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The effect of ceria co-doping on chemical
stability and fracture toughness of Y-TZP
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The fracture toughness and ageing resistance of yttria, ceria-stabilized tetragonal zirconia
polycrystals (Y, Ce-TZP) were evaluated as a function of grain size and ceria content. Very
fine grained, fully dense materials could be produced by sinter forging at relatively low
temperatures (1150-1200°C). The ageing resistance in hot water (185°C) of 2 mol% Y,0;-
stabilized TZP is strongly enhanced by alloying with ceria. The ceria content necessary to
avoid degradation completely, decreases with grain size. The toughness of fully dense Y,
Ce-TZP is 7-9 MPam'/? for grain sizes down to 0.2 um. No or very little transformation took
place during fracturing and no clear variation with grain size was observed for the toughness
at grain sizes up to 0.8 um. Reversible transformation and crack deflection may explain the

observed toughness values.

1. Introduction

Y-TZP ceramics possess excellent strength, low grain-
boundary mobility and can be formed superplasti-
cally, but the stability of the tetragonal phase in moist
air or hot water at 100-500 °C is quite poor and only
moderate values are found for the fracture toughness.
Maximum values of 9-12 MPam'/?> have been re-
ported for the toughness [1, 2], but a more typical
value is 8 MPam?'/2, Ce-TZP ceramics, on the other
hand, display a considerably improved resistance
against ageing [3] and a high fracture toughness [4],
but the strength of these materials is generally low and
superplastic forming is not possible owing to strong
dynamic grain growth.

It is therefore anticipated that TZP ceramics with a
good resistance against ageing, low grain-boundary
mobility, good formability during hot-forging pro-
cesses and excellent mechanical properties might be
fabricated using both yttria and ceria as stabilizers for
the tetragonal phase. It has been demonstrated [5]
that, at temperatures starting from 1200°C, grain
growth in YCe-TZP is much slower than in Ce-TZP,
but remains faster than in Y-TZP. Good formability
has been found during sinter forging at 1100-1200°C
under constant load, as has been described elsewhere
[6]. Creep strains up to 0.8 at strain rates larger than
10~ *s~ ! were observed, while the microstructure re-
mained equiaxed and very limited dynamic grain
growth occurred. These are properties typical of
superplastic materials.

It should be recognized that the poor stability of the
tetragonal phase in humid atmospheres at 100500 °C
leads to a severe limitation of the possible applications

of Y-TZP as a structural and wear-resistant material.
The transformation of the tetragonal to the mono-
clinic phase during ageing proceeds from the surface
to the interior and is accompanied by the formation of
micro- and macro-cracks. This can ultimately lead to
a drastic loss of strength or even a complete loss of
structural integrity [7].

Several authors [8—13] have investigated this de-
gradation phenomenon and tried to define the
role of microstructural and environmental para-
meters. There is general agreement that degradation is
strongly influenced by (a) the composition; i.e. the
mole percentage yttria, (b) the grain size, (c) the tem-
perature, and (d) the partial water vapour pressure.
Degradation in moist air occurs at temperatures be-
tween 100 and 500 °C and a broad maximum in the
extent of transformation is observed at 200-300°C.
The upper temperature limit is thermodynamically
defined and decreases with increasing yttria content
and decreasing grain size, while the lower temperature
limit is kinetically defined and is independent of grain
size and composition [10, 12]. The transformation is
strongly accelerated by increasing the water vapour
pressure and degradation is most severe under hy-
drothermal conditions, i.e. in water at elevated pre-
ssures above 100 °C. In hot water the extent of trans-
formation has already reached a broad maximum at
100-200°C [11].

Below a critical grain size, D, the tetragonal phase
is not susceptible to low-temperature degradation.
The value of D depends on the mole percentage yttria
and several authors [13-15] have tried to define a
grain size versus composition stability field for ageing
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of Y-TZP: in moist air, D, = 0.2 pum for 2 mol %
Y,0,, and for 3 mol % Y,0,, values 0o 0.3-0.4 um are
reported [14, 15]. The toughness of such fine-grained
materials is, however, generally lower than that of
their coarser-grained equivalents [16] and an increase
in stability is thus obtained at the expense of a loss in
toughness. '

By co-doping Y-TZP with ceria a good stability of
the t-phase can be obtained [17, 18], possibly without
a loss in toughness. In the present work, the ageing
resistance and toughness of YCe-TZP have been
evaluated as a function of ceria content and grain size.
Very fine-grained materials fabricated by free sintering
or sinter forging at low temperatures (1150/1200 °C)
were compared with their coarser-grained equivalents
prepared by post-densification annealing treatments
at more elevated temperatures.

