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Abstract

Exposure to hot water vapour is shown to be useful for staining indentation crack profiles in doped zirconia polycrystals. This is illustrated here
in 3Y-TZP with two different grain sizes, for which Vickers indentation cracks are of Palmqvist type, as well as in 3Y-TZP with 2.5 wt.% cerium
oxide, for which indentation cracks are half-penny. The crack profile is clearly revealed on the fracture surface after biaxial flexural testing in all the
specimens previously exposed to hot water vapour. The contrast in 3Y-TZP is induced by t—m transformation caused by hydrothermal degradation,
which induces an intergranular fracture zone in front of the initial position of the indentation crack tip. The biaxial strength and apparent fracture
toughness of 3Y-TZP increase substantially with the time of exposure at a rate that depends on the grain size. On the contrary, in 3Y-TZP doped with
ceria no signal of t—m transformation is found and the flexure biaxial stress remains practically constant, but the initial position of the indentation
crack is also clearly revealed by an intergranular fracture zone in front of the initial position of the crack tip. In this case, this is associated to

environmentally assisted slow crack growth under the indentation residual stress during exposure to hot water vapour in autoclave.

© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

Indentation cracks have been frequently used to study the
fracture toughness of ceramics either from the measurement of
their crack length or from strength testing of indented specimens
(surface crack in flexure methods).! In such strength tests, it is
essential either to have an exact knowledge of the indentation
residual stresses or otherwise make sure they are removed by pol-
ishing or annealing the indented specimen before testing. This
requires knowledge of the starting crack for a posterior fracture
mechanics analysis, but the crack profile is frequently difficult
to visualize during the post-mortem fractographic examination
due to poor visual contrast. Environmentally assisted slow crack
growth may also be present during indentation or when the stress
is raised in strength testing at room temperature, and this opens
the question of the actual crack dimensions that have to be con-
sidered in the calculations. Swab and Quinn2 studied in 1998 the
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fracture surfaces of different indentation pre-cracked ceramics
after strength testing at room temperature showing the presence
of what they called “halos” around the periphery of indentation
cracks. In many of their ceramics, this halo was attributed to envi-
ronmentally assisted slow crack growth (in alumina and glass)
or to the indentation-induced residual stresses which initiated
crack growth.

In polycrystalline tetragonal zirconia stabilized with 3%
molar yttria (3Y-TZP) it is not easy to identify the initial
crack shape on the fracture surface of an indented pre-cracked
specimen. Halos around indentation cracks are not usually
observed for this ceramic in spite of possessing substantial slow
crack growth behaviour at room temperature.’ Susceptibility to
hydrothermal ageing is a distinctive feature of 3Y-TZP*® that
is, the formation of monoclinic content at the surface during
exposure to humid environments. The kinetics of ageing in air
is maximal around 250 °C and there is evidence that ageing is
also operative at much lower temperatures.>® Hydrothermally
aged 3Y-TZP specimens presents a micro-cracked surface layer
whose thickness increases with ageing time whilst the flexu-
ral strength decreases after long ageing times. If the ageing
conditions are aggressive enough, the specimen can even dis-
integrate. For example, Boukis et al.? investigated the corrosion
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resistance of Y-TZP in simulated supercritical water oxidation
environment at 465 °C and at the pressure of 25 MPa. Under
these severe conditions, the ceramic just disintegrated. Under
less severe conditions, Kojima et al.10 also found that 3Y-TZP
sintered at temperatures equal or higher than 1550 °C disinte-
grated under ageing in arange between 200 °C and 400 °C and at
a pressure of 30 MPa. The degree of disintegration depended on
the grain size of the sintered body and the ageing temperature.

