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Abstract 1 Introduction 

R-Curve behaviour ~[alumina and magnesia partially 
stabilized zirconia ( P S Z )  has been investigated. The 
it~/tuence o/'precraeking procedure (notch or pop-in 
preeraek), the environment, the temperature and 
mieros'tructure has been studied. Alumina and high 
monoclinic phase content P S Z  show similar 
hehaviour, d({]brent Ji'om that observed .[or high 
tetragonal phase content PSZ.  The results are 
discussed in terms <?/" mierostrueture, ./i'aeture mode 
and toughening mechanisms. 

Das R-Kurvem~erhalten yon Aluminiumoxid und mit 
Magnesiumoxid teilstabilisiertem Zirkoniumoxid 
wurde untersucht. Der Ein.[tUf3 der Rifleinleitungs- 
methode ( Kerbe oder Hdrteeindruck ), der Umge- 
hung, der Temperatur und des Ge[iiges wurden 
un tersuch t. A luminiumoxid und P S Z  mit einem hohen 
Anteil monokliner Phase zeigen dhnliches Verhalten, 
das sich t;om Verhalten des P S Z  mit hohem Anteil an 
tetragonaler Phase unterscheidet. Die Ergebnisse 
werden heziiglich des Gefiiges, der Bruchart und des 
Zdhigkeits~unahmemechanismuses diskutiert. 

Les courbes de rOsZstance h la propagation de fissures 
( courbes R)  ont ~;t~ d~terminL'es pour une alumine et 
une zireone partiellement stabilis~;e ~ la magn~sie. 
L'iq[tuence sur la courbe R de la procOdure de 
pr~lissuration (entaille ou fissure naturelle), de 
I'environnement, de la tempkrature et de la micro- 
structure a {tO Otudi~;e. L'alumine et la zireone 
contenant un taux klevL" en phase monoclinique ont des 
comportements identiques qui different de eelui 
ohservk pour une zircone riche en phase tetragonale. 
Les rOsultats sont discutOs en fonetion de la micro- 
structure, du mode de rupture et des mOcanismes de 
ren/orcement mis en jeu. 
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Several studies conducted on polycrystalline alum- 
ina 1 -5 and partially stabilized zirconia (PSZ)  6 -  lo 

have reported an increasing resistance to crack 
growth with crack extension (so called R-curve 
behaviour). Rising R-curve behaviour has been 
explained in terms of energy dissipation mechanisms 
such as microcracking, 11 wake-shielding by inter- 
locking grain bridging, 312 14 crack deflection or 
stress-induced phase transformation in zirconia- 
based ceramics. 15, ~ 6 

The R-curve (crack growth resistance versus crack 
extension) which provides a more refined analysis 
compared to a single fracture parameter  such as 
toughness, is now widely used to describe fracture of  
ceramic materials. Recent studies have attempted to 
take into account the influence of  R-curve behaviour 
on other crack growth-related damage mechanisms. 
Particularly, Lutz & Swain17,18 have correlated flaw 
resistance and thermal shock behaviour of  ceramics 
to their R-curve. They have shown that the slope of 
the R-curve is an indicator of the flaw resistance and 
the thermal shock degradation. Okada & Hirosaki ~9 
have analysed the subcritical crack growth of  
sintered silicon nitride in terms of the R-curve 
behaviour and they have shown that a rising R-curve 
shifts the v KI curve (subcritical crack growth rate 
versus applied stress intensity factor) to the high 
toughness region as the crack advances. Fett & 
Munz 2°21 have shown from single-edge notched 
beam (SEN B) tests under constant load that a rising 
R-curve behaviour can hinder subcritical crack 
growth. For alumina and PSZ materials, the v-K~ 
curves obtained from the extension of saw cuts, 
exhibit a decreasing branch for low K~ values, i.e. 
subcritical crack growth rate decreases with increas- 
ing applied stress intensity factor. 

Although it is of  great importance for under- 
standing the fracture behaviour of  ceramics, there is 
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not, however, a unique R-curve for a material. It is 
strongly dependent on both testing and evaluation 
methods. In the case of alumina, several studies 2'22 
have shown that the R-curve depends on both 
microstructure and loading rate. Moreover, results 
have been shown to depend strongly on the testing 
method (i.e. SENB, DCB or DT tests), which have 
been explained by the interaction between crack 
opening displacement and microstructure, that 
varies with the sample geometry. 

