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ABSTRACT 

Fatigue behavior of tetragonal zirconia polycrystals containing yttria 
(Y-TZP) was measured by static and dynamic fatigue technique. The crack 
growth parameters N at room temperature were 67.3 to 104 for 2mol%Y2 03 -TZP, 
41.0 to 53.6 for 3mol%Y2 03 -TZP and 31.7 to 46.1 for 4mol%Y2 03 -TZP. TheN 
values of TZP containing 2 ,3 and 4mol%Y2 03 in the grain size groups of more 
than 1 Jl m at 250"C became less than 10 indicating remarkable fatigue. 
While. in the case of the grain size group of 0.5Jl 1u at 250"C. the N value 
for 3mol%Y2 03 -TZP was 50.5 indicating little fatigue, but the N values for 2 
and 4mol%Y2 03 -TZP decreased until 21.9 and 32.3 to 40.9, respectively. The 
monoclinic zirconia on fracture surface increased with increasing grain size 
at a constant Y2 03 and decreased with increasing Y2 03 contents at a constant 
grain size. The fatigue fracture surfaces were observed on the fracture 
surface of 3mol%Y 2 03 -TZP with the grain size of about 1Jlm or above. and 
2mol%Y2.03 -TZP with the grain size of 0.5Jl m or above at 250"C. 

1. INTRODUCTION 

Tetragonal zirconia polycrystals containing yttria (Y-TZP) in which the 
tetragonal zirconia is me tastable at ambient temperature have been of 
considerable interest, because they have high strength and fracture 
toughness. I l - 3l However, the reported strength values are generally 
measured at a crosshead speed of 0.5mm/min and it is not evident that such 
strength values can be maintained in the case of prolonged stress load. 
Actually many ceramics are known to undergo delayed failure (slow crack 
growth) at the stress below the reported fracture strength. 4 l- sJ While, it 
is known that the Y-TZP exhibits the degradation of strength by long period 
of thermal aging at 200"C to 300"C , 9 l too. That is. it is considered that 
the degradation of strength of Y-TZP should be classified into that by 
prolonged stress load (fatigue) and that by tetragonal to monoclinic 
transformation induced by the reaction with moisture in atmosphere. It is 
estimated that two mechanism of them is superposed for the degradation of 
strength when Y-TZP is used at 200° to 300"C . In this study, fatigue 
behavior of Y-TZP at room temperature and 250"C was studied by measuring 
their fracture stress as a function of stressing rate (dynamic fatigue) and 
the effects of Y2 03 content, grain size and temperature to the fatigue 
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behavior were considered. Furthermore, time-to-failure under a constant 
stress (static fatigue) was measured for a few specimens and was compared 
with life time predicted from dynamic fatigue data. In .addition, dynamic 
fatigue behavior was measured in water at room temperature and 95~, and the 
effect of water to fatigue behavior was considered. 

Our studies about fatigue behavior of yttria-con~aining tetragonal 
zirconia polycrystais are reviewed in this paper. 10 > - 15 > 

2. EXPERIMENTAL PROCEDURE 

The pressureless sintering TZP (supplied by Tosoh Corporation) were 
used for this study. Zirconia powder containing 2, 3 and 4 mol%Y2 03 

prepared by a coprecipitation method was pressed uniaxially at 20KPa and 
then was compacted isostatically at 300KPa. Their compacted specimens were 
sintered at 1400° to 1600~ in air. Their symbols, average grain size 

and density were listed in Table 1. Specimens were ground with a diamond 
wheel (#200) to the rectangular bars of 3mm by 4mm by 40mm. Three point 
bending fixture with a span of 30 mm were used in the dynamic and static 
fatigue tests. In the dynamic fatigue test, the fracture stress was 
measured as a function of stressing rates by using a universal testing 
machine. While. in the static fatigue test, the equipment with lever arm 
was used. A given load was applied with the lever and the time-to-failure 
was meaiured under several applied stresses. 

For many glasses and ceramics, it is known that there is a following 
relationship between crack growth velocity V and stress intensity factor 
KI B> 1s> -19> 

( 1) 

The relationship for zirconia ceramics was reported by L.Li and R.F.Pabst, 
20 > P.F.Becker21 > 22 > and R.F.Dauskard et.al. 23 > 24 > By assuming Eq.(1), 
the time-to-failure tf under a constant applied stress a (static fatigue 
technique) was derived 25 > - 2 9> 

Similarly, the fracture stress a f at a constant stressing rate a 
(dynamic fatigue technique) was derived29 > -sn 

a f = B2 a 1 I (N+ 1) 

B2 is related with B1 by the following equation25 > - 29 > 

B2N+1 = B1(N + 1) 

(2) 

(3) 

(4) 

That is, time-to-failure tf can be estimated from dynamic fatigue data by 
using Eqs. ( 2), ( 3) and ( 4). Where, N is the crack growth parameter for a 
given materials and environment, and the larger N value is, the larger 
resistance for fatigue is. 

In this study, the dynamic fatigue technique was employed for all 
specimens, and fatigue behavior was evaluated by the N value. The static 
fatigue technique was adopted for three specimens(Z2Y- I , Z3Y-ll and Z4Y-ll) 
at 250~. N values and life time predicted from dynamic fatigue data were 
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compared with these measured by static fatigue technique. 
The humidity during their measurements was 50-70%RH. Monoclinic and 

tetragonal zirconia contents were measured by X-ray methods. 32 ' -ss> 

3. Results and discussion 

3.1 Stress-displacement curve 11 ' 

At room temperature, Stress-displacement curves showed a linear 
relationship indicating elastic behavior for all specimens. At 250"C, 
stress-displacement curve showed .the elastic behavior at whole stressing 
rate for 3mol%Y2 03 -TZP(Z3Y) and 4mol%Y 2 03 -TZP(Z4Y), and at a stressing rate 
above 3.02 MPa/s (crosshead speed: 0.05 mm/min) for 2mol%Y2 0s-TZP(Z2Y), 
too. On the other hand, the stress-displacement relationship of Z2Y 
deviated from a linear relationship at a stressing rate of 0.301 MPa/s 
(crosshead speed 0.005 mm/min) at 250"C. That is, the stress­
displacement relationships of 2mol%Y203 -TZP (Z2Y- I and Z2Y-II) at 250"C 
showed inelastic bahavior at a slow stressing rate such as 0.301MPa/s. 
Figs.1 and 2 show the relationship between stress and displacement at a 
stressing rate of 0.301MPa/s at 250"C for 2 mol%Y20 3 -TZP. Figs.1 and 2 
showed the relationships for Z2Y-I with the grain size of 0.46~m and Z2Y­
ll with grain size of 1.33 11 m, respectively. Their relationships 
deviated from linear one at the higher applied stress. The degree of 
deviation in Z2Y-II with large grain size is larger than that in Z2Y- I with 
small grain size. That is, Z2Y-ll with the larger grain size(Fig.2) 
exhibited more remarkable inelastic behaviour than Z2Y-I with the smaller 
grain size(Fig. 1). 

Fig. 3 shows the specimen configulation after measuring stress­
displacement relationship. The specimen in Fig.3 corresponds to the curve 
A in Fig.2. Z2Y-II showed the permanent deformation even after unloading. 
That is, there were specimens not broken even if the displacement at the 
center support of three point bending equipment reached about 1 mm. Fig.4 
shows the lateral surface {photo. a) and tension surface (photo. b) of the 
specimen in Fig.3 observed by the optical microscope. There were many 
cracks on the surface of tension side. Their cracks develop perpendicular 
to the surface. A crack around the center on the surface of tension side 
is greatly opened and that crack on the lateral side develop to the two­
third depth. 

