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Abstract

Heat treatment of Y-TZP at high temperatures produces materials with a mixed Y-TZP/PSZ phase assemblage, which exhibit a
unique combination of high mechanical strength and fracture toughness, uncommon in zirconia ceramics. The microstructure and
crack growth resistance of the Y-TZP/PSZ materials developed by treating at 1650°C in air a fine-grained Y-TZP was studied.
XRD as well as Raman spectroscopy results indicate that the obtained microstructure allow the retention of large tetragonal grains
(up to ~4 pm), resulting in both phase transformability enhancement and pronounced R-curve behavior. The large transformation
zone, discerned from accurate measurements with Raman microprobe spectroscopy, sustains the above assessment and points out
tetragonal to monoclinic phase transformation as the main toughening mechanism in the investigated Y-TZP/PSZ microstructures.
This was confirmed by satisfactory agreement between the transformation toughening estimated from numerical analysis and the
crack shielding experimentally determined from the R-curve measurements. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The outstanding toughening capability exhibited by
zirconia-based ceramics has raised considerable atten-
tion in these materials as potential candidates for struc-
tural applications. The source for achieving such
relatively high fracture toughness is the stress-driven
phase transformation that tetragonal (t) zirconia
undergoes to monoclinic (m) symmetry.!=> This tetra-
gonal to monoclinic (t—m) transformation is martensi-
tic, and results in a volume increase, which induces
compressive stresses around propagating cracks. From
a toughening viewpoint, an interesting issue is that
transformation extent may be enhanced by tailoring
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microstructural parameters such as grain size or phase
assemblage*!? as well as chemical composition.®'°

Following the above ideas, in the last two decades
different zirconia-toughened ceramics (ZTC) have been
developed aiming to improve the fracture toughness of
these materials. Thus, addition of different stabilizing
oxides (Y,03, MgO and CeO, among others), has been
used to retain metastable tetragonal zirconia at room
temperature. As a result, two ZTCs are now extensively
applied: MgO-ZrO,, usually referred to as Mg-PSZ
(magnesia—partially-stabilized-zirconia), and Y,O03—
ZrO,, commonly named Y-TZP (yttria—tetragonal zir-
conia polycrystals).

The Mg—PSZs contain a considerable amount of sta-
bilizer (6-10 mol%) and are conventionally sintered at
high temperatures (1700-1800°C) followed by aging
treatments at temperatures around 1400°C. The result-
ing microstructure may be described as consisting of
submicron tetragonal precipitates embedded within
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cubic grains of about 50 pm in size. The extensive t—m
transformation of the former is responsible for the high
fracture toughness (> 10 MPa,/m) that these materials
exhibit, whereas the large grain size of the latter is
indirectly accountable for their moderate fracture
strength (about 500 MPa).*

On the other hand, the Y-TZPs are stabilized through
a small amount of yttria (about 2.5 mol%) allowing to
attain fully tetragonal grains at sintering temperatures
between 1400 and 1550°C. The resulting fine-grained
microstructures yield very high fracture strength (>1
GPa), although related to low fracture toughness values
(between 4 and 5 MPa,/m).*

Although the aforementioned inverse correlation
between fracture toughness and flexural strength is
typical for zirconia ceramics, recent results on Y-TZP
heat treated at high temperatures (1650—1750°C) point
out that ZTCs combining high fracture toughness and
strength may be developed.!' In the Y,03~ZrO, system
and for small contents of stabilizer, the wide cubic and
tetragonal phase field!? permits to develop a complex
aggregate consisting of grains with features close to PSZ
in addition to tetragonal grains larger than those char-
acteristic of Y-TZP.!3!4 Such materials with a mixed
Y-TZP/PSZ microstructure posses not only a fracture
toughness close to that commonly found for Mg-PSZ,
but also fracture strength values similar to those of Y—
TZP, despite of the clear increase in grain size. This
attractive combination of mechanical properties allows
to consider these Y-TZP/PSZ materials as candidates
for structural applications. In this sense, a more com-
plete understanding of the relationships between
mechanical properties and microstructure in these Y—
TZP/PSZ materials seems to be required if they are to
be used effectively.

In an effort to address the above issue, the aim of this
paper is to study the toughening phenomena associated
with Y-TZP/PSZ materials obtained by heat treatment
at 1650°C of an originally fine-grained Y-TZP. In doing
so, Raman microprobe spectroscopy is used as experi-
mental technique to estimate the extension of the t—m
transformation. Such a technique has proven to be very
useful in previous studies about toughening of
ZTC,"5 18 particularly because of its ability of clearly
discerning the existence of monoclinic phase promoted
by such transformation as well as its accurate high spa-
tial resolution in terms of scanning through very
reduced zones of the material. The results obtained with
Raman spectroscopy will allow to determine the height
of the transformed zone as well as permit to estimate the
role of transformation toughening as operating
mechanism for improving the fracture resistance of
these materials. These results will be compared with R-
curve experiments, conducted in a previous work,!? and
will be discussed in terms of the microstructural changes
and toughening mechanisms.

2. Experimental procedure

Yttria-stabilized zirconia-based ceramics with three
distinct microstructures were studied. Microstructural
differences, given in terms of grain size and phase dis-
tribution, were induced by heat treating a fine-grained
Y-TZP at 1650°C in air during 2 and 10 h. In this study,
the resulting microstructures are referred to as 2H and
10H respectively. The stabilizers used were yttria (2.5
mol%) and hafnia (1.0 mol%), while magnesia is the
major impurity (0.06 mol%).