If an indentation crack in 3Y-TZP is exposed to water vapour,
it is expected that the exposed crack surfaces will transform to
monoclinic phase in a similar way as the specimen surface. As
this ageing process is normally accompanied of micro-cracking,
the aged crack tip will become visible on the fracture surface
as a zone showing the typical morphology of degraded surface
layers with intergranular fracture if adequate degradation con-
ditions are used. Recently, we have observed!! a strong contrast
on the fracture surface in the periphery of the indentation crack
in commercial 3Y-TZP subjected to ageing. That work focused
on the changes in the fracture strength that were detected in
indented specimens after long ageing times. Here we focus on
the visual contrast produced by the water vapour exposure in the
periphery of indentation cracks in 3Y-TZP ceramics with differ-
ent susceptibilities to hydrothermal degradation. The effect of
water vapour is also investigated in another yttria doped zirconia
ceramic that was made stable in front of hydrothermal degrada-
tion by the addition of cerium oxide. Although in this ceramic
no t—m transformation was expected in front of the crack tip, the
crack front could be detected by the marks left on the fracture
surface by environmentally assisted slow crack growth during
exposure to water vapour.

The present work focuses on using ageing as a method for
“staining” the crack profile so that it can be observed easily
by fractography. This method can be used in sacrifice indented
and annealed specimens to properly identify the crack profile,
and then the strength can be measured in identical indented
and annealed but non-degraded specimens. In this way, one
can obtain the fracture toughness without uncertainties about
the effect of hydrothermal ageing on the strength. However, the
method might be also used to mark the crack profile in the actual
specimens tested for the determination of fracture toughness, as
far as it may be proved that degradation for short times has a
negligible influence on the strength.

2. Materials and methods

Commercial TZ-3YSB-E powder (Tosoh Co., Japan) was
cold isostatic pressed at 200 MPa producing green compact bars
which were sintered in an alumina tube furnace (Hobersal ST-
18) with heating and cooling rates of 3 °C/min. Two sintering
temperatures were used: 1450 °C and 1550 °C; producing two
materials with different grain size (named here as AS5 and AS7,
respectively). A third material (AS3) was produced from the
same starting powder (TZ-3YSB-E) by presintering at 1200 °C
producing a bar with ~35% apparent porosity as measured by
mercury intrusion porosimetry. The porous bar was cut into discs
of 2 mm thickness, which were then immersed in a solution of
50% by weight of a cerium salt solution in ethanol (Alfa Aesar

Cerium III Nitrate Hexahydrate). After immersion of the discs
for 10 min, they were dried at 200 °C for 1h and then sintered
at 1450°C for 2h to achieve full density. The final specimens
produced in this way contained 2.5% wt cerium on their surface
as analysed by Electron Probe Micro Analysis (EPMA Cameca
sx50). AS3 possessed a similar grain size as ASS5 but lower t—-m
phase transformability at the surface. CeO; is a stabilizer of
the tetragonal phase, inducing a lower fracture toughness and
decreasing the susceptibility to ageing due to its higher phase
stability. The reason to choose AS3 was to study the effect of
hydrothermal exposure on the indentation crack when no age-
ing occurs. As AS3, ASS5 and AS7 possessed different fracture
toughness and crack shapes, the influence of these parameters
on the resistance to hydrothermal degradation can be assessed.
The numbers 3, 5 and 7 next to AS indicate the value of the
indentation fracture toughness of each material.

Indentation fracture toughness in air, K;c, was determined
with the aim of ranking the materials in terms of fracture tough-
ness. Vickers indentations were done at 5, 10, 20 and 40 kg and
the produced cracks were used to estimate Kjc. For AS5 and
AS7, the cracks were of Palmqvist type (not connected below
the imprint) and Kjc was determined with the equation proposed
by Niihara et al.!?:

E 0.4 PH 1/2 2¢
Kic =0.025( — — ;1 <— <25 1
1 (H) (8c) =7 ()

where d is the imprint semi-diagonal, 2¢ the observed crack
length at the surface (distance from imprint corner to crack
tip), E is the Young modulus, and the hardness parameter
stands for H=P/2d*> (P is the indentation load). For AS5
it was obtained K;c=35.140.1 MPam!2, whilst the coarse-
grained material AS7 showed a higher fracture toughness of
Kic=6.9+0.2MPa m!2. For AS3, the indentation cracks were
connected below the imprint and Kj¢ in this case was determined
with the equation proposed by Anstis et al.!3:

E 0.5
K,C:o.016(H) P32 )