Renotching experiments after the extension of 
long cracks ~'23"24 demonstrated that R-curve 
behaviour of alumina is 'wake' controlled: crack 
surface interaction by interlocking grain bridging in 
the wake is assumed to shield the crack tip from 
applied stresses. 1~ Additional energy dissipation in 
the wake region thus increases the fracture resistance 
as the crack advances. 

For Mg-PSZ materials, it has been shown from 
SENB and DCB tests 3'7'8'1° that the initiation 
energy and the R-curve amplitude depend on 
material microstructure. A high tetragonal phase 
content material shows a starting KR value close to 
7 MPax/-m, which can reach 18 M P a x / m  for a crack 
length increment of 500pro. 8 However, it has also 
been shown 25 that an approach in terms of  
propagation energy, R, that takes into account the 
residual deformation after unloading, leads to a 
decreasing R-curve, which has been explained by 
transformation-induced plasticity at the crack tip. 

The toughening mechanism is mainly due to 
tetragonal to monoclinic transformation for high 
tetragonal phase content, while microcracking and 
crack coalescence occurs in high monoclinic phase 
content material. Bridging was also observed 8 in a 
low toughness PSZ in which a significant degree of 
intergranular fracture occurs. 

The target of this work is to give more insights 
into the evaluation and understanding of R-curve 
behaviour of polycrystalline alumina and Mg-PSZ 
materials. The influence of the starting crack type, 
environment, temperature and microstructure on 
the crack growth resistance has been investigated. 

2 Procedure 

and 55 vol.% m) obtained by ageing at 1300°C for 
6h. 

Controlled crack growth experiments were car- 
ried out under the three-point bending procedure 
(span 35mm), with a crosshead speed of 2p/min, 
on different environments (air, ethanol and water) at 
ambient and low temperatures. 

Two different bend specimens were used: (i) single- 
edge notched beam (SENB) where a pre-notch has 
been introduced using a 300#m diamond saw, 
followed by a thin notch made with a 70 pm saw, and 
(ii) single-edge precracked beam (SEPB) on which a 
sharp pop-in precrack was developed by the bridge 
indentation method, 26"2v from three Vickers indent- 
ation cracks (100N) regularly made on the sample 
face. Such cracks will be called 'natural' to distin- 
guish them from sawn notches. 

Specimen dimensions were typically 4 x 6 x 
4 0 m m  3 and the initial precrack depth to sample 
width ratio, ao/W, was chosen to be 0"6. The 
precracked samples were annealed for 15min at 
900°C to remove stresses due to the precracking 
procedure. 

To characterize subcritical crack growth during 
stable propagation, a v-K~ relationship (K~ being the 
stress intensity factor and v the crack growth rate) 
was determined on the basis of acoustic emission 
(AE) counts. A piezo transducer was mounted on the 
end of the SENB sample and a crack was stably 
propagated from the notch tip to approximately 
0"5mm of the crack extension, then the loading 
machine was stopped. The load was gradually 
reduced because of subcritical crack growth and the 
AE was recorded during relaxation. The total 
number of AE counts, N, and the count rate, N, were 
used to calculate the value of crack extension, Aa, 
and the crack growth rate, v, as follows: 

A a - a f - a i N  (1) 

a f  - -  a i v - - -  N (2) Uf 

where a i and a r are the initial and the final values of 
the crack length, Nf is the total AE counts at the end 
of crack extension. 

The materials used in this study were a commercial 
coarse-grained alumina (30#m) 99.7% pure and a 
partially stabilized zirconia containing 9mo1% 
MgO (i.e. Mg-PSZ). Mg-PSZ is constituted of a 
cubic matrix containing tetragonal (t) and mono- 
clinic (m) phase precipitates whose volumic propor- 
tions were varied by heat treatment. For this study, 
two distinct grades of material were retained: PSZ1 
(28 vol.% t and 7.5 vol.% m precipitates) obtained 
after ageing at 1000°C for 1 h and PSZ2 (3 vol.% t 

3 Calculation of the Crack Resistance Parameter 

Loading curves of the studied PSZ materials show a 
significant deviation from linearity and residual 
crack-opening displacement was observed on both 
alumina and PSZ when specimens were completely 
unloaded. 28 Acoustic emission recorded during a 
cyclic loading procedure has shown 28 that the 
residual crack-opening displacement could be 
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attributed to debris formation that prevent crack 
closure. 