The inelastic behavior of partially stabilized zirconia(PSZ) or 
tetragonal zirconia polycrystals(TZP) has been reported by J.Lankford, 36 ' 

sn M.V.Swain, 38 ' 39 ' T.B.Troczynski et.al. 40 ' and Tsukuma et.al. . 4 ll 

Lankford showed that the relationship between stress and strain for MgO-PSZ 
with grain size of 6011m at room temperature deviated from the linearity at 
high stress region and exhibited inelastic behavior. He reported that the 
deformation band was observed on the surface of specimens having been 
subjected the high stress in the region exhibiting inelastic behavior. 
Moreover, Swain measured the strength of 9.4mol%Mg0-PSZ by four-point­
bending test, and reported the elastic behavior for the specimen after 
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heating treatment for 2 hours at 1100~ and inelastic behavior for specimen 
after heating treatment for 40 hours. Furthermore, he observed many 
microcrack on the tension surface of the specimen after exhibiting inelastic 
behavior. In addition, R.H.Hannink and M.V.Swain repoted that a 
deformation band similar to a slip band was formed in vicinity of a Vicker's 
indent on CaD-partially-stabilized zirconia. 42 ' The inelastic behavior 
reported by Swain deviated slightly from linearity in the region of high 
displacement, while the results obtained in this study showed a stress­
displacement curve reaching the maximum stress at a certain displacement. 
Such a difference for these stress-displacement curve is due not also to the 
different grain sizes but also to the fact that Swain's result was obtained 
for the crosshead speed of 0.05mm/min at room temperature, while the result 
in this study was obtained for the crosshead speed of 0.005 mm/min at 250 

~-
It is estimated that inelastic behavior reported by Swain and the one 

obtained in this study relate to stress-induded transformation being 
responsible for high strength and high toughness of partially stabilized 
zirconia (PSZ) and teragonal zirconia polycrystals (TZP), and the formation 
of deformation band relates to plastic deformation resulted from stress­
induced transformation that tetragonal zirconia transfer to monoclinic 
zirconia by applying stress. 

3.2 Dynamic Fatigue 

3.2.1 Dependece of fracture stress to stressing rate 10 ' - 12 ' 15 ' 

The results for tetragonal zirconia polycrystals containing 3mol% Y2 03 

were shown in Figs.5 and 6. In the case of Z3Y-I (grain size: 0.53pm) 
at both 20° and 250~, and Z3Y-ll (grain size : 1.06p m) at 20~, there are 
linear relationships between lor; (J f -lor; a over the whole range of stressing 
rates. The crack growth parameters N obtained from these slopes are 53.6 
at 20"C and 50.5 at 250~ for Z3Y-I, and 41.0 at 20~ for Z3Y-ll. 
On the other hand, in the case of Z3Y-ll at 250~, a f at a stressing rate 
less than 30.2MPa/s greatly decreased with decreasing stressing rate a. 
But the fracture stress af at a stressing rate more than 30.2MPa/s showed 
a constant value even if the stressing rate a increased. The strength 
exhibiting the constant value above a certain stressing rate is similar: to 
inert strength. 43 ' - 45 ' However, the strength of Y-TZP is related to the 
presence of metastable tetragonal zirconia and may be affected by grain size 
and atmosphere. Therefore, it is referred to as maximum attained strength 
a max in this paper. In the case of Z3Y-ll at 250~, the N value was 
obtained from the slope below 30.2MPa/s and became a low value of 10.2 
indicating the remarkable fatigue phenomena. 

The relationship between fracture stress a f and stressing rate a for 
tetragonal zirconia polycrystals containing 2mol% Y2 03 was shown in Figs.7 
and 8. As the relationship between stress and displacement at a stressing 
rate of 0.301MPa/s showed inelastic behavior at 250~, the data obtained at 
a stressing rate more than 3.02 MPa/s is plotted in Fig.7 and 8. There 
were 1 inear relationships between £or; a f and £or; a over the whole range of 
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stressing rate at 20"C for Z2Y- I (grain size : 0.46J1 m) and Z2Y-1I (grain 
size: 1.33JL m), too. On the other hand, fracture stress af at 250"C for 
Z2Y- I increased with increasing stressing rate a in the range from 3.02 
MPa/s to 30.2 MPa/s. However, the fracture stress a 1 showed a tendency 
to become a constant value over 30.2MPa/s. The N values obtained from 
these slopes were 104 and 67.3 at room temperature, and 21.9 and 8.7 at 
250"C for Z2Y- I and Z2Y-1I, respectively. 

The relationships between fracture stress a f and stressing rate a for 
tetragonal zirconia polycrystals containing 4mol% Y2 03 are showed in Figs. 
9 to 12. There were linear relationships between log a f and log a over 
the whole range of stressing rate at room temperature and 250"C for Z4Y- I 
(grain size : 0.46 and 0.62JL m), and at room temperature for Z4Y-1I (grain 
size: 1.33JL m). On the other hand, fracture stress a f for Z4Y-ll and 
Z4Y-m (grain size : 2.0811 m) at 250"C increased with increasing stressing 
rate a below 3.02HPa/s, hut the fracture stress a f showed a tendency to 
became a constant value at a stressing rate above 3.02MPa/s. The N values 
obtained from these slopes are 31.7 for Z4Y-I a(Grain size: 0.47JLm}. 32.6 
for Z4Y-Ic(Grain size: 0.62JLm), 46.1 for Z4Y-1I and 45.3 for Z4Y-m at 
room temperature, and 32.3 for Z4Y-I b(Grain size 0.56J1m), 40.9 for Z4Y-
I c, 8.7 for Z4Y-ll and 4.7 for Z4Y-ill at 250°C. TheN values obtained 
from their slopes are summarized in Table 1. too. 

Their N values were divided into the grain size groups of about 0.5JLm, 
1JLm and 2JLm. Where, the grain size groups of 0.5 and 1 are in the range 
of grain size of 0.46 to 0.62JLm and 1.06 to 1.34JLm, respectively. The 
grain size group of 2JLm is 2.08J1m alone. Their N values were plotted as 
a function of Y2 03 contents in Fig. 13. The N values at room temperature 
were 67.3 to 104 for 2mol%Y2 03 -TZP, 41.0 to 53.6 for 3mol%Y 2 03 -TZP and 31.7 
to 46.1 for 4mol%Yz0 3 -TZP. That is, the N value at room temperature 
decreased with increasing Y2 03 contents. In the case of grain size group 
of 0.5JL m, the N value at 250"C was 50.5 for 3 mol% Y2 03 • However, if 
Y2 03 contents decreases to 2 mol% or increases to 4 mol%, the N value 
decreases untill 21.9 or 32.3 to 40.9, respectively. On the other hand, 
in the grain size group more than 1 f.1 m, the N value became less than 10 
regardless of Y2 03 contents. 

3. 2. 2 Monoclinic zirconia contents on fracture surface 12 > 15 > 

Monoclinic and cubic zirconia are stable phase below 565"C according to 
phase diagram of Zr0 2 -Y2 03 system proposed by H.G.Scott. 46 > However, if 
grain size of densely sintered TZP is small, tetragonal zirconia which is 
stable above 565"C exists in metastable even at room temperature. Such 
metastable tetragonal zirconia transforms into monoclinic zirconia by 
fracture. 

