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bstract

he effect of hydrothermal ageing on indentation cracks has been determined in 3Y-TZP by measuring the flexure strength of indented specimens
efore and after ageing. A substantial increase in strength was observed after ageing, in contrast to the well known decrease in strength in smooth
pecimens with only natural flaws. The increase in strength with ageing also occurs if the indentation residual stresses are previously removed
y annealing. Observations around the crack tip show the formation of a highly microcracked zone during vapour exposure. Fractographic and

icro-Raman analysis observations show that the profile of the cracks is marked on the fracture surface by this zone which is intergranular with a

rumbled appearance and in which transformation has taken place. The increase in strength is discussed in terms of crack tip blunting induced by
he multiaxial stresses that develop in front of the crack under bending.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

Tetragonal polycrystalline zirconia stabilized with 3% mol
ttria (3Y-TZP) has been used in orthopaedics for years and,
ore recently, in a large range of dental devices (crowns, bridges,

butments and implants).1 These applications arise from its good
iocompatibility and high mechanical strength of ∼1000 MPa.
dditionally, it possesses a moderate fracture toughness of
5 MPa m1/2 caused by a phase transformation mechanism from

etragonal (t) to monoclinic (m) in front of a propagating crack.
his locally induced t–m transformation is accompanied by a
olume increase of about 4% which shields the crack tip as it
xtends.2 On the other hand, the t–m transformation can also
pontaneously nucleate at the surface during exposure to humid
nvironment at temperatures between 25 and 300 ◦C.3 With
ime, it extends into the bulk accompanied by micro-cracking,

esulting in a loss of mechanical integrity in the affected sur-
ace. TZP ceramics stabilised with different type of aliovalent
ations are susceptible, in a variable degree, to this phenomenon

∗ Corresponding author at: Center for Research in Nanoengineering, CRnE,
niversitat Politècnica de Catalunya, Pascual i Vila 15, 08028 Barcelona, Spain.
el.: +34 93 40 54454.
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hich is frequently referred to as low temperature degradation
LTD).4 This lack of long term stability is a serious drawback for
pplications in humid environments. LTD has been detected in
ome explanted femoral heads made of 3Y-TZP after a few years
n vivo. In this case, LTD may cause roughening of the surface5,6

nd grain pull out under contact loading inducing osteolysis and
septic loosening.7

LTD reduces the strength of a TZP ceramic because of the for-
ation of low toughness monoclinic content and microcracks at

he affected surface.8–12 As strength is controlled by the defect
opulation, it is important to assess the effect of hydtrother-
al ageing on cracks. For this purpose, one has to consider the

trength of specimens with artificial cracks larger than the nat-
ral flaw population. Indentation cracks are an important tool
or this study because they are sharp, easy to produce and, if
ufficiently large, they become the critical defect. In 3Y-TZP,
ndentation cracks are frequently of Palmqvist type (i.e., not
onnected below the imprint) with a shape that depends on the
pecific indentation load.13

To the best of our knowledge, there exists only one work on
he effect of ageing14 on Vickers indented 3Y-TZP by Wang et al.

n 1992, who surprisingly report a partial recovery of strength
ith ageing of the indented specimens in coarse grain size

1.2 �m) 3Y-TZP. However, a close examination of their results
hows that the scatter of strength for all conditions practically

dx.doi.org/10.1016/j.jeurceramsoc.2011.08.019
mailto:fernando.garcia.marro@upc.edu
dx.doi.org/10.1016/j.jeurceramsoc.2011.08.019
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Fig. 1. Increase of the crack length with indentation load in discs obtained from
t
t

b
m
a
i
o
g
1

o
p
d
t
r
l
ural strength was determined. It was observed that the strength
of the indented rods increases for annealing times of up to 1 h
(see Fig. 2), while the strength does not practically change any
18 F.G. Marro, M. Anglada / Journal of the E

verlap each other, so their results are not conclusive, and nei-
her do they show any fractography observation of the tested
pecimens. Besides this single study, in the past the attention
as been focussed on the influence of ageing on the strength
f specimens with natural flaws without paying attention to the
recise effect on surface cracks. The present work studies the
ffect of LTD on the strength of specimens with indentation
racks. Some indented specimens were annealed with the pur-
ose of removing the indentation residual stresses. By doing so,
t is also important to minimise any possible crack healing or
lunting during the high temperature annealing treatment. All
hese points are addressed here, as well as the change in strength
uring hydrothermal ageing of cracked specimens.