To take into account the non-linearity of the 
loading curves, the crack growth resistance, R, was 
calculated using the graphical method of Sakai and 
coworkers 29'3° based on a dimensionless load 
displacement relationship. The results obtained for 
alumina and PSZl are compared to the fracture 
energy calculated as K2/E (K R being stress intensity 
factor and E the Young's modulus) when linear 
elastic behaviour is assumed (Fig. 1). It is clear that 
there is no significant difference between the two 
curves for both the two materials. The authors have 
therefore chosen to characterize the crack growth 
resistance of the materials studied in terms of the 
stress intensity factor, K R, calculated assuming a 
linear elastic behaviour, as follows: 

K R = O- Yx~/ (3) 

where c, is the applied stress, a the crack length 
calculated from the specimen's compliance, and Y is 
the geometric factor proposed by Srawley) ~ 

4 Results 

4.1 Alumina 
The effect of the initial precracking procedure on the 
R-curve behaviour of alumina has been investigated. 
The R-curves obtained with SENB and SEPB 
samples are compared (Fig. 2). For the last case the 
authors considered a specimen as-pop-in precracked 
and after annealing at 900-'(2' for 15 min. 

The initial applied stress intensity factor, meas- 
ured on SEPB tests, has the same value before and 
after annealing and is equal to 4"6 MPax/-m, which is 
much higher than that resulting from SENB tests, 
which typically give a value of 2"6 MPax/m.  The 
as-pop-in precracked specimen does not, however, 
show any significant further increase. After anneal- 
ing, a rapid increase in K R was observed followed by 
a plateau value and a little decrease when the crack 
length to sample width ratio, a/W, reached 0"75. 
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Fig. 2. Alumina. KR-Curves from SENB and SEPB tests. 

The difference observed between SEPB tests 
before and after annealing can be attributed to the 
relaxation by annealing of the residual stresses 
generally introduced during the pop-in-precracking 
procedure. 32 The high level of KR during the 
extension of long 'natural' cracks is a consequence of 
their stressed surfaces. Surface contact may lead to 
friction, interlocking or other dissipating 
mechanisms. 

The influence of subcritical crack growth (SCG) 
on the KR-Curve has also been investigated by 
carrying out experiments under different environ- 
ments as well as at low temperature. The KR-Curve 
has therefore been recorded in ethanol. In this case, 
the specimen was first held at 100C for 3 h, then 
immersed for 30 min in ethanol before the experi- 
ment. The crack resistance curve obtained in ethanol 
is clearly above that obtained in air (Fig. 3). This 
result may be correlated with the subcritical crack 
growth reduction associated with a low moisture 
medium such as absolute ethanol. It is also 
important to note that the KR reduction observed in 
air (with the SEPB test) after the maximum value is 
not present in ethanol. 

The influence of slow crack growth has also been 
investigated with experiments conducted at -65~C 
(Fig. 4). The samples were cooled by projection of 
liquid nitrogen into a thermally insulated box and 
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Fig. 1. R-Curves measured on SENB samples from dimension- 
less load load point displacement curve and from K R under the 

assumption of linear elastic behaviour. 
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Fig. 4. Alumina. KR-Curves (©) at ambient temperature (20°C) 
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Fig. 6. Influence of displacement speed on the KR-Curve of 
PSZ1 material (SENB tests). /% 2/~m/min; A, 10#m/min. 

the temperature was recorded with a thermocouple 
near the sample. The crack resistance curve at low 
temperature is clearly above that observed at 20°C. 
The high K R value at the propagation onset may be 
attributed to subcritical crack growth decrease due 
to both the nitrogen atmosphere and the associated 
low temperature. 

4.2 Zireonia 
For comparison, the R-curves of the two Mg-PSZ 
grades have been recorded for SENB specimens (Fig. 
5). For PSZ1 (higher tetragonal phase content), the 
initial value is about 5"6 MPax/-m and rapidly rises 
to 7"8 MPax/m after 6001tm of crack extension, Aa, 
and decreases for further crack growth. Although 
the initial value observed for the PSZ2 sample is much 
lower, the rising domain is longer. The decrease of 
the KR-curve after the rising part has been attributed 
to subcritical crack growth. Indeed, the maximum 
disappears when the tests are conducted at 
10 #m/min displacement speed (Fig. 6) and a plateau 
region is observed. 