The monoclinic zirconia contents in the fracture surface after dynamic 
fatigue test were constant regardless of stressing rate. Their monoclinic 
zirconia ratio were listed in Table 1, too. Fig. 14 shows their monoclinic 
zirconia ratio as a function of Y2 03 contents for grain size groups of 0.5, 

and 211 m. At a constant Y2 03 content, monoclinic zirconia ratio 
increased with increasing grain size. On the other hand, at a constant 
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grain size, that ratio decreased with increasing Y2 03 contents and became 
zero at about 4mol% Y2 03 in the grain size group of 0.5~m. 

Heuer et.al. and Ruble et.al clarified the fact that the term of surface 
energy little affects the stability of tetragonal zirconia and the 
nucleation greatly affects the transformation from tetragonal zirconia to 
monoclinic one on the basis of observation by transmision electron 
micrograph. 47 ' - 49 ' According to this view, it is necessary to jump an energy 
barrier of f). G* for the metastable tetragonal zirconia to transform to the 
monoclinic one. Taking the free energy change for trasformation of 
tetragonal zirconia to monoclinic one as f).G, Eq.(5) is assumed. 49 ' -st> 

f).G* = (f).G)2 (5) 

Taking the change in the chemical free energy as f).Gc, the change in the 
strain energy as f). Use• and the change in the surface energy as f). Us , f). G 
can be expressed as 5 0 ' 52 ' 

(6) 

Assuming that the contribution of surface energy in the transformation of 
tetragonal to monoclinic is small, !).Us can be neglected. 

As the free energy change of tetragonal to monoclinic zirconia f). Gc is 
negative in the low temperature region. this term is expressed by -!!).Gel in 
Eq.(6). 51 ' !!).Gel increases with reducing temperature and with decreasing 
Y2 03 contents. !).Use is residual stress due to volume expansion 
accompanied by phase transformation and anisotropy of thermal expanxsion in 
the direction of the crystallographic axis of tetragonal zirconia. The 
effect of residual stress is reduced with increasing Y2 03 contents because 
anisotropy of thermal expanxsion decresases with reducing grain sizes. 53 ' 54 ' 

In summery, (f).G) 2 decreases with increasing Y2 03 contents and reducing 
grain sizes. That is, it is estimated that the transformation of 
tetragonal to monoclinic zirconia is hindered by increasing Y2 03 contents 
and reducing grain sizes because energy barrier for transformation. is 
higher. The tendency of change of monoclinic zirconia ratio on fracture 
surface shown in Fig. 14 agrees well with the above discussion. 

3.2.3 The effect of phase transformation to fatigue behavior 12 ' 15 ' 

Swain et. al 39 ' 55 ' 56 ' have clarified that the relationship between 
fracture toughness K1c and thickness of transformation zone h was given oy 
following equation. 

K1c = K~c + k1 lfl (7) 

where Kic is fracture toughness of matrix in the case that stress induced 
phase transformation is not occurred and k1 is a constant value. The 
relationship between Krc• fracture stress u f and crack length c be 
expreesed as 

(8) 

If it is assumed that crack length c is constant, Eq. (9) is derived from 
Eqs.(7) and (8}. 

(9) 

where, u 0 is materials strength in the case that stress induced phase 
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transformation is not occurred, and k2 is a constant value. On the other 
hand, the relationship between critical transformation stress a c and 
thickness of transformation zone h is given by following equation. 56 > 

ac (10) 

where. k3 is a constant value. 
Fiq. 15 shows the schematic relationship between Eqs.(9) and (10). In 

the range that {h is smaller than the intersect point A1 of two curves 
representing Eqs.(9) and (10). Eqs.(7). (8) and (9) is applied (flaw limited 
strength region). If the relationship between a f and lfi is in this region, 
fracture stress a f increses with increasing fracture toughness KIC• namely 
with increasing {h, and t~m transformation acts as resistance to fatigue. 
On the other hand, in the range that {h is larger than the intersect point 
A1 , fracture stress a f decreases along the curve representing Eq.(10) 
with increasing fracture toughness Kic• namely with increasing {h, because 
critical transformation stress a c become lower than fracture stress a f 
estimated from Eq.(9) (transformation limited strength region). That is, 
t~m transformation is facilitated by increasing {h and fracture stress a f 
reduces with increasing {h. By elevating temperature from 20° to 250~, 
intersect point A1 of two curves representing Eqs.(9) and (10) shifts to A2 

indicating a lower value. 
It is estimated that fatigue behavior of Y-TZP which stress induced 

transformation is basic strengthening and toughening mechanism relates to 
t~m transformation. Fig.16 plots fracrure stress a f at a crosshead 
speed of 0.005mm/min (corresponding to a stressing rate of 0.336MPa/s at 
room temperature and 0.301MPa/s at 250~) as a function of {h. Fracture 
toughness a f at room temperature gradually increased with increasing {h and 
a proportion of the increase was larger in TZP with small grain size. 
Fracture stress a f at 250~ was approximately constant below transformation 
zone size. h of 0. 063t.t m (corresponding to monoclinic zirconia contents of 
4%) for grain size group of O.St.tm and gradually increased with increasing h 
above h of 0.063t.t m. The a f for grain size group of 1 tt m was almost 
constant below h of 1t.tm and remarkably decreased with increasing h above h 
of 1 tt m. 

Fig. 17 shows relationship between crack growth parameter N and lfi. The 
N value at the room temperature increased with increasing {h regardless of 
grain size below transformation zone size h of 0.6J.L m. However, the 
tendency of increase of the N value by increasing h above h of 0.6t.t m was 
influenced by the grain size of the specimen, and the tendency of increase 
for grain size group of O.St.tm became more remarkable than that tendency for 
grain size group of 1 tt m. The N value at 250~ for grain size group of 
O.SJ.L m was similar to that at room temperature below h of 0.6t.t m and 
gradually increased with increasing h . However, the N value remarkably 
decreased with increasing h above h of 0.6J.L m. The N value at 250~ for 
grain size group of 1 p. m showed a constant value of average 9.2 regardless 
of the transformation zone size h. 

Fatigue behavior of Y-TZP is considered by comparing Figs.16 and 17 
with Fig.15. It is estimated that the results at room temperature in 
Figs. 15 and 16 is in the range of flaw limited strength. Consequently, 
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the N value is considered to increase with increasing the quantity of phase 
trsnsformation because phase trasformation of zirconia (t-+m transformation) 
acts as resistance to fatigue. 

As already described, the intersect point A1 of two curves ·representing 
Eqs.(9) and (10) reduces to the A2 point by elevating temperature to 250~. 
It has become apparent from Fig. 17 that N values at 250~ for the grain size 
group of 0.5,um would increase with increasing transformation zone size h 
below h of 0.6,um and remarkably decrease with increasing h above h of 0.6 
,urn. It is assumed that abrupt change in the relationship of Nand lli at 
h of 0. 6 J.L m in Fig. 17 shows that the point of h at 0. 6 .u m corresponds to A2 
point in Fig.15. That is, in the case of small grain size group as 
0.5,u m, even at 250~, t-+m transformation below h of 0.6,u m is considered 
to act as resistance to fatigue and N value increases with increasing the 
quantity of t-+m transformation because the relationship of N and h is in 
the region of flaw limited srength. On the other hand, N value at 250~ 
above h of 0.6,um remarkably decreased with increasing the quantity of t-+m 
transformation because the relationship between N and lli was in the region 
of transformation limited strength . If grain size become larger as 1 and 
2,um, A1 point in Fig. 15 shifts to less value than A2 point and so that the 
relationship between N and {fi become in the region of transformation limited 
strength even at thickness of transformation zone h less than 0.6,u m. 
That is, the N value at 250~ for grain size group of 1 and 2,u m in Fig.17 
is cosidered to become much small, because all data for grain size group of 
1 and 2.u m at 250oC are in the region of transformation limited strength. 

