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The phases, transformability, microstructure and mechanical properties of ZrO2-Gd2O3

polycrystals containing 1.75–8 mol% Gd2O3 were studied. The samples were prepared by a
coprecipitation route followed by sintering at 1400◦C for 2 hours. The grain size was in the
range of 0.1–0.2 µm except for some large grains at high Gd2O3 contents. Only a tetragonal
phase was observed between 2–4 mol% Gd2O3 and a cubic phase for compositions
containing ≥9.6 mol% Gd2O3. A peak KIC of 12 MPa m1/2 and a strength of 800 MPa were
obtained in the 2 mol% Gd2O3 alloy for which the t → m transformation on the fracture
surface was also found to be maximum. Transformation toughening is able to account for
most of the toughness of the samples. C© 2002 Kluwer Academic Publishers

1. Introduction
The stabilization of the tetragonal phase in ZrO2 by
rare earth oxides such as CeO2, Gd2O3, Er2O3 and
Yb2O3 is well documented. However, except for CeO2,
other additives have not received much attention, per-
haps because of the difficulty in preparation of pow-
ders which sinter to a high density yielding a tetragonal
phase with high transformability under stress. CeO2
stabilized tetragonal zirconia polycrystal (Ce-TZP) has
been quite extensively studied, next only to Y2O3 stabi-
lized tetragonal zirconia polycrystal (Y-TZP). In spite
of the high KIC and strength of these TZP’s, their use
is restricted because of the problem of degradation of
properties due to t → m transformation when held at
low temperatures (200–500◦C) [1]. Thus it is of interest
to study the preparation and properties of ZrO2 stabi-
lized by other additives.

Out of the potential rare earth stabilizers, Er2o3 leads
to high sintered density but the t phase is highly stable
against transformation [2]. The ZrO2-Gd2O3 has been
studied by many investigators though not with a view
to design Gd-TZP with good mechanical properties.
Van Dijk et al. [3] prepared ZrO2-Gd2O3 solid elec-
trolytes and measured their electrical conductivity. Sim-
ilar studies have also been reported by Moztarzadeh [4]
and Kang et al. [5]. Michel et al. [6] prepared Gd2O3
doped tetragonal zirconia single crystals by skull melt-
ing for studying their fracture behaviour and Leung
et al. [7] studied the high temperature phase parti-
tioning in ZrO2-Gd2O3 system prepared from aqueous
precursors.

One important consideration in the use of stabilized
zirconias is their degradation behaviour at low tempera-
tures. The kinetics of low temperature aging is believed
to be dependent on the strain in the zirconia lattice
[8]. As Gd3+ has an ionic radius (0.96 Å) [9] closer
to Zr4+ (0.87 Å), than Y3+ (1.06 Å), it is conceivable

that stabilization by Gd3+ could lead to lower strain
in the lattice and thereby lower aging rates. Moreover,
the high rate of partitioning of Gd2O3 between the t
and c phases [7] should make it much easier to tailor
the microstructure to different applications. With this
in view, we have studied the phases, t → m transforma-
bility, microstructure and mechanical properties of a
series of ZrO2-Gd2O3 alloys.

2. Experimental procedure
We have recently reported the preparation of tetrago-
nal ZrO2-Gd2O3 powders with good sinterability. Only
the powders prepared by a coprecipitation route yielded
a fully tetragonal phase and high sintered density. The
mixed oxide and hybrid sol-gel routes of powder prepa-
ration lead to poor sintered density and only partial sta-
bilization of the tetragonal phase. In the present work,
we have therefore prepared the ZrO2-Gd2O3 alloy
powders by coprecipitation from Zr(iv) propoxide and
Gd(NO3)3.6H2O, as described in the earlier report [10].
The coprecipitated powders were washed in distilled
water and propanol, dried at 120◦C for 24 hours and
calcined in air at 700◦C for 4 hours. The calcined pow-
ders were mixed with a 1.5 wt% PVA solution, dried at
100◦C, sieved through 75 mesh screen and uniaxially
pressed at 220 MPa into either 15 mm φ × 2.5 mm high
circular disks or 32 × 12 × 3 mm rectangular bars. The
green bodies were dried at 120◦C, the binder was re-
moved by heating the samples at 600◦C for 30 minutes
and sintering was carried out at 1400◦C for 2 hours.
Cooling was done at a rate of 3◦C/min upto 750◦C
followed by furnace cooling.