Grain size (d) was determined through scanning elec-
tron microscopy (SEM) examination of polished and
thermally etched (1450°C for 30 min) surfaces. It is
described by the spherical equivalent diameter. Phase
assemblage was discerned using transmission electron
microscopy (TEM). In doing so, phase identification
(crystal symmetry) was performed through analysis of
electron diffraction patterns of substructural features
with quite distinct aspects. Quantitative distribution of
monoclinic, tetragonal and cubic phases was determined
by X-ray diffraction (XRD) in polished as well as frac-
ture surfaces. The monoclinic amount in the fracture
surfaces (Vp) was related to the extension of stress-
induced phase transformation. Phase recognition was
made by Rietviled analysis of XRD data; micro-
structural effects such as preferred orientation and ani-
sotropic line broadening were considered not only for
improving the refining but also for determining the
accurate proportion of the existing phases. The experi-
mental details of the XRD analysis performed have
been reported elsewhere.?"

The degree of transformation toughening was eval-
uated by Raman spectroscopy. This technique is parti-
cularly suitable for identification of monoclinic and
tetragonal phases in zirconia materials because the wide
separation between the corresponding characteristic
lines: the monoclinic doublet at 181 and 192 cm~! and
the tetragonal bands at 148 and 264 cm~!.15"17 On the
other hand, cubic lines are not readily discerned in a
mixed-phase sample because of their broadness.!”-'® The
spectrometer used was a Renishaw Raman (system
2000) with a laser of 632.8 nm and joined to an optical
microscope equipped with ultra-long focal lens. The
shape of the analysis zone was circular with an approx-
imate diameter of 2 pm. The penetration beam depth
was about 1 pum.

The intensity of Raman bands is directly proportional
to the concentration of scattering molecules; thus, a
quantitative microanalysis of monoclinic and tetragonal
phases may also be conducted. However, a calibration
step is required because Raman intensities are affected
by a number of factors, including incident laser power,
frequency of the scattered radiation, absorptivity of the
material and response of the detection system. This
calibration procedure is based on XRD results and is
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executed in order to convert spectral intensities into
concentration of the above phases. Hence, monoclinic
amount (V) may be expressed in terms of a function of
the Raman intensities according to the relation:!'”-!8

1181,192
Vi = m 1
m = /] 1% { pot 4 ST (1)

The application of function f is required to convert
Raman intensities into XRD ones. In this study, f was
evaluated by equating the Raman intensities of the tet-
ragonal phase and the Raman shifts determined in the
fracture surface with the corresponding values obtained
from XRD. Moreover, in order to obtain the f values
for low and high concentration of monoclinic phase,
two microstructures were prepared by mixing a known
amount of monoclinic and tetragonal zirconia and sin-
tering them at 1400°C for 2 h in air. The quantity of
monoclinic phase in these materials was 5 and 50%.

Crack shielding due to phase transformation was
evaluated from the measurement of the amount of
monoclinic phase all around the crack propagation
plane. In doing so, cracks were induced by applying a
Vickers indenter on the polished surface. Spectra were
taken at different positions along the crack length, as
shown in Fig. 1: inside the indentation ((0)), at its corner
(@), at half-length of the crack (@), and near (®) and
in front of the crack tip (®). For each horizontal posi-
tion, spectra were obtained at different distances along a
direction perpendicular to the crack propagation plane,
until the spectra matched that of the matrix, i.e. far
away from the zone affected by the stress field asso-
ciated with the crack. It allowed the evaluation of the
maximum height of the process zone (%) due to phase
transformation. The position for determining / was
approximately at half-length of the total crack length
(%Co, in Fig. 1). Such a half way position between crack
tip and indentation impression guarantees an /s value
exclusively associated with transformation toughening
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Fig. 1. Places analyzed by Raman spectroscopy around an indenta-
tion crack.

and eliminates the possible interference from the trans-
formed zone generated around the indentation. Finally,
the shape of the transformation zone, especially at the
crack tip, was discerned by extrapolating the data
obtained around indentation-induced cracks.

After the morphology of transformation zone has
been fully determined, it is possible to estimate the
transformation toughening levels. Such estimation is
compared with the R-curve behavior of the studied
microstructures, characterized in a previous work.'? It is
worth noting that this R-curve was determined with
small semielliptical cracks. These cracks were obtained
from indentation cracks, ground and polished to
remove the central ligament and finally heat treated to
transform the monoclinic phase induced in these steps
back to the tetragonal symmetry. It results in a crack
morphology close to those associated with natural pre-
existing flaws, and it is expected that the R-curve
obtained from them would describe more precisely the
shielding developed by the t—m transformation.