3. 3 Static Fatiguel o> 13> IS> 

Fig. 18 shows the relationship between applied stress a and time-to­
failure tf for 3 mol% Y203 -TZP with a grain size of. 1.06,um(Z3Y-ll) at 
250°C. There is a linear relationship between toga and £ogtf and N 
values are obtained from the slope, too. The N value measured by static 

fatigue technique was 10.7 and agred well with that obtained from dynamic 
fatigue data. However, the average life time measured by the static 
fatigue technique was 4 to 6 times the life time predicted from dynamic 
fatigue data. 

The relationship between £og a and £og tf for 2 mol% Y20s-TZP with a . 
grain size of 0.46,um (Z2Y-I) at 250~ is shown in Fig.19. 'The 
relationship was linear at the applied stress more than 560HPa, but the 
relationship deviated from the linear one in the vicinity of 560HPa and 
showed the tendency corresponding to fatigue limit. The time-to-failure 
of Z2Y- I obtained by the static fatigue technique was shorter than that 
estimated from dynamic fatigue data, and the N value was smaller than that 
from dynamic fatigue results. 

Fig.20 shows the relationship between applied stress a and time-to­
failure tf for 4 mol% Y203 -TZP with a grain size of 1.34,u m (Z4Y-ll) at 
250~. There is a linear relation between toga -£ogtf and theN value 
obtained from the slope was 7.3. THeN value was close toN value of 8.7 
obtained by dynamic fatigue technique. The average time-to-failure 
measured by the static fatigue technique almost agreed with that predicted 



74 

from dynamic fatigue data, too" 

3.4 Fracture Surface 

3.4.1 Fracture surface after dynamic fatigue test 10 > - 1 2> 
15

> 

Fig.21 shows the fracture surface of 3mol%Y2 03 -TZP(Z3Y-I) after dynamic 
fatigue test at room temperature. It shows a smooth region near the 
fracture origin followed by a rougher area being spread in a radial manner. 
The fracture surfaces for 2 or 4mol%Y 2 03 -TZP at room temperature were 
similar to those for 3mol%Y2 03 -TZP, too. That is, the fracture surfaces 
of Y-TZP obtained at room teperature were similar to the typical fracture 
surface observed in many ceramics. 57 >- 6 o> 

Fig.22(a) and (b) show fracture surfaces after dynamic fatigue test at 
a stressing rate of 0.302MPa/s (crosshead speed : 0.005mm/min) at 250~ for 
3mol%Y 2 03 -TZP. A fatigue fracture surface was not observed even at the 
slowest stressing rate of 0.302MPa/s for the specimen with a small grain 
size of 0.53~m (Z3Y-I) as shown in Fig.22(a) and an enlarged mirror rigion 
was observed. On the other hand, a fatigue fracture surface was observed 
at the slowest stressing rate of 0.302MPa/s for the specimen with a large 
grain size of 1.06~m (Z3Y-ll) as shown in Fig.20(b) but was not observed at 
a higher stressing rate of 3.02MPa/s. 

Fig.23 show a fracture surface after dynamic fatigue test at stressing 
rates of 3.02MPa/s (crosshead speed : 0.05 mm/min) and 0.302MPa/s (crosshead 
speed : 0.005mm/min) for 2mol%Y2 03 -TZP with a grain size of 1.33~m (Z2Y­
ll ). At the stressing rate of 30.2MPa/s (crosshead speed : 0.5mm/min). a 
mirror region almost disappeared but a fatigue fracture surface was obscure. 
At a slow stressing rate of 3.02MPa/s. a fatigue fracture surface was 
remarkably observed on the tension side of specimens as shown in Fig.23(a). 
At the lowest stressing rate of 0.302MPa/s, a fatigue fracture surface 
occupied more than two-third of the fracture surface as shown in Fig.23(b). 

Fig.24 shows a fracture surface after dynamic fatigue test at 250°C for 
2mol%Y 2 03 -TZP with a grain size of 0.46~ m(Z2Y- I ) . A slight mirror 
region was observed around fracture origin at a stressing rate of 30.2MPa/s 
(crosshead speed : 0.5mm/min) as shown in Fig.24(a). The mirror region 
disappeared at a stressing rate of 3.02MPa/s(crosshead speed : 0.05mm/min) 
but a fatigue fracture surface was obscure. A remarkable fatigue fracture 
surface was observed at the lowest stressing rate of 0.302MPa/s (crosshead 
speed : 0.005mm/min) as shown in Fig.24(b). However, the boundary between 
a fatigue 
indistinct. 

fracture surface and a catastrophic fracture surface was 
the reason why the boundary is indistinct is supposed to be 

that the difference between unevennes of both the fatigue fracture surface 
and the catastrophic fracture surface was negligible because the grain size 
is small and the fracture pattern of grains on both fracture surfaces is 
the same intergranular fracture. 

Fig.25 shows a fracture surface after dynamic fatigue test at the slowest 
stressing rate of 0.302MPa/s (crosshead speed : 0.005mm/min) at 250~ for 4 
mol%Yz0s-TZP. A mirror region was observed for 4mol%Y2 03 -TZP with a 
grain size of 0.62~ m(Z4Y- I c) even at the slowest stressig rate as shown in 
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Fig.25(a). However, the mirror region disappeared at the slowest 
stressing rate of 0.302MPa/s in the case of 4mol%Y20a-TZP with a grain size 
of 1.34JJ. m (Z4Y-II) but a fatigue fracture surface was obscure. A fatigue 
fracture surface was obviously observed at the lowest stressing rate of 
0.302MPa/s (crosshead speed : 0.005mm/min) for 4mol%Y2 03 -TZP with a grain 
size of 2.08JJ.m(Z4Y-m) 11 > 

In summerry of the fracture surface after dynamic fatigue test, that at 
room temperature show a mirror region near the fracture origin and the 
mirror region was surrounded by a huckle region being spread in a radial 
manner as already described. It is estimated that the stressing rates for 
the mirror region to disappear and for the fatigue fracture surface to 
appear were 3.02MPa/s for grain size group of 0.5JJ.m(Z2Y-I) and 30.2MPa/s 
for 1 /1. m group (Z2Y- II ) in the case of 2mol%Y 2 03 -TZP. In the case of 
3mol%Y203 -TZP, a fatigue fracture surface was not observed even at the 
lowest stressing rate of 0.302MPa/s for grain size group of 0.5JJ. m(Z3Y- I), 
but began to appear at a stressing rate below 3.02MPa/s for grain size group 
of 1JJ.m(Z3Y-II). In the case of 4mol%Y20s-TZP, a fatigue fracture surface 
was not observed even at the lowest stressing rate of 0.302MPa/s for grain 
size group of 0.5JJ.m(Z4Y-I ), but began to appear at a stressing rate of 
0.302MPa/s for grain size group of 1/1. m(Z4Y-ll) 

3.4.2 Fracture surface after static fatigue test 10 > 13 > 15 > 

Fig.26 shows a fracture surface after static fatigue test at 250~ for 
3mol%Y2 03 -TZP with a grain size of 1.06JJ. m(Z3Y-ll). A fatigue fracture 
surface was observed on the tension side in a bending specimen above time­
to-failure of 1 hour. An area of fatigue fracture surface increased with 
increasing time-to-failure. 