The density of the sintered samples was determined
using an x-ray diffractometer with Cu Kα radiation.
The volume fraction Vm of the monoclinic (m) phase
(talking the monoclinic and the tetragonal phases as the
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basis) was obtained using the relations [11–13].

Xm = Im(111̄) + Im(111)

Im(111̄) + Im(111) + It(111)

and

Vm = P Xm

1 + (P − 1(Xm))

Here Im and It denote the integrated peak intensities
of the x-ray peaks for the monoclinic and the tetrago-
nal phases for the indicated peak and P is a parameter
whose value is usually between 1.29 and 1.34 [11, 12].
We have used P = 1.31 which is the value reported for
Y-TZP [13].

For determining the relative amounts of t and cu-
bic (c) phases, the x-ray data in the 2θ range 72◦–76◦
was used. The relative amounts of t and c phases were
obtained using the relations.

νc

νt
= 0.8745Ic(400)

It(400) + Ic(400)
(1)

and

νm + νt + νc = 1 (2)

Here νc, νt and νm denote the volume fractions of
the cubic, tetragonal and the monoclinic phases respec-
tively. The factor 0.8745 in the above equation was cal-
culated using the data given by Evans et al. [13], Klug
and Alexander [14] and Cullity [15].

Lattice parameters of the tetragonal phase were deter-
mined using a least square fitting routine on a minimum
of eight peaks.

Indentation fracture toughness KIC was determined
by indenting the samples with a Vickers indentor at
30 kg load and measuring toughness based on the
method described by Anstis et al. [16]. Fracture tough-
ness was also determined by three point bending of
single edge notched beam (SENB) samples.

In order to limit the powder preparation efforts, small
samples of size 12 × 2.5 × 0.85 mm were used for
strength measurement by three point bending with a
span of 6.3 mm. However, in order to determine the
variation in strength due to sample size, some selected
compositions were also tested in four point bending us-
ing standard samples of size 25 × 2 × 1.5 mm with in-
ner and outer spans of 10 and 20 mm respectively [17].
The samples were polished on all sides to remove the
surface layer of monoclinic zirconia prior to testing. At
least 6 samples were used to determine each data point.

The extent of t → m transformation during fracture
was determined by x-ray diffraction from the frac-
ture surfaces of three point bend strength samples.
The transformation depth d was determined using the
relation [18].

d = Sin θ

2µ

[
Xmeas − Xbulk

Xsurf − Xmeas

]
(3)

where Xmeas and Xbulk are integrated x-ray intensity
ratios of monoclinic ZrO2 measured on the fracture sur-
face and on the sintered sample respectively. Xsurf is the

same ratio for the very top layer of the fracture surface.
As Xsurf is not easily amenable to measurements its
value is taken to be Ybulk, the value for the transformable
tetragonal phase in the bulk of the sample, i.e., it is as-
sumed that all the transformable tetragonal phase is
transformed at the top of the fracture surface. θ is taken
to be 15◦ and µ is the linear absorption coefficient for
x-rays.

Polished samples were thermally etched in air at
1350◦C for 10 minutes and observed by SEM at 15 kV.
The average grain size, D was calculated by the line
intercept method using the relation by Mendelson [19].

D = 1.558 L (4)

where, L is the average intercept length over a large
number of grains as measured on the plane of the pol-
ished surface. At least 200 grains were measured for
each value of the average grain size. At higher concen-
trations of Gd2O3 (5 and 8 mol%), some grains dis-
tinctly larger than the others are present. For these two
compositions, the average grain size was determined
separately for the two types of grains.