. Materials and procedures

The specimens consisted in 3Y-TZP cylindrical rods (8 mm
iam., 64 mm length) from Kyocera Corporation (Japan). The
icrostructure and mechanical properties of this ceramic are

eported elsewhere.15,16 The Vickers hardness measured with
kg load is HV1 = 12.5 GPa and the average grain size is
.30 �m.

.1. Fracture toughness

The fracture toughness was estimated by the indentation
ethod. Discs cut from the rods were polished with colloidal

ilica up to mirror-like finishing; then indented in a range of
oads between 5 and 40 kg producing cracks at the imprint cor-
ers. The indentation fracture toughnessKindIC was then obtained
ith the expression proposed by Niihara et al.17 for Palmqvist

racks:

ind
IC = 0.025

(
E

H

)0.4(
PH

8c

)1/2

; 1 ≤ 2c

d
≤ 2.5 (1)

Here, P is the indentation load, d the semi-diagonal of the
mprint, 2c is the crack length at the surface as measured from
he indentation vertex to the crack tip, and the hardness param-
ter stands for H = P/2d2. Eq. (1) implies that the crack length
ncreases linearly with the indentation load and the slope of
uch a representation allows determining the indentation fracture
oughness. Here, this fit (Fig. 1) yields a value of 5.2 MPa m1/2.
ue to the limitations of the indentation method, there are
ncertainties whether it gives the correct fracture toughness
or a specific material.18 However, in small grain size standard
Y-TZP the method yields reasonable values as compared to
ore rigorous methods.19 The existence of R-curve behaviour

s neglected since for small grain size 3Y-TZP the increase in
esistance to crack growth is relatively small and it takes place
nly at very short crack extensions.20

.2. Strength evaluation
The rods were indented on the surface with a 10 kg load. The
almqvist cracks induced at the imprint corners were roughly
emi-elliptical, with the larger semi-axis denoted by a in the
epth direction and the shorter one at the surface and denoted

F
c
l

he as received ceramic (slope of the linear regression allows estimating fracture
oughness with the method of Niihara et al.17).

y c with a/c ≈ 1.9. Some of the indented rods were hydrother-
ally aged at 131 ◦C in water vapour in autoclave pressurised

t 2 bars for different periods of time. The surface of the spec-
men transformed from tetragonal to monoclinic; the thickness
f the degraded surface layer changed from values similar to the
rain size after a few hours of hydrothermal ageing to up about
0–12 �m after about 200 h.15

In order to remove the indentation residual stresses, some
f the indented rods were annealed at 1200 ◦C, since this tem-
erature is commonly used in TZP zirconia to remove surface
eformation as well as to reverse any monoclinic phase to
etragonal.21 The effect of this annealing on the indentation
esidual stresses was then assessed. Rods indented with 5 kg
oad were annealed for different periods of time and their flex-
ig. 2. Strength recovery with annealing of indentation cracks. Each data point
orresponds to the average strength of ten rod specimens indented with a 5 kg
oad and then annealed for a certain period of time.
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urther for longer times. Therefore, this was the time selected
or all further annealing treatments.

The rods will be referred to as “I” (only indented),
I + A” (indented + annealed), “I + D” (indented + degraded) and
I + A + D” (indented + annealed + degraded). The strength of all
he specimens was assessed by four point bending with support
nd loading spans of l = 60 mm and li = 30 mm, respectively. The
oad was applied at a rate of 200 N/s in a servo-hydraulic testing

achine Instron 8511. Maximum tensile stress at the surface was
alculated from the maximum applied load F with the following
xpression:

= 8F (l− li)

πD3 (2)

Initially, the fractured surfaces were observed by laser scan-
ing confocal microscopy (LSCM, Olympus Lext); further
etailed fractography was carried out by scanning electron
icroscopy (SEM, Jeol JSM 6400). Atomic force microscopy

n tapping mode (AFM, Veeco Dimension) was also performed
n some of the degraded specimens in order to evaluate at the
mallest possible scale local changes at the affected surface.