The influence of the initial precrack on PSZ1 and 
PSZ2 is shown in Fig. 5. The KR-Curves of PSZ1 are 
very similar and therefore do not seem to depend on 
the starting crack. PSZ2 (high monoclinic phase 
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Fig. 5. KR-Curves from SENB and SEPB samples of PSZ1 (high 
tetragonal phase content) and PSZ2 (high monoclinic phase 

content) materials. 

content) shows a different behaviour. The curve 
corresponding to the SEPB specimen is clearly 
above that determined with the SENB test. The 
initial and plateau values rise respectively from 2.8 
and 5"3 to 6 and 9"8 M P a x / ~  when starting with a 
'natural' crack. This behaviour is similar to that 
observed for alumina. 

The effect of subcritical crack growth has been 
investigated from experiments conducted in air, in 
water and in a low humidity medium. For PSZ1, while 
the starting parts of several environment KR-curves 
coincide, the difference increases with crack exten- 
sion (Fig. 7). The K R decrease observed in air is 
significantly accentuated in water. Moreover, some 
instabilities have been observed in this latter case. In 
contrast, experiments conducted in alcohol lead to a 
continuously rising KR-Curve. The influence of the 
environment is very different in the case of the PSZ2 
material. The different KR-Curves are systematically 
shifted to higher values with decreasing humidity 
(Fig. 7). Such a difference in behaviour also appears 
on the crack propagation rate versus crack extension 
curves (Fig. 8). For PSZ2 (Fig. 8(b)), the crack 
propagation rate seems to be independent of the 
environment. It increases regularly and goes 
through a maximum (the same behaviour has been 
observed on alumina). For the PSZ1 material (Fig. 
8(a)), the crack growth rate is initially the same in 
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Fig. 7. KR-Curves from SENB samples of PSZI and PSZ2 in 
different environments. 
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Fig. 10. SEM micrographs  of fracture surface of (a)  PSZ1 and 
{b) PSZ2 materials. 

water and in ethanol. It increases regularly in ethanol, 
becomes nearly constant for ka  values in the range 
0.5 mm to 1.4 mm and decreases for further crack 
growth, while it shows saw teeth variation in water, 
with high accelerations corresponding to crack 
instabilities observed on the loading curves. 

K R values obtained for PSZ1 at low temperature 
( - 7 0 C )  are again higher than those obtained at 
ambient  temperature (Fig. 9). Observation of  
fracture surfaces (Fig. 10) show that the fracture of 
the PSZI material is mainly transgranular, while 
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Fig. 9. Kk-Curves from SENB samples of  PSZI (O)  at ambient  
tempera ture  (20°C) and  ( 0 )  at - 7 0 C .  

that of the PSZ2 material is both trans- and 
intergranular. 

5 Discussion 

5.1 Precracking procedure 
The comparison of the Ks-curves obtained for 
SENB and SEPB samples of alumina is in agreement 
with the crack-interface grain bridging mechanism 
that is generally used to explain R-curve behaviour 
of coarse-grained alumina. 24'26'33 The applied stress 
intensity factor K R can be written as follows: 

KR = Kti  p + A K  b (4) 

where K,p is the stress intensity factor at the crack 
tip and AK b the increase of the applied stress 
intensity factor due to grain bridging. 

Bridging occurs within an interaction zone in the 
crack wake, resulting in compressive stresses along 
the crack surfaces which shield the crack tip from the 
applied stress. The extension of such a wake zone 
with crack propagation diminishes the driving force 
at the crack tip and thus increases the crack growth 
resistance.14 A saturation behaviour (plateau of the 
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R-curve) occurs when the crack opening displace- 
ment (COD) reaches a maximum value, 6 m, beyond 
which no further bridging occurs. The interaction 
zone also reaches a maximum length, z m, and follows 
the crack tip. 

It should be noted that when the controlled rup- 
ture experiment is conducted on an 'as-pop-in' pre- 
cracked specimen (before any annealing), no tough- 
ening is observed, which means that the wake 
interaction zone has been fully developed during the 
precracking procedure. Annealing the sample may 
lead to residual stress relaxation, but residual stresses 
are not fully annealed. On the other hand, friction 
due to contact between the long crack surfaces 
(promoted by intergranular fracture) persists even 
after annealing experiments. 