3. Results
3.1. Phases
The phases in the sintered samples were determined in
the composition range from 1.75 to 8 mol% as shown in
Fig. 1. The data is from 4 to 5 samples and the bars show
the scatter in the results. Michel et al. [6] found that a
minimum of 3 mol% Gd2O3 is necessary to stabilize
the tetragonal phase. However, in the present case we
found this amount to be 2.5 mol% Gd2O3. Even with
1.75 mol% Gd2O3 only ∼12 mol% monoclinic phase is
present. The monoclinic content drops to 4 vol% with
2 mol% Gd2O3 while 2.5, 3 and 4 mol% samples are
single phase tetragonal material. In 8 mol% samples the
t phase peaks diminish while the peak due to c (400)
becomes very sharp indicating that the major fraction
of the specimen has cubic phase. The estimated volume
percent of cubic phase in 5 and 8 mol% samples is 9
and 80% respectively.

3.2. Lattice parameter and c/a axial ratio
The change in the lattice parameter of the tetragonal
phase with change in Gd2O3 content is shown in Fig. 2.
The c axis shortens while the a axis elongates with

Figure 1 Phases in the sintered samples of ZrO2-Gd2O3 alloys as a
function of Gd2O3 content.
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Figure 2 Lattice parameter of ZrO2-Gd2O3 alloys.

Figure 3 Tetragonal to monoclinic phase transformation on the fracture
surface.

increasing Gd2O3 content. The lattice parameter for
pure tetragonal phase with no Gd2O3 is taken from Sheu
et al. [20]. A least square fit of the data indicates that
c/a would become unity (i.e. a cubic phase would be
obtained) at ∼9.6 mol% Gd2O3.

3.3. Tetragonal to monoclinic
transformation on fracture surface

Fraction of the tetragonal phase transformed to mono-
clinic phase on fracture surface is shown in Fig. 3. The
extent of t → m transformation continuously decreases
from 65% to ∼5% with increase in Gd2O3 content from
2 to 8 mol%. The transformation zone depth decreases
in a similar manner from 3.4 µm to 0.5 µm (Fig. 4).
However, the extent of t → m transformation and the
zone depth are smaller for 1.75 mol% Gd2O3 than for
2 mol% Gd2O3, giving a peak at 2 mol% Gd2O3.

3.4. Fracture toughness, strength
and hardness

A peak in the fracture toughness is obtained at 2 mol%
Gd2O3 (Fig. 5). Peak toughness is ∼12 MPa m1/2 for
indentation method (Fig. 5a) and ∼15 MPa m1/2 for
SENB samples (Fig. 5b). The measurement on SENB

Figure 4 Transformation zone depth of ZrO2-Gd2O3 alloys.

(a)

(b)

Figure 5 Fracture Toughness of ZrO2-Gd2O3 alloys: (a) Indentation
method, (b) SENB method.

samples is known to give an overestimate of KIC due
to a finite notch tip radius. For both methods fracture
toughnes is ∼10 MPa m1/2 or more for Gd2O3 con-
tents in the range 1.75–4 mol% Gd2O3 and decreases at
higher Gd2O3 contents. The three point bend strength as
a function of Gd2O3 content is shown in Fig. 6. Strength
is maximum (∼900 MPa) for 2–3 mol% Gd2O3. As
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Figure 6 Three-point bend strength of ZrO2-Gd2O3 alloys.

Figure 7 Vickers hardness of ZrO2-Gd2O3 alloys.

a smaller than standard test sample size is used, the
strength values are likely to be overestimated. Measure-
ments on a few 2 mol% Gd2O3 samples using standard
sized test bars as described earlier, showed that the over-
estimate is by about ∼15% (Fig. 6). The hardness of
the samples was obtained from the slope of the applied
load (P) vs. square of the average value of half diag-
onal (a2) for Vickers indentation. The maximum load
used in these experiments was less than that at which
the indentation cracks begin to form. The hardness H
was calculated from the slope using the relation [21].