Fig.27 shows a fracture surface after static fatigue test at 250~ for 
2mol%Y 2 03 -TZP with a grain size of 0.46JJ.m(Z2Y-I ). A mirror region was 
observed around fracture origin for the specimen which time-to-failure was 
short as shown in Fig.27(a). On the other hand, a fatigue fracture surface 
was observed for the specimen which time-to-failur was longer as shown in 
Fig. 27{b) and (c). However, the boundary between the fatigue fracture 
surface and the catastrophic fracture surface was obscure in a similar 
manner as Flg.24(b). 

I 

Fig.28 shows a fracture surface after static fatigue test at 250°C for 
4mol%Y2 03 -TZP with the grain size of 1.34JJ. m(Z4Y-II). The fracture 
surface was similar to that after dynamic fatigue test and the distinct 
fatigue fracture surface was not observed. 

3.5 Comparison between time-to-failure measured by static fatigue 
technique and that predicted from dynamic fatigue data. 

As a fatigue fracture surface in Fig.26 is distinct, fracture toughness 
of 3mol%Y203 -TZP with grain size of 1.06JJ. m at 250~ may be estimated by 
taking the fatigue fracture surface as precrack in catastriphic fracture. 
The estimated fracture toughness was shown in Fig.29 as a function of the 
area of a fatigue fracture surface or a catastophic fracture surface. The 
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larger the time-to-failure, namely the area of fatigue fracture surface 
became, the larger the estimated fracture toughness Kic became. 

Fig.30 shows a schematic figure relating to a fracture surface 
containing both the fatigue fracture surface and the catastrophic fracture 
surface. Compression stress ~a is developed at the tip of crack by the 
t-7m transformation. In this case, fracture stress a f was expressed by 
following equation. 

af=a 0 +~a {11) 

where a 0 is fracture stress of matrix in the case that stress induced 
phase transformation is not occured. Taking crack length immediately before 
catastrophic fracture as "a", equations KIC = Ya {a and Kic = Ya ora 
were derived. Substituting these equations into Eq.(11), fracture 
toughness Kic can be written as following equation. 

Krc = Kic + k{a ~a {12) 
Assuming that ~a is constant, The larger the length of crack, namely, the 
larger the area of fatigue fracture is, the larger the fracture toughness 
is. The larger the fatigue fracture surface becomes, the larger the 
ratio of the contribution of ~a to fracture stress becomes. As ~a 
acts as the resistance to the crack extension, the effect of the resistance 
to the crack extension is considered to increase with increasing the area of 
a fatigue fracture surface. 

The life time measured by static fatigue technique was longer than that 
predicted from dynamic fatigue technique for Z3Y-ll as shown in Fig. 18. 
On the other hand, difference between measured life time and predicted one 
is small for Z4Y-ll as shown in Fig.20. The reason why the relationship 
between measured life time and predicted one is different in the case of 
Z3Y-ll and Z4Y-ll is considered to be responsible for the difference in 
the amount of t-m transformation between their specimens. It is 
estimated from Eqs.{11) and {12) that the life time measured by static 
fatigue technique become longer than that predicted from dynamic fatigue 
data because the contribution of the compression stress to fracture stress 
and fracture toughness in static fatigue test is larger than that in dynamic 
fatigue test, that is, because the area of fatigue fracture surface in 
static fatigue is larger than that in dynamic fatigue as shown in Fig.29. 

The larger the amount of t-m transformation becomes, the larger the 
contribution of the compression stress at tip of crack becomes. The volume 
percent of t-m transformation for Z3Y-ll was 45.6%, while that for Z4Y-ll 
decreased up to 16.2%. That is, it is estimated that the compression 
stress at tip of crack for Z4Y-ll become smaller than that for Z3Y-ll. As 
the contribution of phase transformation to fatigue behavior in Z4Y-ll 
becomes small, the contribution of stress corrosion being principal reason 
for fatigue in many oxide ceramics such as alumina may become more 
remarkable. This is probably the reason why the time-to-failure measured 
by static fatigue technique become near to the value estimated from the data 
of dynamic fatigue in the case of Z4Y-ll. while, it is estimated that 
the contribution of ~a in Eqs.ll and 12 for Z3Y-ll becomes large as the 
amount of t-7m transformation is large. This is probably the reason why 
the time-to-failure measured by static fatigue technique become larger than 
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that predicted from dynamic fatigue data as the area of fatigue fracture 
surface in static fatigue become larger than that in dynamic fatigue for 
Z3Y-ll. There is the possibility that the contribution of f). a in fatigue 
behavior of Z2Y-I become larger than that in Z3Y-ll as the amount of phase 
transformation in Z2Y-I is 51.5% . On the other hand, it is known that 
Z2Y-I exhibits the degradation of strength by long period of thermal aging· 
in air at 2SOt even if external stress do not applied. That is, in the 
case of the degradation of strength measured by long period of applied 
stress such as static fatigue test for Z2Y-I, the degradation of strength 
by thermal aging is superposed on that by fatigue. The large contribution 
of thermal aging for degradation of strength is probably the reason why the 
time-to-failure predicted from dynamic fatigue data became shorter than that 
obtained by static fatigue test in the case of Z2Y-I 

3.6 Effect of water to fatigue behavior 14 ' 

Figs 31 and 32 show the results obtained by dynamic fatigue technique 
for Z3Y-I b(grain size: O.SJlm) and Z3Y-llb(grain size: 1.12Jlm) in water 
at room teperature(20t), and in air and water at 9St. There were linear 
re 1 at ionships between log a f and £og a in water at room tempera tu re and in 
air at 9St for Z3Y- I b. The N values obtained from their slops were 47.8 
in water at room teperature and 46.4 in air at 9St. These N values are 
similar to that of Z3Y- I at room temperature shown in Fig.S. On the 
other hand, the relationship between log a f and log a in water at 95t at 
the stressing rate below 3.27MPa/s (crosshead speed : O.Smm/min) was similar 
to the relationship in air at 9St. too. However. the fracture stress at 
a stressing rate above 3.27MPa/s showed a constant value even if stressing 
rate increased. 

There is a linear relationship between log a f and log a in water at room 
temperature for Z3Y-ll b, too. The N value obtained from the slop was 
47.5 being similar to that for Z3Y- I b. However, relationships in air 
and water at 95"C were different to those for Z3Y- I b. A relationship 
between ioga f and logo below a stressing rate of 30.2HPa/s in air at 95"C 
was similar to the relationship in water at room temperature but fracture 
stress at a stressing rate above 30.2MPa/s became constant. On the other 
hand. the fracture stress in water at 95t showed a constant value in ,the 
range of stressing rates measured in this study. The behavior showing 
the constant value in water became more remarkable than in air and the 
constant fracture stress amax in water had lower value than that in air. 
It is estimated that the relationship between log a f and log a in water at 
95"C in the case of Z3Y-ll became parallel to the horizontal axis, because 
the value correspond to as in Fig.33 was below 0.327MPa/s(crosshead speed: 
O.OOSmm/min). 

3.7 Degradation of strength in Y-TZP 10 ' -ts> 

, The summary of the results obtained in this study on the fatigue 
behavior of TZP containing 3mol%Y2 03 (Y-TZP) are as follows. 