To characterize R-curve behaviour of alumina, 
the extension of the interaction zone length, Az, and 
the bridging stress, o- b, were calculated from the plot 
of the stress intensity factor, K R, as a function of the 

square root of the crack increment, .~--~.34 This 
curve shows a linear part with a positive slope 
followed by a plateau region corresponding to the 
steady state regime. 28 The extension of the interac- 
tion zone length, Az, corresponds to the crack 
extension at the beginning of the plateau region and 
(7 b is calculated from the slope of the curve using the 
expression: 

K * = K  0+4o- b ~ -  (5) 

where K* is the plateau value and K 0 the stress 
intensity factor at the onset of the stable crack 
propagation. K o therefore corresponds to the crack 
tip stress intensity factor, K,p, for the SENB 
specimen, because no interaction initially exists 
between the crack surfaces. In the case of the SEPB 
specimen, K o is the sum of K,p and some toughen- 
ing contribution due to the pop-in precracking 
procedure. The crack opening displacement, 3m, was 
also calculated f r o m :  34 

The results are reported in Table 1 for SENB and 
SEPB samples. The bridging stress value is in good 
agreement with values reported in the literature for 
similar materials. 12'z3 The bridging stress value 
obtained for SEPB is larger owing to the residual 

Table 1. Alumina bridging parameters determined for SENB 
and SEPB samples 

a b (MPa)  Az  (Itm) (~m Otm) 

SENB 32 676 1"05 
SEPB 41 225 1"08 

stresses exerted on crack surfaces. For SENB 
specimens, no interaction initially exists between the 
notched surfaces. The wake bridging zone begins to 
develop during the controlled crack propagation (R- 
curve test) and reaches its maximum length, z m, at 
the onset of the R-curve plateau. Thus in this case 
Az = z m. For SEPB specimens, the development of 
the interaction zone begins during the pop-in 
precracking procedure, so the length Az calculated 
from the KR-Curve corresponds only to the further 
extension of such a zone and not to its maximum 
length, as is the case for SENB specimens. This 
explains why a lower Az value is obtained in this 
case. 

It should be noted that the maximum COD has 
nearly the same value when measured on SENB or 
SEPB samples. However, it is less than the value of 
7"5~m predicted by Steinbrech et al. 14 from the 
relation (~m = D/4,  where D is the mean grain size. 
Grimes et al. 24 have also observed such a difference 
between the maximum COD measured from the R- 
curve and that predicted by the previous relation. 
This may be attributed to the non-homogeneity of 
grain distribution of  the studied alumina. It 
contains coarse grains up to 100/~m and very small 
grains less than 10/~m. The fracture mode is 
intergranular for small grains, while coarse grains 
fail in a transgranular mode and thus do not 
contribute to grain bridging. Grimes et  al. 24 

proposed to correlate the maximum COD to the 
largest grain which fails intergranularly, rather than 
to the average grain size. 

According to their microstructure and toughen- 
ing mechanisms, PSZ materials show different 
behaviours in the presence of long 'natural' cracks. 
Rising R-curve behaviour of PSZ1 is attributed to 
stress-induced phase transformation,  while for 
PSZ2, in which tetragonal phase content is negli- 
gible, the predominant toughening mechanisms is 
interlocking grain bridging. The behaviour of the 
PSZ2 material is similar to that observed in alumina. 
The bridging parameters calculated from eqns (5) 
and (6) applied to a SENB specimen gives: o-b= 
52"5 MPa, z m = 960 ~m and 6 m = 3.7 #m. This latter 
value is higher than that obtained for alumina 
according to the larger grain size of PSZ2 ( ~ 50 #m) 
but it is again much less than the value of 12"5 that 
would be found from the relation proposed by 
Steinbrech et al.  a4 

The use of SEPB samples rather than SENB ones 
leads to an inversion of the level of the KR-Curves of 
the two PSZ grades (Fig. 5). This can be explained by 
the increase of the wake contribution in SEPB 
samples of PSZ2, enhanced by intergranular frac- 
ture. The PSZ1 material fractured mainly in a 
transgranular mode, so crack surfaces interaction 
are negligible in this case. Annealing an SEPB 
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sample after the pop-in precracking procedure 
removes the stresses due to the phase transformation 
around the crack tip and in the wake. The crack 
surfaces become stress free and the behaviour is 
similar to that obtained with an SENB sample. 

5.2 Subcr i t i ca l  c r a c k  g r o w t h  
Thc stress intensity factor acting at the crack tip, 
K,~,,, is generally considered as the result of  two 
contributions, i.e.: 

Kt~ p = K~ - AK~ (7) 

\vhere K~, is the stress intensity factor caused by the 
applied stress and AK~ is the contribution of  
shielding mechanisms, depending on micro- 
structure. 

In the absence of any subcritical crack growth, 
equilibrium is obtained when the stress intensity 
factor at the crack tip just balances the intrinsic 
toughness, K o, associated with the creation of crack 
surfaces: 

K t i  p = K o (8) 

According to this, eqn (7) can be restated as: 

K~ = K o + AK, = K R (9) 

Where K R characterizes crack growth resistance 
force if no stress corrosion cracking occurs. 