Here ¢ represents here the radius of the half-penny crack.
For AS3, it was then obtained that K;c=2.9+0.1 MPam!/2
(3.8 £0.1 MPam!?, in case Niihara equation is used). Although
indentation methods give only rough estimations of the actual
fracture toughness,'# it is clear that fracture toughness increases
in the order AS3, ASS5 and AS7. From the sintered bodies,
discs were obtained with 10 mm diameter and 2 mm thickness,
which were polished up to colloidal silica finishing achieving
an average roughness of R, <0.005 wm. The Young modulus
was 230 GPa for all materials as measured by the impulse exci-
tation technique (GrindoSonic MK5i) and the bulk density was
over 99% of the theoretical full density as determined by the
Archimedes method. The rest of mechanical properties are given
in Table 1. All materials had a fully tetragonal microstructure;
however, the existence of a small amount of cubic phase can-
not be ruled out because of the overlapping of the cubic and
tetragonal phases.



FEG. Marro et al. / Journal of the European Ceramic Society 32 (2012) 1541-1549 1543

Table 1

Properties of the materials: final sintering conditions (temperature and time),
average grain size, 1kg Vickers hardness, indentation fracture toughness Kjc
and monoclinic content at the surface after 100 h of exposure in autoclave.

Material ~Sintering Grainsize HV1 (GPa) Kjc (MPam!'?) V,,
(pm)

AS3 1450°C,2h  0.30 12.0 2.9 0%

ASS 1450°C,2h  0.30 12.0 5.1 80%

AS7 1550°C, 4h 0.85 16.0 6.9 80%

The specimens were indented at the centre with a 10 kg load,
producing Palmgqvist cracks at the imprint corners in AS5 and
AS7,butin AS3 they were half-penny cracks as previously men-
tioned. The strength of the specimens was controlled by these
cracks, since they were much larger than the critical defect size
of non-indented specimens. In order to remove the indenta-
tion residual stresses, only ASS5 specimens were annealed at
1200°C for 1h after indentation. Afterwards, the specimens
were hydrothermally aged by exposure to 100% steam atmo-
sphere in autoclave at 131 °C and 2 bar pressure for different
times up to 100 h. AS3 and AS7 indented specimens were also
hydrothermally aged under the same conditions, but without
previous annealing. In order to determine the monoclinic con-
tent at the surface of the specimens, X-ray diffraction (XRD)
was performed on the aged discs with Cu K, incident radia-
tion (1.5406 A) in symmetric —26 configuration with a Bruker
AXS D8 diffractometer. From the XRD spectra, the monoclinic
volume fraction was then determined as':

13T 1) + Iy,(111))
131U Ly (11 1)+ 1,(101)

3

m

Here I; and I, represent the integrated intensities of (11 1)
tetragonal and of either (111) or (111) monoclinic peaks,
respectively. To study the effect of water vapour exposure on
the strength of the indented discs, these were broken by a ball-
on-three ball test in an Instron 8511 machine with WC balls
of 6 mm diameter at 20 N/s loading rate. For this biaxial flex-
ural test, the stresses in the disc centre have been previously
determined by finite element analysis by Borger et al.'®!7 The

100 pm

maximum stress at the disc centre can be obtained from the

following expression'®:

2(1 1 5 1 i ’ 4
(+“)“(m)+( —v)(RD> )

where F is the applied load, v is the Poisson’s ratio of the
material taken here as 0.3, Rp and ¢ are the disc radius and thick-
ness, respectively, and R is the support radius (distance from
the disc centre to the support points). The parameter « ensures
an equi-biaxial stress state in the specimen centre; a value of
a=0.2 was suggested by Fett et al.'® from FE-results reported
by Shetty et al.' for R/Rp=0.75, v=0.3, and #/Rp =0.1. The
fracture surfaces of the broken disc specimens were observed
by laser scanning confocal microscopy (LSCM, Olympus Lext)
and then by scanning electron microscopy (SEM, JEOL JSM
6400). Focused ion beam (Zeiss Neon 40 FIB/SEM crossbeam)
was used to mill cross-sections and visualize the microstructure
around a crack after exposure to water vapour.