3. Results
3.1. Microstructural evolution

Heat treatment at 1650°C induced important micro-
structural changes (Table 1) in terms of grain size and
volumetric fraction of cubic phase, of which the latter
results from the equilibrium conditions at 1650°C dic-
tated by the amount of stabilizer.!?> Before heat treat-
ments (material Y-TZP), the microstructure was
homogeneous with a very fine grain size [Fig. 2(a)].
However, heat treatment for 2 h produced a more het-
erogeneous microstructure, consisting of quite large
grains surrounded by smaller ones [Fig. 2(b)]. On the
other hand, the 10-h heat treatment resulted in a
homogeneous microstructure, which is coarser than in
Y-TZP and 2H materials [Fig. 2(c)]. Phase distribution
from XRD analysis showed that the starting micro-
structure was initially fully tetragonal and the high
temperature heat treatments promoted the formation of
cubic phase (see Table 1). The amount of this phase did
not reach the equilibrium value after 2 h of heat treatment

Table 1
Grain sizes and phase assemblage for the studied materials®

dig (pm) de (pm) Ve Vi Vip
Y-TZP 0.3£0.01 - 0 1.0 0
2H 1.37+0.02 3.84£0.10 0.23 0.57 0.20
10H 2.33£0.05 4.63£0.08 0.37 0.31 0.32

2 Microstructural dimensions are expressed in terms of tetragonal
grain size (dig) and cubic grain size (d.). The amount of each phase is
given in terms of volumetric fraction of cubic grains (V.), tetragonal
precipitates (Vi) and tetragonal grains (V).
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but went on growing, achieving a value close to the
predictions at 1650°C from the phase diagram proposed
by Scott, i.e. about 33%.!?

In order to clearly determine the phase distribution of
each microstructure, TEM examination, particularly in

Fig. 2. SEM micrographs taken from the thermally etched surface of:
(a) Y-TZP; (b) heterogeneous 2H microstructure, and (c) the coarse
10H microstructure.

terms of electron diffraction, was focused to selected
grains to obtain their crystallographic symmetry. It was
confirmed that Y-TZP consists of tetragonal grains
exclusively, but in the 2 h material the corresponding
analysis allowed to discern that small grains were still
tetragonal whereas large grains presented a tweed contrast.
Such a contrast is usually associated with the presence
of very small tetragonal precipitates formed by diffu-
sional decomposition of the cubic matrix [Fig. 3(a)].2"?
Tetragonal precipitates were detected using reflection
in (111). plane, where the (112) cubic reflections are

Fig. 3. (a) TEM micrograph showing the tweed contrast observed in
cubic grains; (b) twinned grain in a 10H sample, due to the TEM pre-
paration procedure.
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forbidden and the (112), can be distinguished. The pre-
sence of fine tetragonal precipitates has been reported in
previous studies in yttria-stabilized zirconia sintered
in the cubic-tetragonal field.>3?>* Qualitatively similar
features were found in the 10H material, but here both
tetragonal grains and precipitates coarsened. It is
worthy to notice that neither the XRD nor the Raman
spectroscopy results indicated the presence of mono-
clinic phase in the polished surfaces of 2H and 10H
conditions. However, during TEM studies of 2H and
10H samples, in situ tetragonal to monoclinic transfor-
mation of several grains was observed, as a result of the
electron beam incidence [Fig. 3(b)]. It was markedly
pronounced for the 10H condition, as evidenced in
several TEM samples that, after exposure to the elec-
tron beam, there were no tetragonal grains left, i.e.
cubic grains were completely surrounded by monoclinic
grains.

In the past, significant amounts of work aimed
towards developing an understanding of the funda-
mental nature of microstructure-phase transformability
correlation have been conducted.®~1% As a result, it is
now well-known that the chemical composition and
tetragonal grain size dictate the phase transformation
capability and determine the martensitic starting tem-
perature (M,). Such M value defines, for a given work-
ing temperature, a critical grain size (dcr), beyond
which any tetragonal grain will transform to monoclinic
phase.®'% According to this, spontaneous phase trans-
formation under electron beam of some tetragonal
crystals should provide relevant information on the
phase transformability of each studied microstructure.
In this sense, the experimental findings referred to above
allow speculation that heat treatments moved the grain
size distribution closer to dcr, inducing easier transfor-
mation of some grains. This seems to be especially true
for 10H samples, where Raman and XRD results did
not indicate any monoclinic phase at the polished sur-
faces, but after exposure to electron beam, all tetragonal
grains had been transformed to the monoclinic sym-
metry.

Microstructural dimensions and phase amounts are
shown in Table 1. Since the tetragonal phase is dis-
tributed as grains as well as fine precipitates, the XRD
results can not discern between them. So, the phase
assemblage is obtained by combining XRD results and
stereologic studies. In doing so, the volumetric fraction
of cubic phase (V) is assigned to the large grains clearly
observed in 2H material. However, these grains contain
tetragonal precipitates, which could not be detected
from SEM observations. Hence, the volumetric fraction
of the large grains is the sum of ¥, and the volumetric
fraction of the tetragonal precipitates (V). Subtracting
this Vy, of the tetragonal amount measured in XRD,
yields the volumetric fraction of the free tetragonal
crystals, i.e. the tetragonal grains (Vig).

Based on all the above comments, the microstructural
changes developed by heat treating a fine Y-TZP at
1650°C for 2 and 10 h, do not allow to describe the
resulting material as a coarse-grained Y-TZP in a sim-
ple way. The presence of cubic grains with very fine tet-
ragonal precipitates is a usual feature of PSZ materials.
Thus, the obtained materials are more precisely referred
to as yttria-stabilized ceramics with mixed Y-TZP/PSZ
microstructures.