2. Experimental procedure

Powders have been synthesized by a gel precipitation
technique using metal chlorides as precursor chem-
icals. This synthesis method will be referred to as the
chloride method and has been described in greater
detail elsewhere [19]. The investigated compositions
are listed in Table I. Green samples used for pres-
sureless densification were prepared by cold isostatic
compaction in two steps: first at 80-100 MPa and
finally at 400 MPa. Specimens for ageing tests were
free sintered at 1150 °C for 10 h or at 1400°C for 3 h;
heating and cooling rates were 120 and 240°Ch™ 1,
respectively. To prevent cracking due to differential
sintering, larger specimens intended for fracture
toughness determination were first free sintered at
1050°C for 10 h (heating/cooling rate 60°Ch™1) and
finally at 1150°C for 10h (heating/cooling rate
60-120°Ch™ 1), Direct sintering at 1150 °C often leads
to severe cracking. To increase the grain size, an-
nealing treatments were performed at 1400°C
(2-50 h), 1450 and 1550°C (6 h).

Rectangular specimens intended for sinter forging
tests were made by cold uniaxial compaction at
50 MPa in a steel die (40 mm x 8 mm), followed by
isostatic compaction at 400 MPa. Before sinter forg-
ing, the specimens were presintered by heating
at 120°Ch™! to 950°C, immediately followed by
cooling down. Prior to sinter forging, specimens were
machined to their appropriate dimensions: length x
height x width were 15 mm x 6 mm x 6 mm in the case
of ZY4Ce2 and ZY4Ce8 or 15mm x8 mm X
6 mm in the case of ZYS. Sinter forging tests were
performed in air at 1150 and 1200 °C under constant

TABLE I Composition of the investigated TZPs

Code ZrO, YO, s CeO,
(mol %) (mol %) (mol %)
ZY5s 95 S -
ZY4Ce2 94 4 2
ZY4Ce4 92 4 4
ZY4Ce6 90 4 6
ZY4Ce8 88 4 8

load using an Elatec hydraulic compression machine.
Details of the experimental configuration of this ma-
chine have been given elsewhere [6]. Specimens were
heated to 950 °C at 600 °Ch 1, followed by heating at
300°Ch™1! to the end temperature. The load was
raised to its final value in a linear fashion during
heating from 950 to 1150/1200 °C during most of the
tests. Upon reaching the end temperature, the load
was kept constant for 25 min at a value corresponding
with an initial stress of 80 MPa (calculated on the
basis of the dimensions before testing). The load was
imposed on the 15 mm x 6 mm side of the specimens.
At the end of the test the furnace power was switched
off, resulting in a sudden temperature drop. The creep
strain, €, was calculated from Equation 1, following
the approach of Raj [20]

g, = %{% [(gx - 8y)2 + (gy - 82)2 + (gz - sx)2]}1/2 (1)

where €, €, and ¢, are the true strains in the x, y and z
directions.

Densities were measured by the Archimedes tech-
nique (in mercury). In some cases the density of K|,
beams was calculated using their mass and geomet-
rical dimensions. A Netzsch 402 E dilatometer was
used in limited cases to evaluate the sintering and
high-temperature annealing behaviour of the investig-
ated TZPs. Average grain sizes, D, were determined by
the lineal intercept technique from scanning electron
micrographs (Hitachi S800 or Jeol JSM-35CF) of
polished, thermally etched cuts, using D = 1.56 L,
where L is the average lineal intercept.

The stability of the t-phase was tested by ageing in
hot water at 185°C for 4.5-66 h under a 75-80 bar
nitrogen pressure using a glass container and sample
holder. To ensure that the stability of the bulk of the
materials was tested, polished cuts of sintered samples
were used. The fracture toughness, K., has been
measured in three-point bending using the SENB
(single-edge notched beam) technique. A Nimonic
bending fixture with a span width of 12 mm has been
used. Specimen dimensions were 13 mm x 3 mm x
1 mm, the length and width of the notch, inserted
using a diamond saw, were 500 and 45 pm, respect-
ively. After applying the notch, specimens were an-
nealed at 1000°C to eliminate the transformation
zone, if any. A crosshead displacement rate of
0.3 mmmin~! was used during all tests. Specimens
were not precracked. The hardness of the investigated
TZPs was measured on polished, thermally annealed
cuts by Vickers indentation using a load of 50 kg.

Micro-Raman spectroscopy has been used in lim-
ited cases to inspect the phase content on fracture
surfaces and near radial cracks emanating from the
Vickers .indents. Quantitative determination of the
phase content on aged and fractured surfaces took
place by XRD using a Philips PW1710 diffractometer.
The equation proposed by Toraya et al. [21] was used
to determine the volume fraction of monoclinic
zirconia, V. On aged surfaces, integral intensities of
the diffraction peaks of interest were obtained by
stepwise counting the intensity using a step size of
0.01°(20) and a counting time of 3 s. Intensities were
corrected for the background. To determine integral
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intensities on fracture surfaces, step scans were taken
over the 26°-33°(26) with a step size of 0.015°(26). At
each step the intensity was counted for 10 s. Samples
were pressed into a synthetic clay for X-ray diffraction
(XRD) measurements. Diffraction peaks of the syn-
thetic clay appeared in the measured 20 range. A
pattern-fitting technique has been used to separate the
reflections of tetragonal and monoclinic zirconia from
those of the clay material and to obtain integrated
intensities (corrected for background).