Fig. 1 shows the top view of two indented AS5 specimens;
one is an indented disc showing the produced indentation cracks,
the other image shows a portion of an indented disc just after
fracture by the biaxial flexural test. All indented discs fractured
into two half-pieces, and in this figure it can be appreciated how
the fracture plane corresponds to indentation in one indenta-
tion crack plane, thus enabling their posterior visualization as
appreciated in the following images).

4712

Omax =

3. Results

As a consequence of their different grain size and stabilizer
content, the materials studied showed different susceptibility to
hydrothermal ageing. This was evaluated considering the growth
rate of the degraded layer on the surface of the specimen, as
observed in cross-section from the fracture surfaces of broken
specimens. This layer is known to be rich in monoclinic content
due to the water-induced t—m transformation; however, it does
not exactly correspond to the monoclinic content profile’; it
rather indicates the depth of the specimen up to which the struc-
tural integrity has been affected by the water species so that the
fracture mode becomes completely intergranular.

Fig. 1. LSCF micrographs showing an indentation on two ASS5 specimens: (left) top view of a disc just after indentation (right) top view of an indented disc after

fracture by biaxial test.
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Fig. 2. Change with ageing time of the surface degraded layer and the biaxial
strength for 3Y-TZP specimens with a 10 kg indentation. The evolution of both
parameters with ageing time is shown for the three different 3Y-TZP conditions
(AS3, AS5 and AS7). This layer corresponds to the intergranular zone that can
be appreciated on the fracture surface of an aged specimen.

Fig. 2 shows the growth of the surface degraded layer with
ageing time for the different material conditions. Low-toughness
AS3 was resistant to ageing even after 100 h of hydrothermal
exposure, as revealed by the lack of degraded layer on the frac-
ture surfaces. Characterization by XRD showed no monoclinic
phase content on the AS3 specimens after the longest hydrother-
mal exposure. On the other hand, ASS5 (which corresponds to
the standard grade 3Y-TZP) was susceptible to ageing, show-
ing a growth of the surface degraded layer up to 9 wm after
100 h of hydrothermal exposure. After this long time, the mono-
clinic content was up to 80% on the surface of the specimens as
determined by XRD. Finally, AS7 was the most susceptible to
ageing, presenting a degraded layer of about 20 pm after 100 h
of hydrothermal exposure. As explained before, AS7, which has
the coarser grain size, was also the most degraded, due to the
well established relationship between transformability and grain
size 421-23

Fig. 2 also shows the evolution of the biaxial strength of
the indented specimens with the time of exposure in autoclave.
For AS3, the initial strength of indented specimens before auto-
claving was around 260 4+ 50 MPa, and it remained the same
even was after the longest exposure to autoclave. The strength
of AS3 was the lowest as compared to ASS5 and AS7, which
is related to its lower fracture toughness and to the indenta-
tion crack geometry (as shown in Figs. 3-5). The indented and
annealed AS5 specimens had an initial strength (without auto-
claving) of 470 4+ 90 MPa. It should be outlined here again that
these specimens were annealed at 1200 °C in order to remove any
indentation residual stress. No change in the strength was found
in ASS after only a few hours of autoclaving, however, after
48 h the strength began to increase substantially. Indeed, after
100 hit had increased up to 700 MPa. This increase in strength of
indented specimens with ageing cannot be explained by relax-
ation of the indentation residual stresses by ageing, as these
were initially removed by annealing as mentioned previously.

The reason for this strength increase in ASS5 has been addressed
elsewhere.!! It can be seen that the effect is even stronger in AS7
indented specimens whose strength is more than 700 MPa only
after a few hours of autoclaving. However, for ageing periods
longer than 50 h, the strength of AS7 practically did not increase
any further as can be appreciated in Fig. 2.