3.2. Raman calibration

The amount of the monoclinic phase determined by
XRD was compared with the ratio between the intensity
of the 181, 192 cm~! monoclinic doublet (713!192) and
the sum of this monoclinic intensity and the intensity of
the 148 and 264 cm~! tetragonal bands (I8 and ?%%).
In all cases, Raman intensities were obtained by sub-
tracting the background and fitting them to the Pearson
VII function. The results displayed a non-linear rela-
tionship (Fig. 4), which is in agreement with results
obtained by Marshall et al. in Raman studies of a Mg—
PSZ.'8 In other studies, it was assumed that such corre-
lation is linear.?>2% This assumption does not affect the
determination of the transformation zone height, but
influences the amount of monoclinic phase calculated
within this zone and the corresponding shielding esti-
mations. Taking this into consideration, a calibration
curve that provides the value of V7, for a given Raman
intensity ratio [Eq. (1)] was firstly obtained (Fig. 4).
From this curve, an empirical equation between both
variables was finally established:

181,192
Vim = 0.65 +0.39log <+1}§1’192m+ . 1364> 2)

0.6+
0.5 1 .
0.4 .

0.3

V_(XRD)

0.2

0.1

Ym
0.0 T T T T L L
0.0 0.1 0.2 0.3 0.4 0.5 0.6

I ]8],]92/(Im181.192+Itl48+l‘264) (Raman)

m

Fig. 4. Comparison of Raman intensity ratios with the monoclinic
phase amount determined with XRD.
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3.3. Fracture resistance and transformation toughening

Fracture and R-curve behavior of the different
microstructures studied here have been published else-
where.!® The corresponding numerical results, in terms
of flexural strength of cylindrical bars under three-point
bending (of), intrinsic crack propagation resistance of
the material (Kj) and plateau toughness of the R-curve
(KR), are included in Table 2. In toughened ceramics, K
is defined as the fracture toughness of the material just
to start crack extension when the crack is completely
unshielded, i.e. without transformation zone, micro-
cracked zone or crack bridging process zone. The dif-
ference between Kr and Kj is the shielding due to the
operating toughening mechanisms (Ks), i.e. stress-
induced phase transformation, crack bridging, micro-
cracking, etc. Thus, the fracture toughness (Kjc) of the
material may be expressed as:

Kic = Ky + Ks (3)

Also, for comparison with other materials, the frac-
ture strength of prismatic bars under four-point bend-
ing, was estimated following the procedure exposed by
Stanley et al.?” From these fracture resistance proper-
ties, it is clear that heat treatment increases crack pro-
pagation resistance, by increasing both Ky and Ks in
10H and 2H microstructures with respect to Y-TZP. It
is worthy to note that here fracture toughness enhance-
ment is not accompanied by a clear degradation of the
fracture strength, since up most a decrease of about
10% is observed in 10H.

Raman spectra and XRD results pointed out that the
three studied microstructures offer a different degree of
transformation capability. Raman spectra obtained
along crack flanks clearly showed that phase transfor-
mation around a propagating crack is more pronounced
in coarser microstructures, developing large trans-
formed zones around it (Figs. 5 and 6). The longer the
heat treatment, the larger the corresponding transfor-
mation zone, as detailed in Table 3. These transforma-
tion zones surrounding the cracks are discerned using
an optical microscope equipped with Nomarski inter-
ferometry, and are shown in Fig. 6. From this it may be
confirmed that at half-length of the crack the value of /

Table 2

Fracture resistance parameters of each microstructure determined
from the R-curve measurements (K and K), fracture strength (og) of
cylindrical rods under three-point bending and estimated fracture
strength of prismatic bars under four-point bending (o}:)

Material Ko (MPay/m) Kr (MPa,/m) o (MPa) oF* (MPa)
Y-TZP 3.9 4.3 1076£90  860+72
2H 5.0£0.2 7.4£0.2 1058+80 867166
10H 5.840.3 8.8+0.3 938461 778+£51

is not affected by the indentation impression, and cor-
responds to the maximum height of the zone, as
assumed.

For the Y-TZP & was very small, which is character-
istic of a very fine-grained Y-TZP with low phase
transformation capability.”® However, 2H and 10H
microstructures have large values of 4, close to those
obtained in high-toughness zirconias.®> With respect to
the monoclinic amount in the fracture surface, it is also
higher in 10H than in 2H (Table 3). These results, toge-
ther with the above TEM observations (Section 3.1),
clearly show that the microstructure achieved after 10 h
of heat treatment at 1650°C exhibits a higher degree of
phase transformability than that of the 2H material.

Once transformation height is obtained the amount of
shielding developed by the t—m transformation may be
evaluated if the transformation zone profile is known.?®
Hence, in order to obtain such estimation, the transfor-
mation zone morphology was determined through the
Raman spectra. The obtained profiles are shown in
Fig. 7, where a dark line is representing them. These
profiles for the heat-treated microstructures were nearly

1650 °C 2H

(a) Crack plane
distance
£
Rl
F
g
£ 20 pm
=
<
g 12 pm
e 8 um
4 pm
bt t
0 pm t m t
T T T T 1
0 1(1)0 260 300 4(I)0 560 600 700
Raman shift (cm™)
1650 °C 10H
(b) | Crack plane
distance
3
&
z Bon
7
=
2
R=
= 20 pm
£ 12 w
<
4 8 um
4 pm bt
0 um t m t
T M T

T T T T T 1
0 100 200 300 400 500 600 700

Raman shift (cm™)

Fig. 5. Raman spectra obtained at %co for Y-TZP/PSZ: (a) 2H, and
(b) 10H. Peaks at 148 and 264 cm~! are characteristics of the tetra-
gonal phase. Doublet at 181 and 192 cm™! reveals the existence of
monoclinic phase.
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semicircular, shape which is similar to that commonly
found in high toughness Mg-PSZ.'® The zone profile
corresponding to fine-grained Y-TZP might not be eval-
uated because the transformation zone was too narrow.

