
is a three-stage process including initiation, propagation, and 
final failure, and that a large plastic strain range facilitates 

I. Introduction 

N the fatigue literature of metals, fatigue lifetime is custom- I arily divided into two regimes (high cycle fatigue and low 
cycle fatigue) according to their relationship with the cyclic 
strain range.' In the high cycle fatigue regime, in which the 
maximum cyclic stress lies below or around the yield stress 
level, fatigue lifetime is controlled by the cyclic elustic' strain 
range. On the other hand, when the material is stressed into a 
higher level with extensive plastic deformation, i.e., in the low 
cycle regime, fatigue lifetime is better correlated with the plus- 
tic strain range. This distinction has not been made in the stud- 
ies of ceramic materials in the past because of the very limited 
plastic deformation available in all the ceramics It 
was generally assumed that stress (either the stress amplitude or 
maximum stress) was the controlling parameter for fatigue life- 
time and the plastic strain range was considered too small and 
too impractical to be a correlation parameter. Although the 
above approach seems reasonable for brittle ceramics, caution 
is needed in dealing with toughened ceramics which derive a 
very pronounced contribution to toughness from plastic defor- 
mation. To critically examine this issue, we have compared 
ceramics of identical microstructure and elastic properties but 
with different plastic response using ceria-stabilized tetragonal 
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Fig. 1. (a) Stress-strain and (b) stress-plastic strain curves of 
Ce-TZP in tension tests at - 50" and 25°C. 
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Fig. 2. (a) Stress amplitude and (h) stress amplitude normalized by 
the tensile strength vs failure cycle curves of Ce-TZP at -So" and 
25°C. 

immediate crack nucleation at the specimen surface.' Although 
our previous study of Y-TZP found that the fatigue life was 
entirely controlled by the propagation of preexisting flaws and 
that no evidence of crack nucleation could be detected, a more 
general resolution of this issue must await an evaluation of 
more plastic ~eramics .2~~" Ce-TZP, with its unusually large 
transformation plasticity, is quite flaw tolerant, having a 
Weibull modulus in the range of 40" and very little tendency 
for crack initiation even under heavy damage such as indenta- 
tion. It is thus interesting to see whether in this ceramic preex- 
isting flaws cease to dominate fatigue life and surface crack 
nucleation becomes important. 

11. Experimental Procedure 

(1) Material 
Ce-TZP powder, having a nominal composition of 12.5 

mol% ceria and 87.5 mol% zirconia, was obtained from a 
commercial source (Tosoh Corp., New Milford, CT). The 
as-received powder was first compacted inside a rubber die, 
then cold isostatically pressed at 200 MPa. The green compacts, 
with a diameter of 20 mm and a length of 120 mm, were sin- 
tered in air at 1600°C for 8 h. The sintered material has a den- 
sity of 6.24 g/cm' and contains primarily a tetragonal phase 
(95%) plus a small fraction of monoclinic phase. Test speci- 
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Fig. 3. 
cycles to failure in the (a) semilog and (b) log-log scale. 
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loops in zirconia-containing ceramics. 

(a) Transformation and (b) microcracking-induced hysteresis 

mens were machined by grinding using a 220-grit diamond 
wheel to have a 16-mm gauge length and a 6-mm gauge diame- 
ter that conform to ASTM E606.28 Some specimens were also 
machined into an hour-glass shape with a radius of 100 mm to 
provide a modest stress gradient for the observation of surface 
nucleation. In all cases, a large amount of material around the 
gauge section was removed by machining so that any surface 
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Fig. 5. Axial hysteresis loops of Ce-TZP at 25°C. 

inhomogeneities introduced during sintering would not remain. 
A final mirror surface finish was obtained by polishing with 
1-pm-diamond paste. 

The sintered material was first tested to find out the tetrago- 
nal to monoclinic transformation temperature. A burstlike volu- 
metric dilation that signaled the phase transformation was 
detected at - 130°C. This material was also examined under a 
microscope to reveal a relatively uniform microstructure with a 
grain size of 8 pm. Finally, after machining, a 2-h annealing at 
1000°C was performed to remove any surface residual stress 
before fatigue testing. 