Strengthening on zirconia-based ceramics by residual
stresses created by transformation is a well-known phenomenon
in zirconia-based laminates?>2° in which the strengthening is
due to compressive residual stresses in the external transformed
layer induced during cooling from the sintering temperature.
However, the strengthening described here is related to large
indentation cracks nearly an order of magnitude deeper than the
thickness of the surface transformed layer. The transformed layer
has hardly any effect on the flexure strength of degraded smooth
specimens after short ageing times, whilst reduces significantly
the strength after long ageing times.?’” The fracture surfaces of
the indented discs subjected to hydrothermal treatment were
visualized by SEM. This allowed confirmation of previous find-
ings in non-annealed AS5,!! where it was observed that the edge
of the indentation cracks becomes marked if the indented spec-
imen had been hydrothermally exposed. For AS3 a bright and
wide “halo” could be clearly observed around the periphery of
the indentation crack (Fig. 3). Close inspection reveals that this
halo corresponds to a zone of intergranular fracture; however, no
degraded layer appears close to the surface of the discs outside
the indentation region. This absence of degraded layer is coher-
ent with the fact that the AS3 condition is resistant to ageing. In
this low-toughness material, the revealed cracks are half-penny
type (connected below the imprint), and the crack depth is about
145 pm.

The fracture surface of the indented, annealed and aged AS5
specimens also presents a bright contrast around the edge of
the indentation crack as observed by SEM (Fig. 4). It can also
be appreciated that AS5 is susceptible to hydrothermal degra-
dation by the presence of the degraded layer with intergranular
fracture close to the surface of the discs (outside the indenta-
tion region). Close inspection of the contrasted region in front
of the indentation crack edge reveals again that the fracture is
intergranular. In this higher toughness material condition, the
cracks induced by the indentation can be appreciated to be of
Palmgqvist type (not connected below the imprint) with a depth
of 73 wm. Finally, the fracture surface of the AS7 specimens
(Fig. 5) clearly manifests their higher toughness by the smaller
size of the indentation cracks, which are also of Palmqvist type
and with a depth of only 44 pwm. This material was the most
susceptible to degradation showing the largest degraded layer at
the surface.

Fig. 6 displays the fracture surfaces of indented ASS5 speci-
mens subjected to different ageing times, as observed by LSCM
microscopy. This figure demonstrates that optical microscopy
is sufficient in order to appreciate the contrast around the edge
of the crack. If the indented specimens are not autoclaved, then
their fracture surfaces show practically no contrast, being diffi-
cult to determine the initial indentation crack profile (Fig. 6a).
After 24 h of autoclave, a thin dark zone can be appreciated in
front of the crack edge similar to that found near the surface of
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a) 200 pm b) 30um
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Fig. 3. SEM micrographs showing the fracture surface of an indented (10kg) AS3 specimen exposed for 100 h to water vapour in autoclave: (a) general view, (b)

detail of the periphery of the crack, and (c) detail of the surface of the specimen.

a) 200 pm o b)

30 pm

c) 30 pm

Fig. 4. SEM micrographs showing the fracture surface of an indented (10kg) AS5 specimen exposed for 100 h to water vapour in autoclave: (a) general view, (b)

detail of the periphery of the crack, and (c) detail of the surface of the specimen.

the specimen as a consequence of the action of water. It corre-
sponds to the bright contrast that can be appreciated by SEM. Its
different appearance by using the two different microscopy tech-
niques is because they produce different contrast on the same
area: in SEM, an intergranular fracture zone of a non-conducting
specimen appears in brighter contrast due to electrical charging
of the surface at that location, whilst in optical microscopy the
same zone appears as dark since a higher roughness surface is
less reflective to light. For longer exposures to autoclave (48 h
and 100 h), both the dark zone around the crack edge and the
degraded layer on the surface of the discs increase. These images
show that only 24 h of exposure to water vapour in autoclave is
sufficient in ASS5 to clearly reveal indentation cracks on the frac-
ture surface of standard 3Y-TZP, as examined simply by optical
microscopy.