(©)

Fig. 6. Transformation zones around indentation cracks in Y-TZP/
PSZ materials: (a) and (b) 2H, (c) 10H.

4. Discussion

The amount of the monoclinic phase at fracture sur-
faces, as well as the extension of t—m transformation,
indicate that transformation toughening is the mechanism
responsible for the increase in fracture toughness after
heat treatment at 1650°C for different times. The high
degree of transformation promotes a pronounced R-curve
effect for 2H and 10H microstructures. In addition, the
values given in Table 2 point out that the inferred
microstructural changes increase the value of Kj with
respect to the initially fine-grained Y-TZP. Thus, the clear
improvement of the fracture resistance induced by heat

Table 3
Monoclinic amount measured in fracture surfaces (Vr) and the values
of transformed zone height (/)

Material Ve h (um)
Y-TZP 0.0540.03 2-3
2H 0.3240.07 163
10H 0.3940.05 2845
() 307
] 1650 °C 2H
254
E
o 207
2
2 157 \
F ]
) ] 0.02
% 10 0.05
> 1———0.09
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Fig. 7. Profile of the transformation zone in 2H and 10H. Numeric

values correspond to V.
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treatments should be rationalized by considering two
different aspects: first, the increase in the intrinsic frac-
ture resistance, and second, the large transformation
capability that results in a raising R-curve behavior.
Both phenomena are discussed separately and related to
microstructural characteristics in the following sections.

4.1. Intrinsic fracture resistance

The value of K, calculated for Y-TZP is similar to
that typically found for fine-grained Y-TZP.3° Mean-
while the values obtained for 2H and 10H are markedly
greater, and closer to the values reported for Mg-PSZ
materials (ranging from 5 to 6 MPa,/m).>3!-32 Further-
more, the values of K, for 10H, a condition character-
ized by exhibiting a larger volumetric fraction of cubic
grains with tetragonal precipitates than for 2H, were
higher than those obtained for the latter material. Since
the main difference in phase assemblage between Y-
TZP and Y-TZP/PSZ is the presence of cubic phase
grains with tetragonal precipitates, the observed
increase in Ky should be related to this microstructural
feature. This assertion is supported by the work of
Heuer et al.?! and Michel et al.,3* which found that the
crack propagation resistance is enhanced in Y-PSZ sin-
gle crystals compared to the cubic ones. For explaining
such differences, they proposed some kind of crack-pre-
cipitate interaction to account for this precipitation
toughening, because they were not able to discern any
evidence for transformation toughening. In addition,
Matsui et al. postulated that these precipitates increase
transgranular strength in heat-treated Y-TZP with
respect to materials before aging.??

In order to rationalize this increase in K, the intrinsic
fracture resistance of each constituent, i.e. tetragonal
grains and cubic grains with tetragonal precipitates, is
considered. The K| value of the former may be considered
to be the value obtained for the Y-TZP condition,
which is exclusively formed by tetragonal grains (3.9
MPa,/m, see Table 2), while for the latter it may be
considered as 8.0 MPa,/m, following the work performed
by Ingel et al. in non-transforming Y-PSZ.3* Assuming
that the total Ky follows the law of mixtures, the values
calculated using the volume fraction and the intrinsic
toughness of each constituent do agree fairly good with
the experimentally measured ones. Hence it may be stated
that the dispersion of cubic grains toughened by tetragonal
precipitates in an Y-TZP material would effectively
enhance the intrinsic crack propagation resistance.

4.2. Transformation toughening

Once it is established that the microstructural changes
increase the intrinsic fracture resistance, the degree of
transformation toughening, which accounts for the
rising R-curve detected, focuses the attention in this