Both at the aged and fracture surfaces a preferred
orientation of the monoclinic phase was observed,
because the observed intensity ratio of the (— 111),,
and (11 1), diffraction peaks was always much larger
than measured in a randomly oriented powder, where
a ratio of 100:74 is invariably observed. The value of
V. calculated using the observed intensities of the
monoclinic diffraction peaks in the aged and fractured
samples (slightly) underestimates the true monoclinic
volume content. A correction method has been pro-
posed by Paterson and Stevens [22], from which
corrections of 1%—5% are obtained at transformation
levels of 10%—-60%. Such corrections are, however,
within the experimental error of the ¥, determination
and no corrections have therefore been applied.

3. Results
3.1. Ageing in hot water
3.1.1. Materials
The relative densities and grain sizes of ZY5 and
ZY4Cex with x = 2-8 after heat treatments at 1150 °C
(10 h) and 1400°C (3 h) are given in Table II. All
investigated TZPs could be sintered to 94%-97%
relative density at 1150°C, the observed grain sizes
being equal to 0.2 ym independent of composition.
After the heat treatment at 1400 °C (3 h) final densities
were 93%—96%. During heating to this temperature
all materials reach 95%-97% at 1250 °C; a small loss
of density is thus observed during annealing at
1400 °C. After annealing at 1400 °C, grain sizes of the
ZY4Cex materials were 0.6 um independent of the
ceria concentration, while .the grain size of ZYS5
remained equal to only 0.3 pm.

All materials were 100% tetragonal after sintering
at 1150 °C or annealing at 1400 °C.

3.1.2. Ageing tests
The monoclinic volume content of the investigated
TZPs after ageing at 185°C in water for 4.5-66 h is
given in Table III. The values of V', are plotted versus
the composition in Fig. 1, in which the compositions
are denoted as ZY4(S), where S can equal 1Y or xCe
with x = 2-8. Grain sizes are given in Table II. It is
clear from Tables II and III and Fig. 1 that the ageing
resistance strongly depends on both grain size and
composition. The stability of the t-phase increases
with decreasing grain size and increasing ceria con-
tent. The differences in V,, between ageing times of 4.5
or 66 h are negligible.

During ageing of ZY5 and ZY4Ce2, sintered at
1400°C, an almost complete transformation to the
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TABLE II Grain sizes and relative densities of the investigated
TZPs after free sintering at 1150 °C (10 h) or at 1400°C (3 h)

Composition 1150°C, 10 h 1400°C, 3 h

D prel D prel

(nm) (%) (nm) (%)
ZY5 0.20 97 0.30 95
ZY4Ce2 0.21 96 0.62 93
ZY4Ced 0.21 95 0.62 96
ZY4Ceb 0.21 96 0.61 92
ZY4Ce8 022 94 0.66 96

TABLE III Monoclinic volume content, V,, after ageing at
185°C in water for 4.5, 41 and 66 h

Composition Sintering Vin (%)

temperature

(W] 45h 41h 66 h
ZY35 1150 41 44 47
ZY4Ce2 1150 53 35 50
ZY4Ce4 1150 0 0 1
ZYA4Ceb 1150 0 0 0
ZY4Ce8 1150 0 0 0
ZYSs 1400 88 89 91
ZYACe2 1400 100 100 100
ZY4Ce4 1400 24 22 24
ZY4Ceb 1400 0 0 2
ZY4Ce8 1400 0 0 0

100

———— Sintered
" 1400°C (3h)

9 eor \ Sintered
;g \ 7 1150°C(10h)

1Y 2Ce 4Ce  6Ce 8Ce
Composition (S)

Figure 1 The monoclinic volume content, ¥, as a function of the
composition of the investigated TZPs after ageing in water at 185 °C
for ((——) 4.5, (——-)41 and (- --) 66 h. The investigated compositions
are represented by S, as in ZY4(S), where S is 1Y, 2Ce, 4Ce, 6Ce or
8Ce. After sintering at 1150°C the grain size equals 0.2 pm inde-
pendent of S, while after sintering at 1400 °C the grain size equals
0.3 pm for 1Y and 0.6 um for all other compositions.

monoclinic phase took place. Severe cracking was
observed in ZYS5, while the ZY4Ce2 specimen dis-
integrated into a powder. All specimens, sintered at
1150°C, retained their structural integrity during ag-
eing. It can be seen from Fig. 1 and Table II that even
at a grain size of 0.2 um the t-phase in ZY5 and
ZY4Ce2 is not completely stable, although the extent
of transformation is much less than at a grain size of
0.6 um (sintered at 1400 °C). At a grain size of 0.2 pm,



4 at % cerium is required to stabilize fully the tetrago-
nal phase during hydrothermal ageing in ZY4Cex,
while at 0.6 um, 6 at % cerium is required.

3.2. Toughness of free sintered, sinter forged
and aged YCe-TZP

3.2.1. Free sintered materials

As mentioned in Section 3.1.1, all investigated TZPs
can be sintered to densities > 95% at 1150 °C. A very
fine grain size of 0.2 um is observed after this sintering
schedule, independent of composition. The toughness
of TZP generally increases with increasing grain size
until spontaneous transformation to the monoclinic
phase occurs, because grain coarsening leads to an
increased transformability of the t-phase under an
applied stress field and is hence expected to lead to an
enhanced shielding of the crack tip [16]. Therefore,
the grain size of all TZP materials was increased after
sintering at 1150 °C by pressureless heat treatments at
1400°C.