(2) Fatigue Testing 
Load-controlled, fully reversed, uniaxial low cycle fatigue 

tests were conducted using a computer-controlled servo- 
hydraulic testing machine (MTS 8 10, MTS Systems Corp., 
Minneapolis, MN) with a load capacity of 100 kN. An axial 
extensometer having a gauge length of 8 mm was attached to 
the central portion of the specimen by two springs. In some 
cases, a diametral extensometer was also used to simultane- 
ously record the radial strain. Both extensometers provided an 

accuracy better than lo-’ for the strain measurements. Before 
fatigue testing, a dye was applied to the specimen surface and 
dried by overnight baking to reveal any preexisting surface 
damage. Fatigue tests were conducted at ambient (25°C) and 
low temperature ( - 50°C) to produce different amounts of 
transformation plasticity. A sinusoidal cyclic stress wave form 
was used at a frequency of 5 Hz. Fracture surfaces of specimens 
were examined by scanning electron microscopy to reveal frac- 
ture origins and other notable features. 

(3) Microscopy 
Standard light microscopy and scanning electron microscopy 

(SEM) were performed for the tested materials to examine their 
microstructure and fracture-related features. In addition, trans- 
mission electron microscopy (TEM) was used to reveal micro- 
cracks in the tested specimens. The TEM specimens in the form 
of thin disks were cut from regions close to the fracture surface. 
They were perpendicular to the fracture surface in view of the 
likely orientation of transverse microcracks. These disks were 
thinned by standard procedure and examined using a Philips 
430 electron microscope operating at 120 kV. 
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Fig. 6. Radial hysteresis loops of Ce-TZP at 25°C. 

111. Results and Analysis 

(1) Tensile Stress-Plastic Strain Curve 
Tensile stress-strain curves of Ce-TZP tested at 25" and 

- 50°C are shown in Fig. 1 (a). Tensile strength and total strain 
to failure at 25°C were found to be greater than those at - 50°C. 
However, the plastic strain of the specimen tested at the lower 
temperature was 30% greater. This contrast becomes more 
obvious when the stress is plotted against the plastic strain as 
shown in Fig. l(b). (The plastic strain is obtained by subtracting 
the elastic portion, which is calculated from from the 
total strain. Here u is applied stress, and Eilpparcrll is the slope of 
the stress-strain curve between 0 and 50 MPa.) The reduction 
of the flow stress for plastic deformation may be attributed to 
the lower critical stress required to trigger the f-to-m phase 
transformation when the material is tested at a temperature 
closer to the t-tom burst temperature." More extensive trans- 
formation before failure is also apparent at -50"C, despite a 
lower ultimate tensile stress. At fracture the proportion of plas- 
tic strain in the total strain increases from 15% to 25%, when 
the test temperature decreases from 25" to - 50°C. 
(2)  Stress-Life and Strain-Life Relationship 

The cyclic stress-life (S-N) curves plotted in stress ampli- 

tude vs cycles to failure are shown in Fig. 2(a) for two test tem- 
peratures. The fatigue limits at 10000 cycles, below which 
fatigue failure is avoided, are around 225 MPa at both test tem- 
peratures. However, data scatter in this regime is quite large. 
Therefore, a definite fatigue limit cannot be identified, and test 
data of the two temperatures appear to fall into the same broad 
band. At higher stress levels, about 300 MPa, the fatigue life- 
times increase with test temperature. For example, at a stress 
amplitude of 300 MPa, specimens tested at 25°C survived up to 
500 cycles, while the one tested at -50°C failed within 10 
cycles. 

The different fatigue lifetimes at two temperatures cannot be 
accounted for by the difference in the tensile strength alone. If 
the stress amplitude is normalized by tensile strength as shown 
in Fig. 2(b), the data of the two temperatures still fall into two 
distinct bands. On the other hand, the different fatigue lifetimes 
correlate well with the different plastic strains. This is shown by 
replotting the data versus strain range, which is itself n o n a l -  
ized by the tensile plastic strain as in Fig. 3(a). It is seen that, in 
such a plot, data at both temperatures fall on the same curve. 
Furthermore, on a log-log scale, as shown in Fig. 3(b), a linear 
relationship between the plastic strain range and cycles to fail- 
ure-the so-called Coffin-Manson relationship--can be 
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Fig. 7. Volumetric hysteresis loops of Ce-TZP at 25°C. 

readily recognized. Thus, it is clear that the proportion of the 
plastic strain range to the tensile plastic strain is the only life- 
determining parameter. 