Under  conditions of  stress corrosion, SCG takes 
place, i.e. the crack propagates at a lower level of  

Ktip: 

K,i p < K o (10) 

Thus, the stress intensity factor, K a, calculated from 
the applied stress, is less than the value of KR, which 
would be found under the same conditions in the 
absence of SCG: 

/~, - Ktip -k AK~ < K R (11) 

Increasing SCG decreases Kt~ p and thus diminishes 
the stress intensity factor experimentally measured 
from the applied load. 

Crack growth resistance of alumina and partially 
stabilized zirconia is clearly influenced by environ- 
mentally assisted stress corrosion cracking. The 
SCG effect is, however, not the same for all materials 
studied, but seems to depend on microstructure and 
toughening mechanisms. For PSZ1, stress-induced 
transformation delays the SCG effect: the reduction 
of K,~p due to moisture stress corrosion is counter- 
acted by the increase of the shielding contribution 
associated with transformation toughening at the 
onset of  crack growth (rising part of KR-Curve). When 
the phase transformation contribution reaches 
its maximum (plateau region), it can not match 
the K, ip decrease, which leads to decreasing K R- 
curves in air or in water, where stress corrosion is 
important .  For  a lumina and PSZ2, the SCG 

10 -~ 

V 

( m / s )  

10-6. 

influence is observed at the onset of  crack propag- 
ation, since the whole curve is shifted towards higher 
values of KR in a low humidity environment. 
Interlocking grain bridging occurring in both 
materials does not allow the SCG effect to be 
delayed, which is promoted by intergranular frac- 
ture and by potential microcracking. 

The high toughness value observed at low 
temperatures for alumina (Fig. 4) and PSZ1 (Fig. 9) is 
attributed to reduced subcritical crack growth. In 
the case of PSZ1, however, all the measured KR- 
curves are shifted to a higher level at low tempera- 
ture, while a reduction of humidity has no effect on 
the rising part of  the curve. This can be explained by 
an increase in the thermodynamic driving force for 
tetragonal to monoclinic phase transformation, 
leading to a K R increase at the early stage of 
propagation. 

A plot of the v KI curves (crack growth rate versus 
stress intensity factor) obtained from the relaxation 
tests is shown in Fig. 11 for PSZ1 and PSZ2 
materials. Unlike the results of  Fett & Munz 2°'2~ the 
curves have no decreasing branch, as the relaxation 
experiments have been carried out in the stationary 
toughening regime (i.e. plateau region of the KR 
curve if no SCG occurs). The subcritical crack 
growth rate increases continuously with applied 
stress intensity factor and the slope of the data leads 
to n values for the usual power law fit to this curves 
(v= AK"t .  n was found to be 130 to 140 for PSZI 
materials and 35 to 45 for PSZ2 materials. Although 
a limited range of crack velocities was investigated, 
those values are in a good agreement with results 
t¥om double torsion samples, which give values of  
approximately 130 for PSZ1 and 45 for PSZ235 
(Saadaoui, M. et al., unpublished). 

The results show that stress corrosion acts 
simultaneously with stable cracking in a humid 
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Fig. !i. v K t diagrams obtained from relaxation tests after 
stable cracking in three-point bending. 
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env i ronment  and diminishes the crack shielding 

effects due to the toughen ing  mechanisms.  

6 Conclusion 

The use o f  a long crack on material  exhibit ing high 

in tergranular  fracture propensi ty  dramat ica l ly  in- 

creases the wake cont r ibut ion ,  which determines the 

material  toughness,  and thus masks o ther  toughen-  

ing mechanisms.  The R-curve differences de termined 

by SEPB and SEN B methods  show that  one can no t  

extrapolate  the toughness  obta ined  f rom no tched  

samples to the results that would  be observed in the 

presence o f  long "natural '  cracks. 

Envi ronmenta l ly  assisted stress co r ros ion  acts 
s imul taneously  with stable c racking  in a humid  

environment .  For  the high te t ragonal  phase conten t  

PSZ, t r ans fo rma t ion  toughen ing  delays the subcrit-  

ical crack g rowth  effect in the rising par t  o f  the K R- 

curve. In a lumina  and high monoc l in ic  phase 

con ten t  PSZ, the S C G  effect appears  at the onset  o f  

the crack p ropaga t ion ,  p r o m o t e d  by substant ial  

microcracking.  
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