The fracture toughness together with grain sizes and
relative densities of YCe-TZP are given in Table IV.
The monoclinic volume content as measured by XRD
on the fracture surface are also given in this table. The
toughness of ZY5 at three different grain sizes has
previously been measured by Theunissen er al. [23]
and their values are also shown in Table IV. All grain
sizes are within the range 0.2-0.8 pm. The variation of
toughness with grain size is illustrated in Fig. 2 for all
investigated TZPs. The measured toughness values of
YCe-TZP are all within the range 5-7 MPam'/? and
there is no clear variation with grain size or composi-
tion. The toughness values of ZY5 are slightly higher
than those of YCe-TZP, the measured values being
equal to 7-8 MPam!/2, It can be seen in Table IV that
only in limited cases some (irreversible) transforma-
tion to the monoclinic phase took place during frac-
turing. Again, no clear variation of the toughness

TABLE IV Fracture toughness, K|, grain size D, relative density,
Pret» and monoclinic volume content on the fracture surface, ¥, of
the investigated TZPs after various pressureless heat treatments

Composition  Final heat D Pret Ve K,
treatment® (um) (%) (%) (MPam!/?®)
ZY5 [23] A 018 97 4] 73 +£0.5
Bi 030 99 0 84408
C 0.75 98 45 83+0.5
ZY4Ce2 B1 0.60 96 0 6.1 +0.5
B2 0.71 96 36 64+ 04
B3 074 98 37 6.6 + 0.6
ZY4Ce4d A 0.21 95 0 50+06
B1 050 99 0 71+ 1.1
B3 076 99 12 6.1+ 1.1
ZY4Ceb B1 0.62 97 0 57407
B2 0.68 97 0 53+05
B3 076 99 0 6.2 +0.7
ZY4Ce8 B! 0.54 98 24 6.9+ 0.5
B2 0.67 96 0 54407
B3 076 98 0 5.6 +03

* A, 1150°C, 10 h; BI, 1400°C, 2 h; B2, 1400°C, 12 b; B3, 1400°C,
50 h; C, 1600°C, 2 h.
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Figure 2 The fracture toughness, measured by the SENB technique,
of the investigated TZPs as a function of grain size. Compositions
are labelled in the legend as in Fig. 1. (W) 1Y, (A) 2Ce, (O) 4Ce, (O)
6Ce, (A) 8Ce.

with the extent of transformation is observed. For all
investigated TZPs the toughness seems not to be
determined by a stress induced irreversible trans-
formation to the monoclinic phase, as will be further
discussed in Section 4.

The hardness of YCe-TZP heat treated at 1400°C
for 12-62 h as measured by Vickers indentation using
a load of 50 kg was equal to 10—12 GPa, independent
of composition and grain size (0.7-0.8 um). These
hardness values are similar to those of Ce-TZP [24]
and Y-TZP [25] (D =0.4-0.5 ym). Micro-Raman
spectroscopy has been used to examine trans-
formation zones, which could have developed along
radial cracks emanating from the indents. However,
only Raman lines typical of the tetragonal phase could
be detected near these cracks. The detection limit of
the micro-Raman measurements was lower than the
one of XRD and is estimated to be 2030 vol % of the
monoclinic phase. Nomarski interference microscopy
showed no surface uplift around indents and their
radial cracks, also indicating the absence of any trans-
formation zone. Transformation zones always lead to
a surface uplift [26] due to the volume expansion
during the t - m transformation.

3.2.2. Sinter forged materials

Differential sintering led to the opening of macro-
cracks in several cases during free sintering of YCe-
TZP. The formation of such cracks can be
suppressed and the elimination of processing flaws
enhanced by using sinter forging as a pressure-assisted
densification technique. During sinter forging, a uni-
axial load is applied to the specimens during den-
sification and the specimens are allowed to move
freely into the lateral direction. Large creep strains can
be imposed on the densifying material [27]. A signific-
ant improvement of the mechanical properties is an-
ticipated for sinter forged materials compared to their
free sintered equivalents.

Here, it will be examined if the toughness of TZP
can be improved by using sinter forging. After the
forging process, grain coarsening was performed by
pressureless annealing at 1400 °C for 2 h in the case of
YCe-TZP. During sinter forging, rectangular speci-
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TABLE V Fracture toughness, K, creep strain, g, final density, py;,, and grain size, D, of ZY5 and ZY4Ce2 sinter forged at 1150 or 1200 °C
eventually followed by pressureless annealing at 1400 °C

Composition Sinter forging® €, Annealing® D Prin K
temperature temperature (um) (%) (MPam'?)
cC) ()]

ZY5 1150° 0.57 - 0.17 98 7.9 + 09
1150 0.71 - 0.18 97 88 £09

ZY4Ce2 1150° 0.49 1400 0.6 96 6.1 403
1150 0.62 1400 0.6 91 52+04
1200 0.84 1400 0.6 92 56 £07
1200 0.83 - 0.25 99 81408

* Sinter forged for 25 min at the end temperature under an initial stress of 80 MPa. The load was raised to its final value during heating from

950°C to the end temperature.
> Dwell time 2 h, heating/cooling rate 120°Ch~ 1.