.3. Monoclinic content evaluation

The phase-transformation mechanism was assessed by
icro-Raman spectroscopy on the fracture surface of a
almqvist crack exposed to hydrothermal exposure. Spec-

ra were collected with a triple monochromator spectrometer
64000 (Horiba/Jobin-Yvon) with a coupled CCD detector
ooled with liquid nitrogen. The source of excitation was an
rgon-ion laser Innova 300 (Coherent Laser Group) at 514 nm
avelength. The spectrum integration time was 60 s with aver-

ging the recorded spectra over two successive measurements.
he laser beam was focused using an optical microscope with
00× long-focal objective (lateral resolution of ∼1 �m) while
monitor screen connected to the microscope allowed explor-

ng the sample and recording the spectra from the surface on
he residual imprints. All spectra were baseline corrected before
etermining the intensity of the bands. The monoclinic volume
raction was estimated as follows22:

m = Im
181 + Im

190

2.2It147 + Im
181 + Im

190 (3)

Here, Im and It represent the intensities of the monoclinic
nd tetragonal bands respectively; the super-indexes identify the
aman shift in cm−1 units.

. Results

.1. Strength of indented specimens

The reduction in strength of indented specimens (I) as a func-
ion of the indentation load was determined (Fig. 3). The same

ests on annealed specimens (I + A) showed that their strength
as about 60% higher because of the absence of indentation

esidual stresses. In ceramics with half-penny indentation cracks
nd without R-curve, the strength should fall with indentation

N
t
r
c

ig. 3. Strength of I and I + A specimens. The lines correspond to fits of the type
= axb.

oad following23 a dependenceσ∝ P−1/3. However, if the cracks
re of Palmqvist type and Eq. (1) is valid, then this dependence
hould be of the type σ∝ P−1/2. In order to determine the exact
ependence for the present cracks, an expression of the type
∝ Pb was fitted to the strength of both I and I + A specimens

n the range between 5 and 40 kg (where Eq. (1) holds). The
tting for both conditions yielded exponents very close to 0.5,
= −(0.48 ± 0.01) and b = −(0.55 ± 0.07) for I and for I + A

pecimens, respectively. This further confirms the suitability of
q. (1) for describing the change in residual stress intensity fac-

or of Palmqvist cracks in the range of indentation loads studied.
dditionally, the correct fitting of the reduction of the strength
y the above expression indicates that the data is not influenced
y the existence of an R-curve. However, the present results do
ot exclude the existence of crack shielding in only the first few
icrons of crack extension, as has been reported for 3Y-TZP of

mall grain size.20

.2. Strength of indented specimens after ageing

Specimens with a 10 kg indentation were aged for different
eriods; then the flexural strength was evaluated. After ageing
or 50 h, no relevant change in strength was appreciated, but for
eriods equal or longer than 100 h the strength of I + D spec-
mens increased (Fig. 4). After 200 h, the strength increased

ore than twice. We focussed our attention on this long age-
ng period, so that a detailed study was carried out by ageing for
00 h and by using 10 specimens for each condition tested. The
bserved increase in flexural strength by ageing was confirmed:
he strength of I specimens was 291 ± 18 MPa, but after ageing
or 200 h it reached 690 ± 32 MPa.