(3) Hysteresis Loop 
Before we present our results on hysteresis loops, it is 

instructive to briefly review the two types of hysteresis loops 
expected for transformation-toughened ceramics (see Figs. 4(a) 
and (b)).2’ When the transformation strain is dominant, the hys- 
teresis loop (Fig. 4(a)) contains a portion AB representing the 
forward transformation plasticity. During unloading, the 
reverse phase transformation is represented by BCD. Here we 
assume the forward phase transformation is not fully reversed at 
zero stress but is at point D, below which only elastic compres- 
sion continues (DE). (Since phase transformation in zirconia 
has a much higher yield stress in compression than in ten- 
sion,2’.22 we may assume that no negative plastic strain repre- 
senting further transformation assisted by the compression 
takes place.) Unloading from the peak compressive stress is 
then elastic (EA) and completes the first cycle. For the case in 
which forward phase transformation is not fully reversed even 
with load reversal, the tensile unloading curve follows BFGI 
and results in a finite residual plastic strain (AI) and an open 
loop. The salient feature of these loops when transformation 

strains dominate is the positive unloading curvature. This is 
similar to the observations in metals where dislocation plastic- 
ity dominates and a positive curvature is always associated with 
the unloading curve. 

In the case of microcracking dominance (Fig. 4(b)), the por- 
tion AB is due to microcrack formation and opening, which 
relieves residual stresses and increases some elastic compli- 
ance, During unloading, some crack face contacts start to form 
and to bear load. This results in a stiffness recovery (through 
BCD) until all the cracks are closed (point D). Below that, a 
vertical portion also appears (DE) indicating elastic compres- 
sion. If the full closure of microcracks cannot be completed 
before load reversal, then the unloading curve will follow BFGI 
and result in an open hysteresis loop. The common feature of 
these hysteresis loops when microcracking dominates is the 
negative unloading curvature, which is just the opposite of that 
in phase transformation. These two possibilities, transformation 
plasticity and microcracking, have been previously established 
by us to be the dominant deformation mechanisms in zirconia 
ceramics under 

A series of axial hysteresis loops of the first loading cycle, at 
25°C and a stress rate of 20 MPds but at different stress ranges, 
is shown in Fig. 5. A positive curvature associated with the ini- 
tial unloading portion is noted for all the axial hysteresis loops, 
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Fig. 8. Axial hysteresis loops of Ce-TZP at ~ 50°C. 

and it becomes especially prominent at higher stresses. This 
feature is most likely an indication of the dominance of trans- 
formation plasticity and not microcracking. Further unloading 
causes a positive-to-negative transition in curvature which 
could indicate the closure of microcracks. In the compressive 
half cycle, the slope of the stress-plastic strain curve continu- 
ously increases and approaches vertical, indicating the full clo- 
sure of microcracks followed by pure elastic deformation at 
large compressive stresses. Unloading from the peak compres- 
sive stress causes the stress-plastic strain curve to retrace a 
nearly vertical line. If we take the inflection point of the 
unloading curve as the transition of dominant deformation 
mechanisms from transformation to microcrack closure, this 
seems to take place between 150 and 200 MPa for all hysteresis 
loops and seems to increase somewhat with the stress ampli- 
tude. Almost no plastic strain remains after the complete stress 
reversal and subsequent compression unloading; i.e., the hys- 
teresis loops are closed. This seems to indicate that all forward 
transformation strain is reversed and that microcracks remain 
closed until a far-field tensile stress is applied. 

The strain in the radial direction has also been simultane- 
ously recorded and it is plotted against stress as shown in Fig. 6. 
Since microcracks induced during the tensile half cycle are 

probably preferentially aligned perpendicular to the loading 
axis, their contribution to the radial strain is minimal.” Thus, 
the radial hysteresis is primarily caused by phase transforma- 
tion. A negative radial plastic strain was observed in the tensile 
loading cycle at all stress levels and increased in magnitude 
with increasing applied axial stress. (The negative sign is not 
surprising since transformation plasticity has a large shear com- 
ponent in addition to dilatation.”.”’) During unloading the first 
part of the hysteresis curve acquires a positive slope, which 
must indicate a further net forward phase transformation despite 
the decreasing stress bias. Below a certain stress level, around 
150 to 200 MPa, the slope turns negative for all the hysteresis 
loops, indicating a net reverse phase transformation. This tran- 
sition seems to correspond to the inflection in the axial hystere- 
sis loops shown in Fig. 5. The reverse phase transformation 
continues until a certain compressive stress level, below which 
only pure elastic deformation remains. 