¢ As @, but now the load was raised to its final value in 5 min upon reaching the end temperature.

mens were forged into a plate-like shape in air at 1150
or 1200°C under an initial stress of 80 MPa. Fracture
toughness values, grain sizes, creep strains and final
densities of ZY5 and ZY4Ce2 after sinter forging or
sinter forging followed by pressureless annealing at
1400 °C are listed in Table V.

At 1150°C both investigated TZPs are sinter forged
to a density of 96%-98% and creep strains are
0.5-0.7, at 1200 °C the final density and creep strain of
ZY4Ce2 are 98%-99% and 0.8, respectively. Large
creep strains are thus reached with near-theoretical
densities during sinter forging. After sinter forging,
ZY4Ce2 specimens were annealed at 1400 °C, which
led to a decrease of density, even down to 91% in one
case. Without annealing the fracture toughness of the
sinter forged TZPs was quite high: values of
8-9 MPam!’? were measured for ZY5 sinter forged at
1150°C (D = 0.18 pm), while a value of 8 MPam?'/?
was measured for ZY4Ce2 sinter forged at 1200°C
(D = 0.25 um). XRD measurements of the fracture
surface of the sinter forged TZPs showed that no
transformation to the monoclinic phase took place
during fracturing. After annealing at 1400°C the
fracture toughness of ZY4Ce2 decreased to
5-6 MPam'/2,

3.2.3. Aged YCe-TZP

The effect of ageing on the toughness of YCe-TZP has
only been examined briefly. After sintering at 1400 °C
for 2 h (pg;, = 99%) K. beams were machined for the
ZY4Ce4 material. After applying the notch, the beams
were annealed at 1000 °C to remove the trans-
formation zone (if present). Finally, these beams
were aged at 185°C for 66 h in water. Before ageing
these specimens were 100% tetragonal and the
fracture toughness was equal to 7.1 + 1.1 MPam?'/?
(D = 0.50 um, see Table IV). After ageing the mono-
clinic volume content at the surface was 10%-30%
and the fracture toughness increased slightly to 8.1
+ 0.8 MPam!/2,

4. Discussion

4.1. Ageing of tetragonal zirconia

In Section 3.1 it was demonstrated that the t-phase in
7ZY5 is quite unstable at 185 °C in water, even at very
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fine grain sizes of 0.2-0.3 pm. Almost complete trans-
formation to the monoclinic phase, accompanied by
severe crack formation, takes place at 0.3 pm. At
0.2 um, still 50% of the t-phase transforms during
ageing. These observations are in agrecment with the
stability field draft for Y-TZP in hot water given by
Winnubst and Burggraaf [13]. The critical grain size
below which no transformation should take place for
ZY5 is near 0.1 pm according to these authors. The
effect of alloying Y-TZP with CeO, on its ageing
resistance has been investigated by adding 2—8 mol %
CeO, to ZY4. The stability has been investigated at
0.2 and 0.6 um. The ageing resistance of ZY4 in hot
water (180°C) has previously been investigated by
Winnubst and Burggraaf [13]: they observed that
even at 0.1 ym an almost complete transformation
took place during ageing. The beneficial effect of
alloying ZY4 with CeO, is clearly illustrated in Fig. 1,
the concentration of CeQ, necessary to avoid trans-
formation completely, being dependent on the grain
size.

Other investigators have also observed this en-
hanced ageing resistance of YCe-TZP at grain sizes
above . ~ 0.5 um: Sato et al. [17] alloyed 3 mol %
Y,0;-stabilized TZP (3Y-TZP) with 2-10 mol %
CeO, and observed an increase of the critical grain
size with increasing ceria content for ageing in hot
water at 100°C, Hernandez et al. [18] alloyed
2Y-TZP with 2-10 mol % ceria and observed no ag-
eing in hot water at 170°C if the ceria content was
6 mol %. The latter authors did not report grain sizes,
but their materials were sintered at 1350 °C for 2 h and
the grain size is estimated to be 0.5 um. The results
of Hernandez et al. are in good agreement with ours.

The mechanistic explanation of low-temperature
ageing of tetragonal zirconia is still a matter of vigor-
ous debate. Three main hypotheses have been put
forward to explain this phenomenon. Sato and
Shimada [9] proposed that the transformation is
controlled by the breaking of Zr—~O-Zr bonds during
reaction with water; this would then lead to a relief of
the constraint acting on the tetragonal grains and
consequently to a transformation to the stable mono-
clinic phase. Lange et al. [28] observed the formation
of Y(OH); by TEM in aged Y-TZP and attributed the
destabilization of the t-phase to the decrease in yttria



content of the tetragonal grains due to the formation
of this yttrium hydroxide. According to these authors,
the critical grain size for ageing should coincide with
the critical grain size for microcracking, the formation
of microcracks leading to the exposure of subsurface
grains to water and thus only requiring short-range
yttrium diffusion during ageing. Yoshimura [29] sug-
gested that strain accumulation due to diffusion of
OH ™ by formation of Zr—-OH and Y-OH bonds and
leading to an expansion of the lattice, causes the
nucleation of the monoclinic phase.