section. Transformation toughening in zirconia cera-
mics has been widely studied and exists a well-known
relationship between microstructural parameters and
phase transformability. For a given amount of stabi-
lizer, the size of the tetragonal crystals determines Mg,
which is intimately related with the critical stress
required to activate the stress-induced phase transfor-
mation, ocgr. Raising Mg up to the working temperature
yields a lower ocr, which would lead to both larger
transformed zones and more pronounced shielding
effects around a propagating crack.?3° Accordingly, the
closer the grain size distribution to dcg, the larger the
transformation capability exhibited by the micro-
structure. Lange® showed that in Y-TZP, dcg increases
with raising the stabilizer content, being 0.2 and 1 um
for 2 and 3 mol% of Y,Os; respectively. Such a finding is
explained by the fact that dcgr increases as the magni-
tude of the change in chemical free energy is reduced.’
Meanwhile, dcr is also affected by other factors such as
the matrix constraint!® and internal residual stres-
ses.”-33-3¢ Matrix constraint is related to the elastic
properties of the material surrounding the crystals of
tetragonal zirconia; hence, it appears that dcr should
increase with the elastic modulus. This is especially
interesting in microstructures where the tetragonal
phase is found as precipitates (like PSZ) or as a dis-
persed-second phase. Internal residual stresses are
usually induced by thermal expansion anisotropy or by
thermal expansion mismatch in duplex microstructures.
Heat treatments at 1650°C yielded coarse-grained
microstructures that allow the retention of large tetra-
gonal grains (up to ~4 pum) at room temperature, as
indicated from XRD analysis. In the 2H microstructure,
tetragonal grains are present as small grains which are
surrounding the larger cubic ones, being the average
tetragonal grain size about 1.3 pm, but having a max-
imum diameter of ~4 um. These values are quite high,
specially when compared to the dcr values determined
for Y-TZP (varying from 0.2 to 1 pm for 2 and 3 mol%
of Y,0; respectively).” To assess that their symmetry
was actually tetragonal, some Raman measurements
were addressed to these grains, and the obtained spectra
confirmed their tetragonality. Moreover, for the micro-
structure developed in 10H no monoclinic grains were
detected with Raman spectroscopy. Thus, it may be
postulated that the mixed microstructure developed
after heat treatment permits the retention of large tet-
ragonal grains at room temperature by increasing dcg.
Although the reason for these findings is not clear,
there are some aspects worthwhile considering. First,
the high content of hafnia in the material (about 1.0
mol%) which may act as an additional stabilizer and
induce further stabilization of the tetragonal grains.?’
Second, the reduction of the internal thermal stresses
associated with less pronounced thermal mismatches.!!
For instance, Y-TZP with 2.5 mol% Y,O; presents a
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thermal expansion coefficient («) about 15% higher in
the c-direction than in the a-direction, in the tempera-
ture range of 1300°C to room temperature.’® On the
other hand, cubic zirconia has an isotropic value of «,
which is independent of the presence of intragranular
tetragonal precipitates.>® As a result, microstructures
with a larger amount of cubic phase would be expected
to have less residual stresses than in a fully tetragonal
microstructure with similar grain size, and consequently
a corresponding higher dcg would be expected. This is
in complete concordance with the values of dcr of
about 1.5 pm resulting from combining the grain size
distribution and the XRD data. This value is markedly
larger than those reported by Lange in about 0.4 pm for
a 2.5 mol% amount of yttria.’

With respect to transformation toughening, since tet-
ragonal phase is present in the microstructure as free
grains and as precipitates, it is interesting to assess the
transformability of both grains and precipitates. This
may shed light on the toughening mechanisms acting in
the material. Then, some Raman measurements were
addressed to large cubic grains broken by indentation
cracks. Spectra obtained under these conditions did not
show any monoclinic peak in 2H, and only some spectra
revealed a very small amount of monoclinic phase in 10H.
Hence, it may be stated that tetragonal precipitates were
too fine to transform during crack propagation in the
obtained Y-TZP/PSZ materials. This assertion is con-
firmed from the observations made at both flanks of the
indentation crack path. Large cubic grains fractures
transgranulary, whereas tetragonal grains tend to frac-
ture in a mixed mode, that is, transgranular and inter-
granulary (see Fig. 8). Further, when crack propagates
along the tetragonal grains, some crack closure may be
observed [see Fig. 8(b)], indicating that the grain has
transformed due to the crack stress field. Such closure is
not observed in cubic grains, confirming that transfor-
mation is restrained to tetragonal grains while tetra-
gonal precipitates do not transform easily.

Once it is established that the tetragonal grains are the
main source of transformation toughening in these
microstructures, crack shielding due to phase transfor-
mation was evaluated and compared to that obtained in
R-curve experiments. The aim of such comparison was
to elucidate if, as it may be anticipated, transformation
toughening is the main operating mechanism in Y-TZP/
PSZ materials.

Using fracture mechanics concepts, crack tip stresses
may be described in terms of an applied stress intensity
factor (K,p). Toughening mechanisms can reduce this
factor by the corresponding shielding stress intensity
factor (Ks), which represents the effect of the toughen-
ing mechanisms. Hence, the effective crack-tip stress
intensity factor (Kp) may be expressed as:

Ktip = Kap — Ks (4)

The criterion for crack growth is that K, = Ko; thus,
at Kip values larger than K, the crack propagates
unsteadily. Kg includes the contribution of all the
toughening mechanisms, which in Y-TZP ceramics are
accepted to be phase transformation and micro-
cracking,>™* and the corresponding shielding are descri-
bed by Kt and Ky, respectively. In the past, many
efforts have been focused on relating microstructural
parameters, such as the transformation zone height (%),
to both Kt and Ky, yielding in equations that allow the
estimation of such parameters.>? Thus, assuming that
the crack is fully surrounded by a transformed zone,
and there is no reverse transformation, Kt may be rela-
ted to the height of the transformed zone, the V,, var-
iation along the transformed zone, and the elastic
properties of the material such as the Young’s modulus,
E, and the Poisson’s ratio, v, according to:>>18

_AET [ V0)
KT_(]—V)JO2ﬁdy (5)

where e’ is the phase transformation strain and 4 is a
constant depending on the morphology of the transformed

(b)

Fig. 8. Indentation crack propagation. (a) Propagation in 2H, clearly
transgranular in cubic grains. (b) Transgranular propagation in 10H.
In both figures it is observed some crack closure (white arrows) when
crack propagates along tetragonal grains.
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zone and the activation stress. If the hydrostatic stress
determines /4 and the transformation is purely dilata-
tional (e” is 0.04), then the value of 4 is 0.22. This value
may rise to 0.25 when a semicircular profile is con-
sidered.?® Further increases may be achieved if different
nucleation condition and shear strain were considered.
For instance, if the transformation was activated in
shear bands at 60° to the crack tip, 4 would be about
0.38.3 Moreover, when transformation is initiated by the
maximum principal stress and the whole transforma-
tions takes place in that direction, the value of A4 is
0.55.3 Hence, the accurate evaluation of Kt involves a
detailed characterization of the transformed zone.