It is worth to outline that the AS3 specimens were resis-
tant to ageing so that water vapour did not induce any t-m

a) ~ 100 pm b)

20 ym

transformation on the edge of indentation cracks. However,
the dimensions of the indentation crack increased during
autoclaving. It was actually observed that the 10 kg indentation
crack increased its length from 110 m to about 150 pm
after the hydrothermal exposure. Inspection by Atomic
Force Microscopy (AFM) of the extended crack showed a
marked intergranular path, suggesting subcritical crack growth
induced by the hydrothermal exposure (Fig. 7). Therefore,
environmentally assisted slow crack growth occurs in AS3
during hydrothermal exposure without any detectable t—m
transformation.

Inspection of the indentation crack below the degraded sur-
face layer of the discs was performed on an indented ASS
specimen by means of Focussed Ion Beam (FIB) milling. After
autoclaving for 100 h, the surface was ground and polished in
order to remove completely the surface degraded layer of the
discs and the crack was observed from the top (Fig. 8a). FIB

c) 30 pm

Fig. 5. SEM micrographs showing the fracture surface of an indented (10kg) AS7 specimen exposed for 100 h to water vapour in autoclave: (a) general view, (b)

detail of the periphery of the crack, and (c) detail of the surface of the specimen.
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Fig. 6. LSCF micrographs showing the fracture surfaces of indented (10kg) ASS specimens exposed to water vapour in autoclave for different periods of time: (a)

no ageing, (b) 24 h, (c) 48 h, and (d) 100 h.

milling was used to produce a trench on the crack (Fig. 8b),
and the cross-section was then polished by ion beam milling
allowing the evaluation of the material at both crack faces. The
crack is almost completely closed and its trace into the bulk can
be barely detected (Fig. 8c), in part because the cross section
selected is very close to the crack tip and also because of the
expansion related to transformation by effect of water vapour.
It can also be appreciated that the material on both crack faces
is highly micro-cracked. This micro-cracking is typical of the
affected layer of degraded 3Y-TZP,*!12* proving that the water

vapour reached indeed the crack tip producing the spontaneous
t—m transformation process.

4. Discussion

The initial indentation crack profile could hardly be discerned
on the fracture surfaces of specimens tested in flexure (Fig. 6a).
However, if the specimens were exposed to water vapour in
autoclave before testing, then the border of the indentation crack
was clearly resolved on the fracture surface. This procedure may

Fig. 7. Atomic Force Microscopy (AFM) images of a 10kg indentation crack on an AS3 specimen after 100 h exposure to water vapour. The arrow in the left
micrograph indicates the beginning of the assisted slow crack growth during autoclaving; the other micrograph clearly reveals the irregular path of the extended

crack.
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a)

Fig. 8. FIB cross-section of a 10kg indentation crack on an AS5 specimen degraded for 100 h. The specimen was grounded and polished after ageing in order to
remove the surface degraded layer: (a) top view of the degraded crack after grinding and polishing the specimen surface (the platinum layer indicates the location
where the FIB trench was milled), (b) general view of the produced FIB trench, and (c) closer view of the polished trench, showing microcracks present around the

crack (crack path is indicated by an arrow).

be used as a simple method to mark the edge of indentation
cracks in TZP zirconia.

4.1. Effect of water on AS3

The origin of the observed intergranular fracture region
around the indentation crack in AS3 is different than for AS5 and
AS7. AS3 is not susceptible to ageing, so that during autoclaving
no t—m transformation took place as determined by XRD. How-
ever, the indentation crack in these specimens increased during
autoclaving as observed from the crack length on the specimen
surface. The original crack profile and the ensuing extension by
subcritical crack growth are clearly revealed on the fracture sur-
faces as an intergranular fracture zone. In spite of such crack
growth by hydrothermal exposure, the strength of indented AS3
specimens was not affected. This can be explained by noting
that the residual stress intensity factor can be written in terms of
crack length as?®:

s \ 32
K, (1) = Kic <%> ()

where ¢ is the initial indentation crack length in an inert environ-
ment and c(?) is the crack length after subcritical crack growth in
contact with water vapour for a time . The dependence between
crack velocity, dc/dt, and stress intensity factor (SIF), K, is usu-
ally represented by a power law, that is,