The formation of metal-OH bonds has clearly been
observed with infrared spectroscopy [29] and X-ray
photoelectron.. spectroscopy (XPS) measurements
showed that it is yttrium rather than zirconium, which
binds to the hydroxy groups. Recently, Kontouros
et al. [30] observed, by elastic recoil detection (ERD),
that hydrogen penetrates deep into 3Y-TZP during
ageing, while no such penetration was observed for
3Y-TZP alloyed with TiO,, which is not susceptible to
degradation [31]. Formation of Y-OH bonds and
diffusion of OH™ into the degrading material is thus
experimentally confirmed. However, until now it has
remains unclear if yttrium leaching by the formation
of yttrium(oxy)hydroxides occurs to such an extent
that this should destabilize the tetragonal phase.

Other factors, most noticeably residual stresses
[32], are certainly playing an important role during
ageing. These residual stresses result from the large
thermal expansion anisotropy of tetragonal zirconia
[33, 34]. During cooling from the processing temper-
ature, tensile stresses develop due to thermal expan-
sion mismatch and this promotes the transformability
of the t-phase especially at grain corners due to stress
concentration [35]. The magnitude of these residual
stresses is proportional to the ratio of the thermal
expansion coefficients along the crystallographic
c- and a-axis (v./a,), which, in turn, scales with the
tetragonality (c/a) of the material [30]. These residual
stresses can be relaxed by creep of the material. Creep
of tetragonal zirconia ceramics is enhanced by de-
creasing grain size and increasing. impurity content
[36]. Relaxation of residual stresses will thus be
stronger with decreasing grain size and increasing
impurity content and this leads to a decrease of the
transformability of the t-phase. This should hold both
for transformation under an applied stress field and
during low-temperature ageing. A decrease of the
transformability during fracturing and ageing of Y-
TZP by increasing the impurity content (Al,0;, SiO,)
has indeed been observed by Mecartney [37]. Hughes
et al. [38] also observed that the rate and extent of
transformation during ageing are less for the more
impure material. The increased ageing resistance of Y-
TZP by increasing the impurity content is thus ex-
plained by enhanced relaxation of residual stresses
resulting from the thermal expansion mismatch. This
relation between enhanced stress relaxation caused by
impurities and improved ageing resistance has so far
not been well recognized in the literature, to the best of
our knowledge.

The increased ageing resistance of Y-TZP by allo-
ying with CeO, should be explainable in terms of the

parameters and processes described above. The tetra-
gonality of ZY4Cex varies only very little with the
ceria concentration: at x = 0, ¢/a = 1.0163, while for x
= 10, ¢/a decreases to 1.0146 [23]. The magnitude of
the residual stresses should, therefore, be virtually
independent of the ceria content. Hernandez et al.
[18] observed by XPS that no Y-OH bonds are
formed in YCe-TZP during ageing, and that cerium is
enriched by a factor of 3 at the external surface of the
aged specimens. The segregation layer of cerium
thus seems to act as a protective coating for the
yttrium sites and prevents degradation (indicating
Lange’s hypothesis holds, see above).

Hernandez et al. [18] did not analyse the composi-
tion of the surface before ageing and they speculated
that the cerium enrichment took place during the
sintering stage. XPS measurements of segregation in
YCe-TZP at 1000-1400°C to the external surface
[39, 40] or the grain boundaries [ 5] showed, however,
that no such segregation of cerium occurs during
sintering. Therefore, the segregation of cerium to the
external surface as observed by Hernandez et al. must
have taken place during ageing.

A detailed analysis of the processes occurring
during ageing of CeO,-doped Y-TZP by electron
microscopy and surface analysis techniques such as
X-ray photoelectron spectroscopy is thus needed to
gain a better insight of the automatic processes leading
to the improved ageing resistance of this material.

4.2. Toughness of Y, Ce-TZP

In Section 3.2 it was shown that the fracture toughness
of YCe-TZP as determined by SENB is always within
the range 5-7 MPam?'/?, except for sinter forged spe-
cimens, which were not pressureless annealed (at
1400°C) afterwards. The variation of K,  can be ex-
plained on the basis of variations in density only.
Residual porosities of 1%—9% are observed in the
K .-specimens. Elementary fracture mechanics show
that the fracture toughness for plane stress conditions
is given by

K = (vE)'? 2

where vy is the fracture energy and E the elastic modu-
lus. Both the fracture energy and the elastic modulus
are a function of the residual porosity, P. The depend-
ence of y on the residual porosity is given by [41]