(1) At room remperature, there were linear relationships between log a f 
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and !!or; a for both grain size group of 0.5 and 1 fJ. m in air and in water. 
TheN values obtained were 41.0 to 53.6 indicating slight fatigue. 

(2) For grain size group of 0.5f.J. m, the relationship between f!oga f and 
and R.oga in air at 95°C was linear at the whole range of stressing rate. 
The N value obtained was 46.4 indicating slight fatigue. On the other 
hand, the relationship in water at 95"C was linear at the stressing rate 
below 3.27HPa/s, too. However, the relationship above 3.27HPa/s became 
parallel to the horizontal axis. 

(3) For grain size group of 1 fJ. m in air at 95"C, the relationship between 
f!or;a f and f!oga was linear at the stressing rate below 3.27HPa/s. However, 
fracture stress at the stressing rate above 32.7HPa/s became constant even 
if the stressing rate increased. On the other hand, in water at 95"C, the 
fracture stress was constant in the whole range of stressing rate. The 
fracture stress showing constant value in water at 95"C became lower than 
that in air. 

(4) In air at 250°C, there were linear relationships between log a f and 
ioga for grain size group of 0.5t.J.m in the whole range of stressing rate. 
The N values obtained were 50.5, indicating slight fatigue. On the other 
hand, the relationship for grain size group of 1 fJ. m was linear below the 
stressing rate of 30.2HPa/s. However, fracture stress became constant at 
a stressing rate above 30.2HPa/s even if stressing rate increased. The N 
value obtained was 10.2 indicating remarkable fatigue. 

Fig. 33 is a schematic relationship between R.og a f and f!og a designed to 
represent the summary of (1) through (4). This relationship is divided 
into two types. The first is a linear relationship for all specimens at 
room temperature or for the specimen with small grain size in the case of 
temperature above 95oC. The second is the phenomena which fracture stress 
become constant above a certain stressing rate, namely the phenomena 
regarded as innert strength. As already described, this phenomena is 
affected by Y20 3 contents, grain sizes or atmosphere. In this study, 
this phenomena is called the maximum attained strength. This second 
relationship is characterized by the maximum attained strength amax• the 
stressing rate as at a point where the fracture stress begins to decrease 
from the maximum attained strength amax with decreasing stressing rate, 
and the relationship between fog a f and f!oga at stressing rate below as· 

We consided on the basis of above described results that the degradation 
of strength in Y-TZP should be classified into two mechanism, that is, 
degradation of strength in connection with the formation of monoclinic 
zirconia from tetragonal zirconia by the reaction with water or moisture in 
atmosphere at above 90°C (abbreviated to degradation of strength by thermal 
aging. This degradation is not affected by external applied stress) and 
degradation of strength in connection with t-7m transformation accelerated 
by external applied stress(that is, fatigue). We suppose that the 
phenomena showing a constant fracture stress at the stressing rate above as 
appearing in the relationship between f!og a f and f!og a relate to chemical 
reaction of tetragonal zirconia with water or moisture in atmosphare. 
The part relating to fatigue behavior in the log a f - f!og a relationship is 
the slope below as· 
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Tetragonal zirconia on the surface of the specimen change to monoclinic 
zirconia by the reaction with water or moisture in atmosphare resulting in 
reduced strength. 5 1 > -& 7 > Although fracture stress a f increase with 
increasing a stressing rate a . it does not increase beyond the fracture 
stress limited by the chemical reaction of tetragonal zirconia with water or 
moisture in atmosphere. The strength limited by the chemical reaction 
with water or moisture in atmosphere correspond to the maximum attained 
strength amax and it is greatly affected by grain size and vapor pressure 
PH20 • The higher the PH

2
o is, the more the a max is. ~he effect of PH

2
o 

become more remarkable in the specimen with larger grain s1ze. 
It is generally known that fatigue of glass and oxide ceramics is 

greatly affected by water or moisture in atmosphere. The water is consided 
to affect fatigue behavior by following mechanism : When a crack grows by 
external stress applied to glass or ceramics, water in atmosphere 
facilitates the breaking of bond and enhances the crack growth. 5 8 > - 7 o> On 
the other hand, high strength and toughness in TZP relate to the 
transformation of tetragonal zirconia into monoclinic zirconia within the 
process zone produced ahead of the crack tip during crack growth. 71 > As 
already described, fatigue of TZP relates closely to this phase 
transformation. For water to affect fatigue, constituent elements of 
water such as 02 - or OW need to diffuse in the process zone. The 
measurement of electrical conductivity suggests that diffusion of the 
elements such as 02 - or OW is easy at 250"C but difficult below 
1 0 ooc . 7 2) - 7 5) 

It is apparent from Figs. 16 and 17 that the relationship of log a f -
log a for Z3Y- I b and Z3Y-II b is in the region of flaw limited stength at 
room temperature. Although there is no data accumulated at 95"C, it can 
be supposed from the correspondence with data at room temperature that Z3Y­
I b and Z3Y-ll b is in the region of flaw limited stength at 9S"C as well. 

On the other hand, It is considered that Z3Y-I at 250"C is in the region of 
flaw limited stength, while Z3Y-II at 250"C is in the region of 
transformation limited strength. At room temperature, fatigue is slight 
in the air because both Z3Y- I b and Z3Y-II b are in the region of flaw 
limited stength. Fatigue of these specimens is slight in water at room 
temperatur as well and show a similar tendency to that in air, because the 
reaction of tetragonal zirconia with water can be neglected at ~oom 

temperature even if their specimens are dipped into water. 
Fatigue of zirconia ceramics in water is reported by Li and Pabst, 20 > 

and Becker. 22 > Li et al. measured the crack growth parameter N of zirconia 
containing 7mol%Mg0 and 4mol%Ca0 by the double torsion technique and dynamic 
fatigue technique, and reported the N value above 50 in water at room 
temperature. Becker measured the relationship between stress intensity 
factor KI and crack growth velocity V for zirconia containing 7.2mol%Mg0 
(average grain size : bOtt m), and reported 121 in air and 120 in water as 
the N value at 22"C. However, K1 - V curve in water is shifted to higher 
crack growth velocity than that in air in comparison at same K1• Depicted 
by the relationship in dynamic fatigue. namely, by the relationship of 
log a f and log a . the slope of the relationship in water is similar to that 
in air. However, the difference between K1 - V curvees in water and in 
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air correspons to that the fracture stress in water reduces up to 80% of 
that in air in comparison at same stressing rate. Fig.34 shows fracture 
stress of Z3Y- I and Z3Y-ll in air and water at room temperature. The 
fracture stress of Z3Y- I in water is about 96% of that in air and the 
fracture stress of Z3Y-ll in water is near to that in air. That is, in 
the case of Y-TZP, there were not remarkable difference between fracture 
stresses in water and in air. 

It is known that tetragonal zirconia changes to monoclinic zirconia by 
the reaction with water in hot water above 90~. Therefore, we checked to 
what entent the degradation of strength of Z3Y- I b and Z3Y-II b reduces by 
dipping for 96 hours in water at 98~. Consequently, it became apparent 
that the change of strength with dipping time for Z3Y- I was negligible, 
even after 96 hours. On the other hand, the change of strength for Z3Y-ll 
was slightly at 24 hours and negligible above 24 hours. The monoclinic 
zirconia contents on specimen surfaces increased 4% for Z3Y-I band 13% for 
Z3Y-ll b after dipping in hot water for 96 hours. By considering that 
the longest dipping time in dynamic fatigue test was about 1 hour, it is 
estimated that the phenomena in Figs.31 and 32 resulted from that the 
external stress was applied. When a specimen is dipped in water at 95~ 
under external stress, the reaction area is increased by the formation of 
crack on the specimen surface in tesion side and the growth of crack toward 
inside. Consequently, the reaction with water is enhanced. 