In this work, the parameter 4 was calculated using
the expressiion developed by Marshall,?® combining the
observed zone profiles (Fig. 7) with the assumption that
phase transformation is triggered by the hydrostatic
stress. It yields a value of 4 of 0.28 for 2H and 10H
materials, meanwhile for Y-TZP, the very small trans-
formed zone did not allow to calculate this parameter,
and a value of 0.22 was chosen following the results
showed in a previous work.?®

For a reliable estimation of K, the key point is given
by the Vn(») function. It is here where Raman spectro-
scopy plays a decisive role, allowing to obtain the values
of Vy around cracks. In previous works, it was pro-
posed to use an expression like Vi (y) = a — by'/2,'® but
with this expression it was not possible to fit well the
experimental results. Therefore, special attention was
paid in this study to find a better fitting approach. The
best function found is expressed by Eq. (6), where b is a
fitting parameter, calculated to be 13.14+1.9 for 2H, and
17.0£1.7 for 10H, with excellent %> coefficients
(0.00002). Experimental results of V,(y) and this fitting
are shown in Fig. 9.

ey

(6)

where Vg i1s the monoclinic amount found in the frac-
ture surfaces. Combining Eqs. (5) and (6) the value of

Kt was calculated, assuming that transformation is
purely dilatational and all the shear strains are relieved
by twinning (e”=0.04, A4 values as given in Table 3).
The values of F and v used were 200 GPa and 0.3
respectively.*

The estimated shielding is shown in Table 4, where it
can be seen that it differs slightly from the experimental
values of Ks. Such differences are not unusual, and
some examples may be found in the open literature. For
example, moderate to large differences in estimated with
respect to observed transformation toughening are
commonly reported for Mg—PSZ, when calculations are
based on the assumption that transformation is purely
dilatant (see for example Refs. 5 or 18). However, the
experimental results obtained here are quite close to the
calculations. One reason for these small discrepancies
may be that the R-curve was measured using ideal
semielliptical cracks, which are thought to give a very
accurate measure of the transformation toughening.
Evaluations of the R-curve with other crack systems, as
for example indentation cracks, would result in an
overestimation of the crack shielding, due to the presence
of the uncracked ligament, bridging crack surfaces.3°

The reason for the differences still remaining between
estimated and obtained shielding may be the con-
sequence of partial reversibility in the transformation,
shear contribution to the transformation strain and/or
the existence of other toughening mechanisms. Some
studies suggested that a shear component may exist in
regions close to the crack tip, and this deformation
should be added to e’ to obtain the total amount of
transformation toughening.*® One of the active second-
ary toughening mechanism could be associated with
some interactions between tetragonal precipitates/cubic
matrix and the crack. Similarly to the crack bridging
discerned, for example, in Mg-PSZ materials between
propagating cracks and large precipitates.>!-3> However,
in Y-TZP/PSZ materials, tetragonal precipitates are too
fine, and the extension of bridging that they could pro-
duce is possibly too small to be relevant for their con-
tribution to toughness. Another toughening mechanism
that may take place is microcracking associated with

0.5 = 1650°C 2H phase transformation.*! It is known that transformed
. 1650°C 10H monoclinic particles are surrounded by microcracks
0.4 due to volumetric expansions. From this viewpoint, the
formation of a microcracked zone around a propagating
03
> Table 4
0.27 Crack shielding obtained from R-curve measurements (Ks) and esti-
mated shielding due to phase transformation (Kt) and microcracking
0.1 5 (Km)
00 o L Material Ks (MPa/m) Kt (MPa/m) Ky (MPay/m)
-0 —
0 5 10 15 20 25 30 35 Y-TZP 0.4 0.2 -
Crack plane distance (um) 2H 2.4+40.2 1.8+0.4 0.6+0.1
10H 3.0£0.3 2.84+0.2 0.940.2

Fig. 9. Variation of 7}, along the transformed zone.
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crack would reduce the crack tip stress and induce
shielding*!. The source for this toughening comes from
the residual opening of the microcracks that produces
compressive stresses. Formally, it may be analyzed fol-
lowing similar steps to those used for phase transfor-
mation toughening, and the associated toughening
increment (Ky;) may be quantitatively described by Eq.
(5). In order to get an idea of the contribution of
microcracking to shielding, a calculation may be per-
formed, using simple approaches to describe this
mechanism. Faber suggested that the strain related to
microcracking, eV, associated with a transformed par-
ticle of volume ¥, may be expressed as:*!

2eT 3\ /2
eM:3|:V+<4:T/) } 7

Inserting Eq. (7) into Eq. (5), Ky may then be calcu-
lated assuming that V' is a function of the distance to the
crack flank and follows Eq. (6). The obtained results of
Ky are listed in Table 4. The smaller values of Ky
compared to those of Kt provide additional reasons for
describing microcracking as a secondary mechanism,
and it may possibly account for the observed shielding
as well.