Y = 7Yoexp(— bP) 3)

where vy, is the fracture energy of the fully dense
material and b is a numerical constant, which can take
a value between 2 and 5 depending on the pore
morphology. Winnubst et al. [42] measured the varia-
tion of E with residual porosity for cubic ZrO,-Y,0,
and found that the experimental data were well

described by
E = Ejexp(—aP) for a=27 4)

where E, is the elastic modulus for zero porosity.
Combining Equations 2—4 yields the dependence of
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K|, on the porosity
K. = {2voEqexp[ — (a + b)P]}"?
= Kiexp[ —3(a + b)P] 5)

where K{. is the toughness of the fully dense material.
Equation 5 can be conveniently rearranged to

In(K;) = In(Kp)—3(a+b)P (6)

If the fracture energy, vy, is constant, Equation 6
shows that plotting In(K,.) versus P should yield a
straight line with a slope equal to — %(a + b). Fig. 3
shows such a plot for ZY4Ce2 with residual porosities
of 1%—9%. Indeed, a linear dependence of log(K;,)
with P is observed. From the slope of the curve and
a = 2.7 (see above) it can be calculated that b equals
3.4. From Fig. 3 it can be determined that the fracture
toughness for zero porosity equals 7 MPam!/2, This
value is in good agreement with the experimentally
observed value of 7.1 + 1.1 MPam!/? of ZY4Ce4 with
- a residual porosity less than 1%. A value of 130 Jm 2
for the fracture energy has been calculated for this
material assuming Eq, = 210 GPa [43]. The slightly
higher toughness values observed for Y-TZP in com-
parison with YCe-TZP (see Fig. 2) can be explained
on the basis of Equation 5 if the product v, E, is larger
for Y-TZP.

Great care has to be taken in order to make a
comparison with literature data of the toughness of
Y-TZP, Ce-TZP and YCe-TZP. Firstly, many re-
searchers use micro-indentation to measure K, be-
cause this technique is not time- and material-consu-
ming. But, for tough materials such as TZP, small
crack length/indent size ratios are observed and the
obtained values often overestimate the true toughness
of these materials. Techniques such as double canti-
lever beam (DCB) and SENB can give reliable values of
the toughness only if the transformation zone around
the crack/notch is removed by annealing at elevated
temperatures prior to fracturing. If no annealing step
has been performed, the SENB toughness becomes
dependent on the notch width, as has been demon-
strated by Wang et al. [2]. For instance, these authors
found that the true toughness of 2Y-TZP equals

10
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Figure 3 Variation of the fracture toughness, K., of ZY4Ce2 with
the residual porosity. Note that K|, is plotted on a logarithmic scale.
All materials were annealed at 1400 °C for 2-50 h.
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12 MPam'?, but not removing the transformation
zone around the notch increased the apparent tough-
ness to 17-20 MPam'? at notch widths of
150-700 um. They also found that the true toughness
of Y-TZP stabilized with 2.5-3mol% Y,0, is
8-8.5 MPam!/? (grain size ~ 1 pum). The optimum
fracture toughness of 12Ce-TZP equals 14 MPam?'/?
as observed by Wang et al. [4] using the SENB
technique.

The toughness of YCe-TZP has so far only been
measured by indentation techniques. Duh and Wan
[44] observed toughness values of 10-22 MPam?'/?
depending on the composition for ZY2Cex with x
between 5 and 7.5 mol % (grain sizes were 1-2.5 um).
The SENB values observed in this investigation for
YCe-TZP with grain sizes of 0.2-0.8 um are much
lower than those of Duh and Wan. Evaluation of the
toughness of YCe-TZP with grain sizes above 1-2 um
by e.g. the SENB or DCB technique is necessary to
determine the extent of toughening if the t-phase
becomes highly transformable under an applied stress
field, i.e. with M, temperatures just below room tem-
perature.

Fig. 4 shows the variation of the fracture energy, vy
(calculated from KZ/E, where E is calculated from
Equation 4 with E, = 210 GPa) with grain size for
ZY4Ce4 and ZYS5. Grain sizes are in the range
0.18-0.76 um. From this diagram it is clear that very
little or no grain-size dependence of the fracture en-
ergy is observed in both TZPs. No irreversible trans-
formation to the monoclinic phase took place during
fracturing except for the largest grain size
{ ~ 0.75 um). The toughening mechanisms that are
most probably operating in fine-grained TZPs will
now be discussed.

The transformability of the t-phase under an ap-
plied stress increases with grain size [167]. Therefore,
the extent of toughening (and hence the fracture en-
ergy) should scale with grain size in zirconia-tough-
ened ceramics. Such an increase in fracture toughness
has indeed been observed by Wang et al. [45] for
2.5Y-TZP upon increasing the grain size from 0.75 um
to 1.3 pum. Irreversible t - m transformation was
observed in their samples and the toughening incre-
ment was in good agreement with theoretical models
based on a supercritical, irreversible, dilatational
transformation [46, 47]. In the fine-grained TZPs
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Figure 4 Variation of the fracture energy, v, with grain size for (@)
ZY4Ce4 and (O) ZYS5.



investigated here with grain sizes below 0.8 ym, very
little or no irreversible transformation was observed
on the fracture surfaces of SENB specimens. Still, these
materials had a toughness in the range 7-9 MPam?/?
(for porosities < 1%).