H = 0.47 × slope

The variation in Vickers hardness with Gd2O3 con-
tent is shown in Fig. 7. There is a broad maximum in
hardness (∼14.2 GPa) for 2.5 to 5 mol% Gd2O3.

3.5. Density and microstructure
Fig. 8a to d show the microstructure of sintered

ZrO2-Gd2O3 samples. Except for 8 mol% Gd2O3
(Fig. 8d), grains in all the other samples are rounded and
have extremely small size (0.10–0.15 µm). The grain
size does not change much in the range 1.75 to 4 mol%
Gd2O3. At 5 mol% a few large grains (0.3–0.4 µm)

TABLE I Density of ZrO2-Gd2O3 Alloys

Composition (mol% Gd2O3) Relative density

1.75 0.90
2.0 0.92
2.5 0.93
3.0 0.99
4.0 0.96
5.0 0.92
8.0 0.88

appear and at 8 mol% majority of the grains are large
(∼0.6 µm) (Fig. 9). These large grains, unlike the
smaller grains are faceted i.e. they have sharp corners.
The densities of the samples are given in Table I. High-
est density (99% of the theoretical) is obtained at 3
mol% Gd2O3.

4. Discussion
4.1. Effect of Gd2O3 on the phases
Several attempts have been made to determine the
phase diagram of the ZrO2-Gd2O3 system [22–25].
All of these including the more recent ones are con-
fined to high temperatures (≥1800◦C), as compared to
a sintering temperature of 1400◦C in our experiments.
A direct comparison of our results with these diagrams
is therefore not possible. Furthermore, as pointed out by
Leung et al. [7], the attainment of equilibrium in ZrO2-
Gd2O3 alloys is a slow process—it takes more than 200
hours at 1400◦C to reach the equilibrium. Leung et al.
found that a metastable tetragonal phase is obtained
subsequent to precursor pyrolysis when Gd2O3 content
is ≤6.5 mol%, which upon holding at high temperatures
(1400◦C), partitions into tetragonal and cubic phases.
They estimated the maximum equilibrium solid solu-
bility of Gd2O3 in tetragonal ZrO2 to be 1.0 ± 0.1 mol%
and minimum equilibrium solid solubility in cubic ZrO2
to 8.0 ± 0.2 mol% at 1400◦C. In the present experi-
ments the samples were held at 1400◦C for only 2 h
as compared to 200 h used by Leung et al. [7]. Under
these conditions, we find the solid solubility of Gd2O3
in the t phase to be as high as 4 mol% (Fig. 1). Simi-
larly at c/a = 1, the solubility of Gd2O3 in cubic ZrO2
is estimated to be 9.6 mol% (Fig. 2). This was verified
by preparing two alloys containing 9 and 9.6 mol%
Gd2O3—while some t phase was present in the former,
the latter showed only the cubic phase. Similar results
were also reported by Li et al. [25]. Clearly therefore,
the phases in the present work are in metastable state,
in view of the results of Leung et al.

The density data has been given in Table I. The varia-
tion in the sintered density (88–99%) with mol% Gd2O3
is quite large. Maximum density (99%) is obtained at
3 mol% Gd2O3 and much lower density (≤90%) at the
extreme values, 1.75 and 8 mol% Gd2O3.

The grain size remains nearly constant (0.10–
0.15 µm) up to 4 mol% Gd2O3. At the higher Gd2O3
contents, larger grains are observed (Fig. 9). The pres-
ence of large grains at higher stabilizer content has been
noted by many authors [7, 26]. This is because of the
inhibition of the grain growth in the t-grain while the
cubic phase shows no such inhibition. The large grains
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(a)

(b)

(c)

(d)

Figure 8 Microstructures of polished surfaces of ZrO2-Gd2O3 alloys with increasing Gd2O3 concentration, (a) 1.75 mol%, (b) 3 mol%, (c) 5 mol%
and (d) 8 mol%; the bar is 1 µm.
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Figure 9 Grain Size distribution of ZrO2-Gd2O3 alloys; the grain size
distribution is nearly similar for Gd2O3 contents <3 mol%.

in these samples are most probably phase separated
(cubic + tetragonal) grains. Various explanations have
been proposed for the slow grain growth in the t phase.
These are a solute drag model due to segregation of
the stabilizer to the grain boundaries [27], space charge
drag model [28] and coherency strains due to motion
of boundaries between diffuse grains [29].