Finally, since results given in Tables 4 and 5 have
clearly shown that heat treatments at 1650°C enhance
the transformation capability of the developed Y-TZP/
PSZ, its transformability was compared to that of
microstructures with a well-known degree of transfor-
mation, i.e. Ce-TZP%?° and Mg-PSZ materials.” The
parameter which give an idea of the feasibility of the
stress-induced transformation is ocg. At a given tem-
perature, low ocgr indicates that the material can trans-
form easily. Applying fracture mechanics concepts, ocr
may now be obtained from the values of & and K. If
phase transformation is triggered by the hydrostatic
stress, ocr may be obtained from:

ﬁKo(l + U)

127 A ®

OCR =

Using the values of & and K, (Tables 2 and 3), ocgr
was calculated for each microstructure and the results
are shown in Table 5. Further, the transformability
parameters for two Ce—TZP materials are included in

Table 5

this table. One of these materials has a grain size com-
parable to the present 10H microstructure (material Ce—
TZP-A, h about 40 um and Kt of 6 MPa,/m) and other
has a coarser microstructure (material Ce-TZP-B,
mean grain size of 8 um, 4 about 300 um and Kt of 14
MPa,/m).8 For similar comparison purposes, the
transformation properties for two Mg-PSZ materials
are also shown in Table 5 (Mg-PSZ-A, with /=9 pm
and Kt =3.0 MPa,/m and Mg-PSZ-B, with 2=65 um
and K1 =4.0 MPa,/m).> The microstructure transform-
ability of 2H is similar to that exhibited by Mg—PSZ-A;
although crack shielding is noticeably smaller. The
transformation properties of 10H are similar to those
obtained for Ce-TZP-A, but transformation toughen-
ing is more pronounced in Ce-TZP-A. High toughness
Ce-TZP and Mg-PSZ (Ce-TZP-B and Mg-PSZ-B)
offer much higher fracture toughness values.

However, the interest in the here-developed Y-TZP/
PSZ materials is the concomitant high values of the
fracture strength and toughness (Table 2). The reported
fracture strength (for prismatic bars under four-point
bending) of the above mentioned high toughness cera-
mics are about 400 MPa for Ce-TZP*? and 464 MPa for
Mg-PSZ.3! These values are clearly smaller than those
obtained for the present mixed Y-TZP/PSZ micro-
structures. Although such high strength is usually
obtained in fine-grained Y-TZPs, produced by sintering
at low temperatures, fracture toughness in these mate-
rials may be described as rather low. Thus, heat treat-
ment of fine-grained Y-TZPs at 1650°C for moderate
times (about 2 h) seems to be a promising way to get a
zirconia ceramic that combine high fracture strength
with quite large fracture toughness.

5. Conclusions

Microstructural changes promoted in Y-TZP via heat
treatment at 1650°C were accurately studied, using
XRD and Raman microprobe spectroscopy. Crack
propagation resistance of the resulting microstructures
was evaluated and related to transformation capability
as well as to microstructural differences. From these
results, the following conclusions can be drawn:

1. Heat treatments of a 2.5 mol% yttria-stabilized
zirconia at 1650°C result in a pronounced change
in the microstructure. It evolves from an initially

Transformability of each microstructure, in terms of transformation activation stresses (ocr). Reported values for various Ce-TZP%2?° and Mg-PSZ

materials® are also included for comparison

Material Y-TZP 2H 10H

Ce-TZP A

Ce-TZP B Mg-PSZ A Mg-PSZ B

ocr (MPa) 630 350 305 350

161 471 171
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fine-grained Y-TZP to an aggregate of cubic
grains surrounded by tetragonal grains. In the
cubic grains, a dispersion of very fine tetragonal
precipitates was found. Since the obtained micro-
structures exhibit features close to both Y-TZP
and PSZ they are termed as mixed Y-TZP/PSZ
ceramics.

2. The obtained microstructures allow the retention
of large tetragonal grains (up to ~4 pm). Since
transformation of these grains into monoclinic
symmetry is now more favorable than for conven-
tional Y-TZP, phase transformability is enhanced.
This raises the shielding effects developed by t—m
transformation, resulting in a pronounced R-curve
behavior.

3. Determination of the transformed zone height by
Raman microprobe spectroscopy showed that the
developed Y-TZP/PSZ materials extensively
experience t—m phase transformation around a
propagating crack with large values of trans-
formed zone heights, 16 and 28 um for 2H and
10H respectively.

4. Transformed zone tip profiles around an indenta-
tion crack were semicircular in Y-TZP/PSZ mate-
rials, similar to transformed zone profiles detected
in high-toughened Mg—PSZ ceramics.

5. Estimation of transformation toughening was
made using the dimensions and morphology of
transformed zones as well as the monoclinic phase
distribution found along them and assuming only
dilatant transformation. The obtained shielding
does practically agree with experimental results of
crack shielding attained in R-curve measurements.
The differences could be minimized if shear con-
tributions are accounted, or by assuming that
there is some contribution to toughening from
microcracking. Thus, the t—m transformation is
identified as the main operating mechanism in Y—
TZP/PSZ materials.

6. The more interesting feature of the developed Y-
TZP/PSZ materials is the combination of high
fracture strength (similar to that of fine-grained
Y-TZP) and relatively high fracture toughness
(close to that typical of Mg-PSZ and Ce-TZP),
which is not usually found in highly transformable
ceramics, as Ce-TZP and Mg-PSZ.
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