The lack of radial strain in compression provides direct evi- 
dence that no phase transformation in compression took place. 
This last point is also verified by constructing the volumetric 
hysteresis loops, which was obtained by summing axial hyster- 
esis loops and twice the radial hysteresis loops. As shown in 
Fig. 7, there is no volume increase in the compression half 
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cycle. Other features of the volumetric hysteresis loops are sim- 
ilar to the axial hysteresis loops and are not further elaborated 
here. 

A set of axial hysteresis loops obtained at - 50°C is shown in 
Fig. 8 for comparison. They are similar to those obtained at 
25°C (Fig. 5 )  but appear more flattened because of more pro- 
nounced plastic deformation at the lower test temperature. For 
example, the plastic strain at 325 MPa is about 3 X at 
- 50"C, while the plastic strain at the same stress level is less 
than 1 X at 25°C. While the inflection points are now 
located at lower stresses. a negative curvature below that is evi- 
dent and indicative of microcrack closure. Still, there is no 
transformation under peak compressive stress. 

Cyclic stress-plastic strain curves at two testing temperatures 
are shown in Fig. 9. They were constructed by connecting the 
tips of the above first-cycle hysteresis loops at different stress 
amplitudes. These curves coincide with the monotonic stress- 
plastic strain curves of Fig. l(b), which are also plotted in 
Fig. 9. This is not surprising because both sets of curves pertain 
to the first loading cycle. In fact, subsequent cycling does cause 
two types of cyclic softening, defined as an increase in the peak 
plastic strain and loop width. At a lower stress amplitude, cyclic 
deformation tends to accommodate itself and reaches a steady- 
state response during fatigue. In Fig. lO(a), the hysteresis loops 
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Fig. 10. 
modation and (b) without accommodation. 

Hysteresis loops showing cyclic softening (a) with accom- 

of a specimen tested at - 50°C show a finite residual strain after 
the first cycle but reach a steady-state response at the third 
cycle. This is characterized by the closure of the last hysteresis 
loop and the saturation of the peak plastic strain. On the other 
hand, at a higher stress level, cyclic deformation tends to accu- 
mulate progressively, leading to catastrophic failure. One such 
example is shown in Fig. lO(b), in which the peak plastic strain 
increases continuously. (Failure actually occurred in the fourth 
cycle. Note that data shown in Fig. 10 were obtained at a load- 
ing rate of 20 M P d s  rather than at a loading frequency of 5 Hz; 
therefore, they were not included in the fatigue lifetime curves 
shown in Figs. 2 and 3.) 
(4) Fractography 

A set of SEM micrographs taken from the circumference of a 
fatigue-fractured specimen tested at - 50°C under t 250 MPa 
for 3653 cycles is shown in Fig. 1 1. Intergranular fracture with 
substantial crack branching can be clearly seen. Isolated surface 
cracks were found near the fracture surface, and they were 
evenly distributed all around the specimen. They were very 
localized, however, since no surface crack was traceable 
beyond 500 p m  away from the fracture surface. In the hour- 
glass-shaped specimen tested, we found failure to occur at a 
position some distance away from the waist section. (The stress 
level recorded though was not too different from that of the 
waist section, and the lifetime was within the range of normal 
scatter of our data.) Again, extensive crack branching and iso- 
lated surface cracks were found next to the main crack but not at 
the waist section. 

Typical SEM micrographs taken from fatigue fracture sur- 
faces are shown in Fig. 12. At both test temperatures long, hair- 
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Fig. 11. SEM micrographs taken from the circumference of a fatigue-fractured specimen tested at ~ SO"C, ? 275 MPa for 3653 cycles 

line-like cracks connected to the free surface were identified as 
the fracture origins in most cases. The appearance of these frac- 
ture origins suggests that they were formed during processing 
and not during machining. The fracture features on samples 
tested at 25°C were essentially the same. 