Heuer et al. [48] recently summarized the available
evidence from in situ observations for the stress-
induced t —»m transformation to occur reversibly
under certain conditions. They concluded that to pre-
vent the reverse transformation upon unloading,
microcracking (or twinning) should occur in order to
relieve the residual stresses associated with the for-
ward transformation. Evans and Cannon [46] demon-
strated that toughening can still occur in the case of a
reversible transformation, provided that the reverse
transformation takes place at a stress value which lies
below that at which the forward transformation took
place.

Part of the toughening observed in the fine-grained
TZPs investigated here is possibly due to a stress-
induced reversible t —» m transformation. In situ ob-
servations are riecessary to provide definite evidence
for this hypothesis and to determine the critical grain
size below which no reversible transformation during
fracturing occurs. However, indirect evidence comes
from the temperature dependence of the fracture
toughness of ZY5 with 0.2 pm grain size as measured
by Theunissen et al. [23]. They observed a decrease of
K, from 7.3 MPam'/? at 20°C to 4.5 MPam'/? at
773 °C. This can be explained by a decrease of the
toughening contribution from a reversible t—->m
transformation caused by an enhanced stability of the
t-phase with increasing temperature. At 775 °C, these
authors also observed that the K, of fine-grained ZY5
(0.2-0.3 um) was 4.5 MPam'/?, while the toughness
of coarser grained (0.75 pm) ZY5 was 3 MPam®/.
An additional toughening not related to reversible
or irreversible transformation toughening is thus
observed for fine grain sizes.

Tetragonal zirconia is a ferroelastic material and
ferroelastic domain switching can be induced by an
applied stress. This mechanism can contribute signific-
antly to the toughness of non-transformable zirconia
[49]. Ferroelastic domain switching leads to a prefer-
red orientation of the c-axis orthogonal to the fracture
surface and this can be easily recognized in a XRD
pattern of the fracture surface [50]. The XRD pattern
of the fracture surface of ZY5 with 0.18 pm grain size
showed that very little preferred orientation of the
c-axis of the t-phase took place during fracturing.
Consequently, the contribution of ferroelastic domain
switching to the toughness of the materials investig-
ated here can be neglected.

Crack deflection can be operating in the studied
TZPs in a way similar to the deflection of cracks
in tetragonal single crystals caused by their domain
substructure. All investigated TZPs fractured inter-
granularly and crack deflection can occur at grain
boundaries. This would lead to a high roughness of
the fracture surfaces as has indeed been observed.
Crack deflection is insensitive to temperature [51] and
this might explain the enhanced high-temperature
toughness of fine-grained Y-TZP compared to its

coarser grained counterpart as mentioned above. A
more elaborate discussion of crack deflection for fine-
grained TZP can be found elsewhere [23].

Recently, Krell and Blank [52] suggested that the
macroscopic toughness of materials might be im-
proved by increasing their grain-boundary toughness,
KE®. According to these authors, the grain boundaries
can be strengthened by the elimination of amorphous
phases from the grain boundaries. The slightly higher
toughness values observed here of the sinter forged
TZPs compared to their free sintered equivalents (cor-
rected for residual porosity) can be attributed to a
strengthening of the grain boundaries, caused by the
removal of the intergranular silicate film under the
influence of the large compressive stresses applied
during sinter forging.

In Section 3.1.3 it was established that the tough-
ness of ZY4Ce4 (grain size 0.50 pm) increases from
7MPam'? to § MPam?'/? after ageing in water at
185 °C for 66 h. During ageing, approximately 30% of
the t-phase transformed at the external surface. The
transformability of the t-phase is thus enhanced by
this ageing treatment and this enhanced trans-
formability will lead to an increase of toughening
during fracturing by transformation toughening. A
similar observation has been made by Kontouros
et al. [30] on aged YTi-TZP.

5. Conclusions

1. The critical grain ‘size, below which no low-
temperature degradation under hydrothermal condi-
tions occurs, is smaller than 0.2 pm for 2.6 mol %
Y,0;-stabilized TZP.

2. The stability of the t-phase in hot water (185 °C)
for 2mol % Y,0;-stabilized TZP can be strongly
enhanced by alloying with ceria. The ceria content
necessary to avoid degradation completely, depends
on the grain size: at 0.2 um 4 mol % ceria and at
0.6 pm 6 mol % ceria are required.

3. The SENB toughness of fully dense free sintered
YCe-TZP is 7 MPam'/? for grain sizes of 0.2-0.8 pm.
A fracture energy of 130 Jm ™2 has been calculated for
this material. Very little or no irreversible trans-
formation took place during fracturing.

4. The SENB toughness of very fine-grained
(0.16-0.25 ym) Y-TZP and YCe-TZP, obtained by
sinter forging at 1150 or 1200°C, is 8-9 MPam'/2.
No monoclinic zirconia was detected on the fracture
surface.

5. Reversible transformation toughening and crack
deflection are possible candidates to explain the
toughening of the very fine-grained TZPs examined
here.
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