dc K \" ©
— = -
dt 0 Kic

where vg and n are constants. This behaviour is obeyed in the
three stages of subcritical crack growth, with different values
of n and vy at each stage.> Crack growth is fastest immediately
after indenting when K~ Kj¢, and decreases rapidly as soon as
K < Kjc since the exponent n is usually very high (normally >15).
The crack growth will stop when K reaches the threshold for
environmental subcritical crack growth, Kp;. The crack exten-
sion that takes place in the autoclave is relatively large since,
after 100h, c is about 36% longer than ¢, and this implies a
reduction to about 63% of the initial residual SIF. As the SIF
threshold is about 57% of K;¢ for 3Y-TZP;? this means that the
indentation crack could still grow, but at lower rate, if the disc
was left longer in the autoclave. Therefore, the increase in crack
length after hydrothermal ageing is compensated by a reduc-
tion in the residual SIF so that the strength is kept constant. The
strength of indented specimens in unidirectional flexure tests
depends only of the indentation load and does not depend on
the amount of crack environmental slow crack growth that may
take place during the time elapsed after indentation until strength
testing. On the other hand, the lower strength of AS3 in the only
indented condition with respect to AS5 and AS7 in the same
condition is related to its lower fracture toughness.

4.2. Effect of water on AS5 and AS7

In AS5 and AS7, exposure to water vapour induces t—-m phase
transformation on the exposed surface forming a degraded layer
(Figs. 4c and 5¢) with high monoclinic content as confirmed by
XRD (Table 1). The profile of the Palmqvist indentation cracks
in AS5 and AS7 is revealed after ageing, showing different
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crack shapes for both conditions. The crack edges undergo t—m
phase transformation during hydrothermal exposure (as clearly
revealed by FIB cross-section) and the transformed zone in front
of the crack increases with ageing time. This is in agreement
with the progression of the t—m transformation underneath any
surface during autoclaving. Since AS7 is more transformable,
the contrasted region in front of the crack tip is larger than
in ASS. The same behaviour is found for the thickness of the
degraded layer on the surface of the discs, which grows faster
in AS7 than in ASS5. This shows that the main variable that
explains the difference between ASS5 and AS7 is their differ-
ent t—m transformability rather than the presence of indentation
residual tensile stresses.

The strengthening of indented 3Y-TZP with ageing can be
explained by crack tip blunting. The formation of the micro-
cracks in front of the crack tip may be aided by the tensile
residual indentation stresses. This region will be subjected to tri-
axial stresses by the indentation residual stress field as well as by
applied stress during strength testing. The existing micro-cracks
may then extend and coalesce with other microcracks given rise
to intergranular fracture and some grain may be detached and
produce debris in front of the crack tip on the fracture surface
(see Fig. 5). The crack will extend until encountering the high
toughness tetragonal bulk only a few microns ahead. In this
process, the tip effective radius increases proportionally to the
thickness of the degraded zone. Strengthening will take place
only when the radius of the crack tip becomes larger than a
minimum value; so that some degradation time will be needed
before the phenomenon appears. This time will be shorter for
AST7 since it is more susceptible to ageing.

It may be appealing to explain the increase in strength after
autoclaving in AS5 and AS7 by transformation toughening
instead of crack tip blunting. It is clear that compressive residual
stresses appear on the transformed zones (both on the surface
degraded layer as well as near the crack edge). But there are
some differences with respect to transformation toughening. In
transformation toughening the transformed zone in front of the
crack is not micro-cracked, and, in principle, its effect on crack
growth resistance is effective as the crack extends (R-curve).
By contrast, we assume here that the water species transform
and micro-crack the region adjacent to the crack tip without any
crack growth, so that when the specimens are tested in biax-
ial flexure the cracks in this region coalesce inducing a blunted
crack in front of the high toughness tetragonal phase. This is
supported by the debris that appears on the fracture surface at
the original indentation crack profile.