The present ageing temperature is too low compared to the
nnealing temperature of 3Y-TZP for affecting the indentation
esidual stresses; however this possibility was not disregarded.
evertheless, even if residual stresses were somehow relaxed by
he hydrothermal exposure, this could not explain the observed
ise in the strength. The reason is that when residual stresses are
ompletely removed by annealing, the strength increases only
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Fig. 4. Strength of indented specimens (I + D) aged for different times.

y 60% (σI+A = 461 ± 44 MPa, see Fig. 5) while the observed
ncrease after hydrothermal ageing is 137% (690 ± 32 MPa as

entioned previously).
Hydrothermal ageing was then performed on specimens with

nnealed indentation cracks (I + A + D specimens). After anneal-
ng, identification of the crack tip is difficult because of partial
rack closure; moreover, it was not clear whether annealing may
ctually join the crack faces preventing the interaction of water
apour with the closed crack face during ageing. However, as
t will be shown below, the strength of I + A specimens is in
easonable agreement with the value expected by assuming that
o welding of the crack faces took place during annealing. Even
ore significant, the I + A + D specimens were also strengthened
ith respect to I + A specimens (Fig. 5). Since the indentation

esidual stress had been removed by high temperature anneal-

ng before ageing, an explanation based on removal of residual
tresses cannot alone account for the observations.

ig. 5. Strength of specimens under different treatments: as indented (“I”), after
nnealing (“I + A”), after hydrothermal exposure of 200 h (“I + D”), and after
nnealing and hydrothermal exposure of 200 h (“I + A + D”).
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The crack profile of I + A + D specimens aged for 200 h and
ested by flexure is clearly revealed by optical observation of the
urface of fracture. A dark zone can be distinguished around the
rack (Fig. 6). As will be shown below, this zone corresponds to
ntergranular fracture and shows high levels of monoclinic con-
ent. It can also be appreciated on this fracture surface how, near
he indentation imprint, the appearance of the fracture surface
f both Palmqvist cracks is also dark but wider than the dark
egion far from the imprint. This dark zone is usually observed
n specimens without any ageing treatment (Fig. 6, left picture).
o, in this part of the fracture surface, probably the contrast

s due to the degradation effect on the crack front, as happens
n the other side of the crack, but also because in the region
lose the plastic zone fracture is already more intergranular in
nnealed specimens. The same fracture surface of Fig. 6 was
bserved by SEM as shown in Fig. 7. Here, at higher magnifica-
ion, the region seen as dark by optical microscopy is revealed as
aving intergranular fracture with a small zone formed of crum-
led grains. It has a similar appearance to that observed on the
pecimen surface after degradation (Fig. 7c).

Finally, an I + D specimen (aged for 100 h) was grounded
nd polished in order to eliminate the degraded layer at the sur-
ace, until only a cross-section of the indentation cracks could
e observed. Fig. 8 shows an AFM image of the remaining crack
rofiles. The crack is closed because of removal of residual
tresses by grinding. A zone can be clearly appreciated around
he crack, which corresponds to the zone affected by the water
xposure (this zone has low mechanical integrity and is thus
uch more affected by the grinding and polishing). The width

f the transformed layer at both sides of the crack faces is about
�m, but the crack tip radius is smaller.

.3. Monoclinic content on the fracture surface

Micro-Raman spectra was taken at different positions on the
racture surface of an indented and aged specimen in order to
onfirm that the region observed around the indentation crack
ad been transformed. Fig. 9 shows the locations examined and
heir corresponding spectra. There are large amounts of mono-
linic content on the zones affected by the water. On the crack
urfaces (point A) including the crack front (points B and D)
nd on the external surface (C) the thickness of degraded layer
nd the monoclinic fraction are large enough to produce a strong
onoclinic signal. On the other hand, for locations well outside

he indentation crack, there is practically no monoclinic content
≈6% in point E corresponding to a measurement in the bulk
racture zone), indicating that during strength testing t–m trans-
ormation toughening is nearly negligible as compared to the
mount of transformation produced by hydrothermal ageing.

. Discussion

.1. Ageing of indented specimens
It is relevant to first analyze the strength of the indented spec-
mens in terms of basic fracture mechanics, in order to properly
nalyze later the effect of ageing. As the degraded layer was
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ig. 6. LSCM images of the fracture surfaces of 10 kg indentation cracks. Both
round the cracks: (Left) annealed; (Right) annealed and hydrothermally expos

lways significantly smaller than the indentation cracks, frac-
ure in an indented specimen was controlled by the produced
racks. These cracks were much smaller than the specimen size,
o it is possible to consider the stress intensity factor of a sur-
ace semielliptical crack in a prismatic bar of infinite thickness
n order to estimate the strength. For the present crack shape
a/c ≈ 1.9; a and c are the ellipse semiaxes), the local stress
ntensity factor is largest at the specimen surface. Therefore,
racture starts at the surface under bending. If we assume that

he elliptical shape is maintained, the stress intensity factor at
his point increases during crack extension as well as at the deep-
st point, since a/c diminishes. Therefore, once the crack starts