Fractography of monotonic overload fracture was also exam- 
ined. Very similar features on both the fracture surface and the 
circumference were observed. These included extensive crack 
branching and isolated surface cracks on the circumference next 
to the main crack as well as the hairline fracture origins on the 
fracture surface. 

Lastly, TEM examination of the regions near the fracture sur- 
face revealed a large number of microcracks which were sitrr- 
ated on the grain boundaries. Several such examples are shown 
in Fig. 13. This specimen was taken from one tested at - 50°C 
at = 275 MPa with a fatigue cycle of 2032. The examined 
region was approximately 3 mm from the fracture surface and 
was relatively thick i n  order to avoid artifacts caused by acci- 
dental cracking during specimen preparation and handling. 
Typically, the visible cracks were very sharp (thin) and often 
extended to the full length of a grain boundary. Linkage of 
microcracks was seldom observed in these specimens except 
between sintering pores. 

IV. Discussion 

(1) Plastic Strain-Controlled Fatigue Lifetime 
For brittle ceramics, the common finding of a linear relation- 

ship between stress amplitude and failure cycles on a log-log 
scale has generally been rationalized by the continuous growth 

of the most critical preexisting flaw. The validity of this ratio- 
nale relies on the existence of some sufficiently large pro- 
cessing flaws and a low flaw tolerance, so that any fatigue- 
nucleated crack has little probability of overtaking the larger 
preexisting flaws before final failure. It follows that the applied 
stress dictates the effective stress intensity at the crack tip and in 
turn determines the crack growth rate and hence the fatigue life- 
time. Under these circumstances, fatigue degradation, other 
than the growth of the most critical preexisting flaw itself, is 
irrelevant to the fatigue lifetime. Indeed, plastic strain is most 
likely to be too small to be used as a correlation parameter. 

Ce-TZP examined in this study apparently deviates from the 
above behavior in that it is the plastic strain amplitude that con- 
trols fatigue lifetime. Nevertheless, the fracture origins remain 
to be preexisting flaws and not those generated by cyclic plastic 
straining. (Evenly distributed, isolated surface cracks near the 
fracture surface were common to both monotonic and cyclic 
loading conditions and at both ambient and low temperatures. 
Hence, these surface cracks are believed to be associated with 
the final failure event and not with fatigue. In addition, surface 
cracks were found only next to the fracture surface in the hour- 
glass specimen and not in the waist section, which had a slightly 
higher nominal stress. This also strongly suggests that it was 
preexisting flaws and not fatigue-nucleated damage which 
eventually caused fracture.) Thus, the plastic strain amplitude 
controls the fatigue lifetime, yet it is not responsible for the 
existence of the fatal flaw on the fracture surface. This apparent 
contradiction is unique to Ce-TZP and has not been noted pre- 
viously in fatigue literature on metals. 

The contradiction can be resolved if we envision the flaw tol- 
erance of the material degrading in time with cyclic straining. 
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Fig. 12. Fracture origins of fatigue failure in Ce-TZP tested at (a,b) 25"C, k 300 MPa for 355 cycles and (c,d) -SOT, ? 275 MPa for 22 16 cycles. 

As shown in Fig. 14(a), with pronounced transformation tough- 
ening, the growth of the largest preexisting flaw in Ce-TZP is 
initially retarded because of a rising R-curve. This would have 
led to a case of flaw tolerance even in fatigue in the virgin speci- 
men. On the other hand, transformation plasticity triggered by 
cyclic plastic straining is capable of accumulating bulk damage 
in the form of microcracks.Z'Such damage is especially severe 
in Ce-TZP because of its capacity for large transformation 
strain.z6 (The presence of microcracks as a form of bulk damage 
is implicated by the shape of the hysteresis loop and further sup- 
ported by the TEM observation of numerous microcracks situ- 
ated on grain boundaries.) Although such microcracks are 
typically isolated from each other and thus not likely to form 
critical flaws directly responsible for fracture, they can reduce 
the toughness of the material, thereby facilitating the subse- 
quent propagation of the preexisting flaws (Fig. 14(b)). In this 
way, we may picture fatigue lifetime in Ce-TZP to be mostly 
spent in the progressive degradation of damage tolerance, 
which is controlled by cyclic plastic straining, with the preex- 
isting flaw becoming active (and critical in the end) only in the 
last part of the fatigue lifetime (Fig. 14(c)). (An alternative 
explanation of our observation relies on a strain-controlled 
crack growth mechanism. We are less disposed to the latter 
notion, however, in view of the intrinsic brittle nature of even a 
tough ceramic.) This picture is consistent with the observed 
behavior of Ce-TZP. 