The reaction of TZP with water become more remarkable in the spesimen 
with a larger grain size, For Z3Y- I b with a grain size of about 0.5J.I. m, 
the stressing rate corresponding "to as in Fig. 34 is 32. 7MPa/s (crosshead 
speed :0.5mm/min). In the case of Z3Y-ll b with a larger grain size of 
about 1 J.1. m. the reaction with water becomes more remarkable than that of 
Z3Y- I b. Therefore. the maximum attained strength a max becomes lower 
than that in the absence of water. As a result. us of Z3Y-ll b shifts to 
a stressing rate of 0.327MPa/s (crosshead speed : 0.005mm/min). This is 
probably responsible for that only the region corresponding to the maximum 
attained strength a max apperars. 

Concerning relationship between the log a f and log u below us for Z3Y­
I b, it is estimated that there is not a great difference between the slope 
in water at 20~ and that in water at 95~. As already described, oxygen 
or other elements must diffuse in the process zone ahead of the crack tip in 
order for the water to affect fatigue behavior, but diffusion can be 
neglected at a temperature of about 95~. Therefore, the effect of water 
on fatigue of Z3Y- I b is small, and the slope below us may have a similar 
tendency between the slope in water at 20~ and that in air at 95~. As 
iogaf -ior;u relationship below Us for Z3Y-ll with grain size of lJ.I.m 
could not be measured, the effect of water to fatigue behavior in not clear. 
but the effect is supposed to be as small as that for Z3Y-I b. 

The ior;a f -iogu relationship at 250~ for Z3Y-ll (grain size : 1.06J.I.m) 
shows a constant value above us corresponding to a stressing rate of 30.2 
MPa/s (crosshead speed : O.Smm/min), as described in summary(4) at the 
beginning of this section. Although we do not measure the relationship 
between lor;a f and ior;u under the change of PH 0 in atmosphare. it is 

. d 2 estimate to be due to the reaction between tetragonal zirconia and moisture 
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in air that the phenomena corresponding to maximum attained strength Umax 
appears for Z3Y-II with a large grain size. Whereas, there is a linear 
relationship for Z3Y- I . The reason why u max appears on Z3Y-II and do 
not on Z3Y-I is considered to be as follows : since the vapor pressure of 
water in the atmosphare is lower compared with the case of dipping in water, 
tetragonal zirconia reacts slightly with moisture for Z3Y-I b with a small 
grain size, therefore, amax shifts to a larger fracture strength compared 
with the case of Z3Y-II 

Next. let's consider ioga f -ioga relationship below as relating to 
fatigue behavior. As described in summary(4) at the beginning of this 
section, the slope of log a f -log a relationship for Z3Y-II is large in air 
at 250"C, indicating remarkable fatigue. As described in previous 
section, fatigue behavior in Z3Y-II become remarkable in the condition that 
water is absent because the a f - {fi relationship is in the region of 
transformation limited strength. On the other hand, for Z3Y-I with a 
grain size of about 0.5,u m. u f - lfi relationship is in thr region of flaw 
limited strength, so that fatigue is considered to be slight, which agree 
well with the experimental results. The measurement of electrical 
conductivity on Y-TZP suggests that the diffusion of oxygen or other 
elements cannot be neglected around 250"C. That is, the effect of water 
on fatigue through the diffusion of oxygen is considered to be possible. 
As there are no remarkable difference in electrical conductivity between 
specimens with the grain size of about O.S,um and about 1ttm. fatige for 
Z3Y- I would be remarkable as well as for Z3Y-II if fatigue behavior 
affected by water as described above. However, this is not shown by the 
experimental result. From this consideration, the reason why fatigue 
behavior is remarkable in air at 250"C is considered to be that the a f -
lfi relationship on Z3Y-II is in the region of transformation limited 
strength. 

4. CON CL US IONS 

The fatigue behavior of 2, 3 and 4 mol% Y2 03 -TZP at room temperature and 
at 2SO"C was studied by dynamic fatigue technique. Results obtained are 
as folows: 

1) The relationship between stress and displacement was linear up to 
fracture stress indicating elastic behavior at room temperature for all 
speciments used in this study. The stress-displacement relationship at 
250"C for 3 and 4 mol%Y 2 03 -TZP showed the elastic behavior at the whole 
range of stressing rate used in this study, too. The relationship at 
250"C for 2 mol%Y2 03 -TZP was elastic at the stressing rate above 3.02MPa/s 
but inelastic at the stressing rate of 0.302HPa/s. 

2) The crack growth parameter N at room temperature was 63.7 to 104 for 
2 mol%Y2 03 -TZP, 41.0 to 53.6 for 3molZY2 03 -TZP and 31.7 to 46.1 for 4 mol% 
Y2 03 -TZP. The N value decreased with increasing Y2 0s contents. 

3) The N value at 250"C for Y-TZP with a grain size above 1 JL m was below 
10 indicating remarkable fatigue. 

4) The N value at 250"C for grain size group of O.SJL m was about 50 for 
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3mol%Y2 03 -TZP. If Y2 03 content decreased to 2 mol% or increased up to 4 
mol%, the N value decreased until 22 or 32.3 to 40.9. respectively. 

5) Monoclinic zirconia contents on the fracture surface after dynaminc 
fatigue test decreased with increasing Y 2 03 con tents for a certain grain 
size group and with decreasing grain size for a ceratain Y2 03 contents. 

6) The crack growth parameter N may be arranged by using the thickness 
of transformation zone h as a parameter indicating amount of transformation 
from tetragonal zirconia to monoclinic one. The N value increased with 
increasing h at room temperature. The N value at 250"C for grain size 
group of O.Sttm is similar to that at room temperature up to h around 0.6 
tl m. However, The N value decreased with increasing h value at h above 
0.6p. m. The N value at 250"C for grain size group of 1 tl m was average of 
9.2 regardless of transformation zone size h. 

The fatigue behavior of 2, 3 and 4 mol%Y 2 03 -TZP at 250"C was studied by 
static fatigue technique. Results obtained are as follows: 

7) The crack growth parameter N for 3 mol%Y2 03 -TZP with a grain size of 
1.06tt m was 10.7 near to that obtained from dynamic fatigue technique. 
However. the time-to-failure obtained by static fatigue technique was 4 to 6 
times that predicted from dynamic fatigue data 

8) TheN value for 2 mol%Y 2 03 -TZP with a grain size of 0.46ttm was 10.8 
and became smaller than that obtained from dynamic fatigue technique. The 
time-to-failure obtained by static fatigue technique was shorter than that 
predicted from dynamic fatigue data. 

9) The N value for 4 mol%Y2 03 -TZP with a grain size 
near to that obtained from dynamic fatigue technique. 
failure obtained by static fatigue technique almost 
predicted from dynamic fatigue data. 

of 1 . 34 tL m was 7. 3 
The time-to­

agreed with that 

Fracture surface after dynamic fatigue and static fatigue tests was 
observed by SEM. Results obtained are as follows: 

10) Fracture surfaces after dynamic fatigue test at room temperature 
showed a smooth region near the fracture origin followed by a rougher area 
being spread in a radial manner for all specimens used in this study and 
were similar to the typical fracture surface observed in many ceramics. 