4
n
E
e

ig. 7. SEM micrographs of the fracture surface of a I + A + D (200 h): (a) general vi
c and d) crumbled micro-cracked degraded zone close to the border of the indentatio
mens were annealed for 1 h in order to remove the indentation residual stresses
200 h.

o propagate at the surface, fracture will follow without further
ncreasing the stress. The strength will be given by:

ann = KIC

ψ (φ = 0, a/c = 1.9)
√
a

(4)

Considering a = 64 �m, the KIC value previously determined,
nd a factor ψ(φ = 0, a/c = 1.9) = 1.20, this equation yields an
stimation of 540 MPa. This is reasonably close to the observed

61 ± 44 MPa for a specimen indented and annealed (i.e., with
o residual tensions) considering the hypothesis made by using
q. (4) with the value of KIC obtained from indentation. For
xample, if only the true KIC were just about 15% lower than the

ew of the indentation cracks, (b) degraded layer at the surface of the specimen,
n crack.
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ig. 8. (Left) LSCM image of indentation cracks degraded for 100 h. After degr
rofiles of the indentation; (Right) AFM image showing one of the crack tips at

resent indentation value, then the present discrepancy would
isappear. On the other hand, the calculation uses the original
rack dimensions of non-annealed I + D specimens assuming
hat no crack-bonding took place during annealing. If the effec-
ive dimensions of the crack had been reduced by annealing, then
xpected strength from Eq. (4) would have been even higher that
he strength measured increasing this discrepancy.
It is surprising the observed increase of strength with age-
ng for a specimen with indentation cracks. When the crack
aces are in contact with the water vapour they will transform

ig. 9. Raman spectra of different positions on the fracture surface of a specimen
ith a Palmqvist crack which had been aged. Pattern E was measured 2 mm away

rom the specimen border.
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on, the specimen surface has been removed by polishing leaving only the crack
er magnification. A damaged area can be appreciated around the crack.

nto monoclinic phase for a certain depth similarly as in the
pecimen surface and a transformed zone will form in front
f the crack tip. Fractographic and Raman analysis show the
ppearance of an intergranular microcracked transformed zone
n front of the crack tip when the specimen has been previously
egraded. This zone marks clearly the profile of the indenta-
ion crack and only appears after ageing. In alumina specimens,
wab and Quinn26 have found “halos” on the crack periphery as
consequence of environmentally-assisted slow crack-growth.

ndependently of the exact mechanism, here it is shown that in
etragonal zirconia the marks around the cracks appear system-
tically as a consequence of ageing (there was no mark in the
on-aged specimens).

When bending is applied on an indented and degraded spec-
men the stress concentrates in front of the crack tip where a
ighly transformed and microcracked zone of very low strength
as been produced by ageing. We believe that under the multi-
xial stresses in front of the crack tip, microcrack coalescence
akes place at relatively small load and the crack moves forward
ntil it encounters the non-aged material. The crack then stops
nd tends to deflect parallel to the interface, but the maximum
eflection to both sides of the original crack plane is of the order
f the thickness of the degraded layer in front of the crack tip.
y this mechanism, the crack may get blunted to a radius sim-

lar to the degraded layer thickness, producing an increase in
trength by crack blunting. The blunted crack tip radius should
each a critical value in order to have a measurable effect on the
trength.