(2) 
The inflection point in the axial hysteresis loop and the 

returning point in the radial hysteresis loop mark the transition 
of the deformation mechanism from phase transformation to 
microcracking. This seems evident in Ce-TZP. The forward 
transformation is assisted by a tensile stress; therefore, it 
decreases rapidly with unloading. This can be most clearly seen 
on the radial strain curve that exhibits negative strain (due to 
transformation) only during initial unloading. Later, with trans- 
formation strain exhausted and with increasing stiffening due to 
crack closure, a negative curvature in the axial strain curve 
becomes manifest. In all cases, though, a compressive stress, 
which increases as the stress range increases, is required to 
restore the original volume (Fig. 7). Once this is achieved, the 
material is deformed elastically during further compressive 
loading and unloading. This is because no phase transformation 
in compression under a reasonable cyclic stress should take 
place; consequently no microcracking is triggered in compres- 
sion either. 

(3) 
In contrast to the results on Mg-PSZ in our previous study,Z5 

the closure of hysteresis loops was more readily achieved in 
Ce-TZP than in Mg-PSZ. This can be seen by comparing the 
hysteresis loops of Ce-TZP (Fig. 8) with those of Mg-PSZ 
(Figs. 13 and 14 in Ref. 25). The reason for the above finding 

Cyclic Deformation Mechanisms in Ce-TZP 

Cyclic Deformation and Strain Irreversibility 



2034 Journal of rhe American Ceramic Society-Liu and Chen Vol. 77, No. 8 

Fig. 13. 
between sintering pores. 

TEM micrographs of Ce-TZP after fatigue show microcracks (a) along grain boundary, (b) extending from a sintering pore, and (c) linking 

may be related to their different microstructures, which are 
known to have important effects on the mode of transformation 
plasticity and the distribution of microcracks.2h,2y Chen et ul. 
have shown experimentally and by thermoelastic considera- 
tions that smaller-grained materials have a lower temperature 
for monochic-to-tetragonal reversion.’’ Since transformation 
bands in Mg-PSZ tend to span across the entire grain,3” despite 
the fact that tetragonal phase is in the form of precipitates dis- 
persed in an inert matrix, their transformation should be less 
reversible than that in Ce-TZP because of the larger grain size. 
The other relevant consideration is the extent of microcracking 
that accompanies transformation. Transformation (strain) 
reversibility tends to decrease with increasing microcracking. 
This is because of the stress relief upon microcracking which 
removes the driving force for reverse transformation. 
According to the measurement of Chen et al.,’’ Mg-PSZ 
acquires more microcracking than Ce-TZP at the same amount 
of microscopic strain. It should be noted, however, that at large 
stress amplitudes, strain reversibility is progressively lost as 

evidenced by the increasing compressive stress required to 
restore the original volume (Fig. 7). Thus, despite a better strain 
reversibility, Ce-TZP is susceptible to fatigue when subject to a 
large cyclic stress triggering transformation plasticity. 

V. Conclusions 

(1) Fatigue lifetime of 12Ce-TZP at 25” and - 50°C is well 
correlated with the plastic strain range in low cycle fatigue, 
independent of the (transformation) yield stress which is lower 
at - 50°C. The Coffin-Manson relationship in the fatigue liter- 
ature of metals is applicable in this case. 

Fatigue failure is triggered by the propagation of preex- 
isting process flaws, but is preceded by transformation-induced 
microcracking in the bulk. The latter strain-controlled process 
causes progressive degradation of flaw tolerance. 

Strain irreversibility is less severe in Ce-TZP than that 
in Mg-PSZ, probably due to some microstructural differences. 

(2) 

(3) 
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Fig. 14. Fatigue damage process in Ce-TZP. 

At higher stress amplitudes and lower temperature, consider- 
able hysteresis and strain irreversibility become more evident. 

No evidence for surface nucleation of fatal flaws during 
fatigue was found. Since Ce-TZP at low temperature has more 
plasticity than other strong ceramics known to date, surface 
nucleation in ceramics is probably unlikely. 

(4) 
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