4.3. Fracture toughness

The stresses in the B3B test are not symmetric with respect
to the disc centre, but the symmetric stress solution for the ball-
on-disc test given in Eq. (4) describes also the stress state in this
non-symmetric case with deviations less than 5% for x/Rp < 0.15
as shown by Fett et al.!® As the discs were indented at the centre
with a 10 kg load, both types of indentation cracks studied here
extended from the centre up to distances lower than 5% of the
disc radius. Hence, the stress on the indentation crack in the ball

on three balls testing device used here is practically constant and
equal to the maximum stress given by Eq. (5). Fett et al.!8 also
concluded that tensile stresses in the depth direction in the centre
of the disc diminish linearly until zero at half the thickness. The
mode I stress intensity factor at fracture can then be written as,?

Kic = £ (%) omaxvi )

The function f(a/t) depends on the ratio of the elliptical crack
semi-axis a/c and is only available for a < c. We now compare the
present results for strength with those for fracture toughness of
ASS since for these specimens the SFI of the indentation crack is
only the applied stress as the indentation residual stress had been
removed by annealing after indentation. For simplicity, we shall
consider the values provided for this function when a = ¢ (semi-
circular crack); and the crack size was measured on the fracture
surface of the specimen after ageing for 24 h (a=73 pm). For
the present disc thickness (¢=1.9 mm), we have fla/t) ~ 0.24.
By using the strength of the non-degraded specimen (see Fig. 2)
we can calculate the fracture toughness by using Eq. (7) obtain-
ing ~4.9 MPam'/?, which is a reasonable value in the range of
values often measured in biomedical grade 3Y-TZP by using nor-
malised standard fracture mechanics tests methods in pure mode
1. This demonstrates that if the ageing time used for marking the
crack is short enough so that strength is not affected (as here for
24 h ageing in AS5 material), then the observed final strength
and the marked crack dimensions can be both used directly in
the final fracture mechanics evaluation. However, one should
be sure the crack is not blunted by ageing since Eq. (7) does
not hold for a blunted crack. If the time of ageing is long (for
example, like here 100 h autoclave in ASS5), then the strength
obtained is 783 = 90 MPa, without any significant change in the
crack length or shape (f(a/t) does hardly change with ageing).
The measured fracture toughness would then be affected by the
radius of the degraded microcracked zone that has been trans-
formed by the effect of the water vapour, which now is of about
5 wm (Fig. 8).

The increase in volume associated to t—-m transformation does
not produce an important increase in shielding since transfor-
mation is starting always on the surface, that is, on the crack
faces directly and not in front of the crack tip as in transforma-
tion toughening. This may explain why there is no increase in
strength is after 24 h of ageing and the very small increase after
48 h.

For ASS5, short ageing times do not affect the strength, the
fracture toughness can be determined in specimens previously
aged in order to reveal the crack shape and dimensions. In this
case, the width of the degraded zone in front of the crack tip
after 24 h ageing is of about 1 wm, so that the crack is still sharp
enough for using Eq. (7). In general, the minimum ageing time
necessary to keep the sharp crack enough (and therefore do not
affect the strength) for an indented specimen will depend on the
degree of degradation of the crack tip. In AS7 the grain is coarser
than in ASS, therefore ageing is faster, so that a shorter ageing
time is needed in AS7 to stain the crack edge without affecting
the strength of indented specimens.
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5. Conclusions
The main conclusions are summarized as follows:

e Exposure to hot water vapour is useful for revealing the
profiles of indentation cracks in tetragonal polycrystalline zir-
conia. The procedure was illustrated in 3Y-TZP specimens
of different grain size with Palmqvist indentation cracks of
different shape. The crack profile is clearly revealed on the
fracture surfaces after flexural testing if the specimens are
previously exposed to 131 °C water vapour in autoclave. The
contrast is produced by intergranular fracture in a region in
front of the initial position of the crack tip which is induced
by tetragonal-to-monoclinic phase transformation during the
water vapour exposure. After long ageing times, the biax-
ial strength and corresponding apparent fracture toughness
increase substantially.

e 3Y-TZP doped with 2.5% weight ceria by infiltration in the
presintered state, is resistant to hydrothermal degradation, less
tough and indentation cracks are median. But the initial inden-
tation crack profile is also clearly revealed which is associated
to the existence of strong environmentally assisted slow crack
growth under indentation residual stress during autoclaving.
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