The effect of the notch radius in KIC evaluation tests has been
idely studied for ceramics. In fact, it is difficult to produce an

rtificial notch with a radius below 10 �m. The maximum per-
itted notch radius for a valid KIC evaluation test depends much

n the microstructure. In a fine microstructure like the present
ne, it is reported that true fracture toughness can only be mea-
ured when the artificial notch radius is smaller than 3 �m.19,24
he present work allows observing the change in strength when
sharp crack becomes blunted by hydrothermal ageing. Let’s

ssume that ageing blunts the crack to a radius similar to the
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egraded layer thickness, d. The relationship between the stress
ntensity factors of a blunt and a sharp crack is given by25:

KIC,blunt

KIc
=

(
1 + d

2r0

)1/2

(5)

here KIC,blunt is the stress intensity factor of the notch at frac-
ure, KIC is the true fracture toughness of the sharp crack, and r0
epresents the size of the fracture process zone ahead of crack tip.
ssuming that the observed strength relationship between the
+ A + D (blunt crack) and I + A (sharp crack) specimens corre-
ponds to the relationship in Eq. (5), then one obtains d/r0 ≈ 2.5
or 200 h of ageing. If the blunted radius corresponds approx-
mately to the affected zone around the crack tip (d ≈ 6 �m
orresponding to the intergranular region seen by fractography,
ig. 7), then the characteristic distance defined previously is
0 ≈ 2.4 �m for the particular indentation crack considered here,
nd which is a reasonable value.

For an ageing time shorter than 50 h, the indentation crack
s still sharp enough and the fracture strength does not change
ignificantly. For longer times, the effect of crack blunting starts
o be reflected in the strength and the extent of blunting can be
ssessed by the intergranular micro-cracked crumbled region in
ront of the crack tip. After ageing for 100 h, there is already a
lear increase in strength. This means that the degraded layer in
ront the crack tip is already significant as has been shown in
ig. 8. Degradation ahead of the indentation crack is larger near

he specimen surface, because there the material is exposed to
ater through the specimen surface as well as through the crack

urfaces. However, the calculation of the strength from the frac-
ure toughness was carried out only in the annealed non degraded
ondition for which these effects are absent; the degraded mate-
ial was used only to determine the crack size. For the ratio of
trengths used with Eq. (5), this effect has not been taken into
ccount.

.2. Ageing of natural defects

It may seem a paradox that LTD reduces the strength of natu-
al crack-like defects in smooth specimens while strengthening
pecimens with indentation cracks. For commercial 3Y-TZP
ith strength of 1000 MPa, the critical size for a semicircular

urface defect can be simply estimated as having a radius of
ess than about 17 �m. Actually, critical defects are rather pore
gglomerates resulting from the sintering process, which have
mall cracks and the borders.

For short ageing times, the degraded layer is so thin that its
ffect will be too small for inducing a significant change in the
trength of smooth specimens. For example, for a short ageing
ime of 24 h, the strength of 3Y-TZP smooth rods decreases only
y less than about 5%.15 However, at longer times, the mono-
linic layer becomes thick enough so that fracture may originate
ot from the original critical natural defects in the non-degraded

pecimens, but from defects in the degraded layer. These cracks
an be initiated from relatively small defects and extend eas-
ly under stress in the deep and lateral direction because of the
mall fracture toughness of the monoclinic phase; they stop when
ean Ceramic Society 32 (2012) 317–324 323

ncounter the tetragonal interface in the perpendicular direction.
or longer times of ageing, the strength will be controlled by

he thickness of the degraded layer and it will drop as this layer
ecomes thicker. Later on, when the interface does not longer
ontrols the fracture process, this will be governed by the proper-
ies of the surface monoclinic layer instead of by natural defects.
herefore, the effect of hydrothermal degradation on cracks can
nly be observed when there is a large crack that controls the
trength.

. Conclusions

In spite of the decrease in flexural strength that occurs in aged
Y-TZP, here it is shown that when fracture is controlled by a
harp indentation crack the strength increases significantly with
geing with water vapour. A similar effect can be observed on
ndented specimens that are previously annealed to eliminate
esidual indentation stresses. During ageing, an intergranular
one around the indentation crack can be observed by fractogra-
hy; furthermore this zone shows high monoclinic content. The
bserved increase in strength can be explained in terms of crack
lunting by the degraded and micro-cracked monoclinic zone
head of the original crack tip which becomes transformed by the
nfluence of water vapour and which is completely surrounded
y the high toughness tetragonal phase.
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