11) On the fracture surface after dynamic fatigue test at 250"C. the 
larger the grain size became or the lower the stressing rate became, the 
more remarkable the fatigue fracture surface became. 

12) The remarkable fatigue fracture surface was observed on the fracture 
surface after static fatigue test at 250"C for 2 or 3 mol%Y 2 03 -TZP. The 
longer the time-to-failure became. the larger the fatigue fracture surface 
became. 

The fatigue behavior of 3mol%Y2 03 -TZP in water at room temperarure and 
95"C was studied by dynamic fatigue technique. Results obtained are as 
follows: 

13) fatigue behavior in water at room temperature was similar to that in 
air at room temperature and the fatigue was slight 

14) For the grain size group of O.Sp. m. the lo9a f -lo9a relationship 
in air at 95"C became linear and was similar to that at room temperature. 
the log a f -log a relationship in water at 95"C became similar to that in 
air at 95"C at stressing rate below 32. 7HPa/s, too. However. the 
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relationship showed a constant value at the stressing rate above 32.7KPa/s. 
15) For the grain size group of 1 p. m, the £og a f - log a relationship in 

air at 95~ was similar to that at room temperature at stressing rate below 
32. 7KPa/s. The relationship in water at 95~ showed the constant value 
at the stressing rate above 0.327KPa/s to be slowest stressing rate in this 
study. 

16) The phenomena that fracture stress became constant even if stressing 
rate increased is remarkable in large grain size and in water rather than 
air. 
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Table 1 N value and monoclinic zirconia contents on the fracture 

surface of Y2 03 -containing tetragonal zirconia polycrystals. 

Specimen Y20s Density Grain Tet.* N value Mono. (z)* size 

(mol%) (g/cm3 ) ( .U m) (%) R. T. 250°C R.T. 250"C 

Z2'f- I 6.01 0.46 98.0 104 21.9 59.9 51.5 ±0.07 

Z2'f- IT 2 5.96 1. 33 97.8 67.3 8.7 74.5 77.8 ±0. 14 

Z3'f- I 6.02 0.53 71.0 53.6 50.5 21.9 28.2 ±0.05 

Z3'f- I b 6.02 0.50 47.8* * -±0.07 - - -

Z3'f-ll 3 6.01 l. 06 70.0 41.0 10.2 42.3 45.6 ±0. 19 

Z3'f-llb 5.99 1. 12 47.5** ±0. 12 - - - -

Z4'f- I a 5.97 0.47 55.2 31.7 0 ±0.07 - -

Z4Y- I b 6.06 0.56 54.3 32.3 0 ±0.04 - -

Z4Y- I c 4 5.9& 0.62 55.0 32.6 40.9 2.8 3.9 ±0. 10 

Z4Y-ll 5.91 1. 34 56.4 46.1 8.7 14.1 16.2 ±0.30 

Z4Y-m 5.59 2.08 53.9 45.3 4.7 29.5 30.3 ±0.40 

R.T. :Room temperature(20°-30°C). 

*Mono.(%) and Tet.(%) :Volume percent of monoclinic and 

tetragonal zirconia, respectively. 

** N value in H2 0 
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Fig.3 Potograph is specimen configuration showing permanent 

bending t and 

to 

Potograph and ( show the crack configuration in 

a lateral surface and tension surface during three-

point test, respectivery. These specimens 

correspond to A in Fig.2. 
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.21 Fracture surface of 3 mol% containing tetragonal 

of 33.6 

(dynamic 

I ) tested at stressing rate 

O.Smm/min.) at 20°C 

Arrows show the fracture origin. 

Fig.22 Fracture surface of 3 mol% containing tetragonal 

zirconia polycrystals tested at the lower stressing 

rate of 0.336 speed : 0.005mm/min.) 

at 250"C A arrow shows the 

fracture origin. Z3Y- I Z3Y-ll 
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.23 Fracture surface of 2 mol% containing tetragonal 

zirconia n) at 250"C. 

Stressing rate : 3. 

0. 
(b) Stressing rate 0. s 

0.005mm/min). 



Fig.24 Fracture surface 
zirconia polycrystals 

Stressing rate 

Stressing 

101 

08 containing tetragonal 

0. 

0. 

Fig.25 Fracture surface of 4 mol% Y2 03 containing tetragonal 

zirconia polycrystals after dynamic fatigue test at 

2so·c . 
Stressing rate : 0.302MPa/s(crosshead speed : 0.005mm/min). 

(a) : Z4Y- I c • (b) : Z4Y-ll 



Fig. 

zirconia polycrystal 

test at 250bC. 

(a) ied stress 

(b) Applied stress 

(c) Applied stress 

102 

tetragonal 

fatigue 

541MPa, failure time 1h 13min. 

443Mpa, failure time 9h 6min. 

325MPa, failure time 6day 8h 7min. 
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Fig.27 Fracture surface of 2 mol% Y2 03 containing tetragonal 

zirconia polycrystals (Z2Y- I ) after static fatigue 

test at 2so·c . 

(a) Applied stress 834.MPa, failure time l6min 13sec. 

(b) Applied stress 624Mpa. failure time 6h 38min. 

(c) Applied stress 563MPa, failure time 8day 2h 23rnin. 
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Fig.28 Fracture surface of 
zirconia 
test at 250°C. 

ied stress 423MPa, 

8 

50 

30 

10 • 

4 

4 

0 

tetragonal 
igue 

ime 45min 5 sec. 

0 

Fig.29 Fracture toughness estimated from static fatigue fracture 

surface(Fig.26 a, b and c) and fatigue fracture 
surface g.22 b) at 250"C (Z3Y-ll). 
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Fatigue fracture surface 

Compression layer 
( by t -+ m transformation) 

Catastrophic fracture 
surface 

Fig.30 Compression layer at the tip of crack (schematic). 

Crosshead Speed I mm·min-1 

3.1 0.005 0.05 0.5 5 50 

........ Z3Y-lb s·46A 
ro 

0.. 3.0 J~ta-tr t--r ~ -8' 
........ 2.9 
01 
0 o 20°C in HzO 

2.8 
• 95°C in Air 
0 95°C in HzO 

-1 0 2 3 4 

log ( tT I MPa ·s-1 ) 

Fig.31 Relation between fracture stress (u f) and stressing 
rate (~) for 3 molZ Y2 08 containing tetragonal zirconia 

polycrystals (Z3Y- I b) in water. 
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Crosshead Speed I mm·min-1 

3.2 0.005 0.05 0.5 5 50 

Z3Y- lib 
....... J:47.5 £-cu 

3.1 0.. 
:E 

t=t*~f-rl~ ....... 

8' 
......... 3.0 
en 
0 

0 20°C in HzO 
• 95°C in Air 

2.9 D 95°C in HzO 

-1 0 2 3 4 

log ( Q- I MP a ·s-1 ) 

Fig.32 Relation between fracture stress (a f) and stressing 

rate (u) for 3 mol% Y2 03 containing tetragonal zirconia 

polycrystals (Z3Y-II b) in water. 

8' 
01 
0 

log er 

Temp. 

PH20 

Grain size 

Fig.33 Schematic relationship between fracture stress (a f) and 

stressing rate (a ) for Y-TZP. 
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Cross head speed: 

0.05 mm/min 
o in air 
• in water 

1. 1 

m 1.0 n Cl.. ]l CD - II '+- 0.9 b 

Jl 
0.8 

Z3Y-I Z3Y-ll 

Fig.34 Comparison of strength in water with that in air at room 

temperature. 