4.2. Fracture toughness
Variation in KIC with mol% Gd2O3 is shown in Fig. 5.
The maximum value of KIC is ∼12 MPa m1/2 at 2 mol%
Gd2O3 when measured by indentation method. The
toughening in zirconia ceramics is mainly produced
by the crack tip shielding mechanisms. These include
transformation toughening and microcracking. Micro-
cracking may become important when the ceramic con-
tains a significant amount of the monoclinic phase. In
the 1.75% sample, which has about ∼12% m phase (the
highest in all the samples), the toughness is not the high-
est. The other samples do not contain any m phase (ex-
cept the 2% sample which has very small amount of the
m phase). The microcracking accompanying the t to m
transformation during cooling from the sintering tem-
perature may be influencing the strength and hardness
as discussed later. However, its contribution to tough-
ness does not appear to be significant as compared to
that due to transformation toughening. To quantify the
contribution of transformation toughening (KICTT), the
fraction of t phase transformed to m on the fracture

Figure 10 Plot of KIC (experimental value) and KIC TT (calculated) for
(a) dilatation only, (b) shear only and (c) both dilatation and shear.

surface and the transformation zone depths were deter-
mined (Figs 3 and 4), KICTT was calculated using the
following equations:

(a) Dilation only [30]

KICTT = 0.22EV f eT
√

h

(1 − ν)
(5)

(b) Shear only [30]

KICTT = 0.55EV f eT
√

h (6)

(c) Shear and dilation [31]

KICTT = 0.48EV f eT
√

h

(1 − ν)
(7)

In the above equations E is the Young’s modulus, Vf
is the volume fraction of the transformed phase, eT is
the transformation strain, h is the width of the transfor-
mation zone and ν is the Poisson’s ratio.

The experimental values of KIC and the KIC TT calcu-
lated according to the above three equations are shown
in Fig. 10. The largest contribution by transforma-
tion toughening is obtained when shear and dilation
(equation 7 above) both are considered. This is able to
account for most of the toughness. However, it should
be noted that, to be precise, such calculation requires
much more information [30] (such as the unconstrained
transformation strain, elastic material of the material,
particle size distribution, etc.) than is available.

The sources of the additional toughness could be
(i) m → t reversal on the fracture surface after the pas-
sage of the crack; this would lead to an underestimate
of the contribution due to transformation toughening
(ii) domain switching in the tetragonal phase [32] and
(iii) other effects like crack branching, microcracking
etc. In order to determine whether there was any sig-
nificant contribution to fracture toughness from domain
switching, the ratios I(202)/I(220) and I(113)/I(131) for
the t phase before and after transformation were ex-
amined. The reported values of these ratios for ZrO2-
CeO2 alloys are shown in Table II [32] along with the
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T ABL E I I Ratio of I(202)/I(220) and I(113)/I(131) from as sintered
and on ground surface of ZrO2-CeO2 samples [Virkar et al., ref. 32]

After surface % Relative
Theoretical As sintered grinding change

I(202)/I(220) 2.0 2.16 8.21 +300
I(113)/I(131) 0.5 0.53 2.79 +460

measured values for ZrO2-Gd2O3 which is reproduced
in Table III. As seen from the tables the changes in in-
tensity ratios are very small compared to those reported
by Virkar et al. (Table II), and could be because of the
texture which develops due to the t → m transformation
during fracture [33, 34].

4.3. Strength and hardness
In polycrystalline brittle materials the size of the
strength determining flaw usually scales with the grain
size. Very often a pore induces a microcrack along the
grain boundaries and then the (pore + microcrack) acts
as the critical flaw. The size of the critical flaw is thus ex-
pected to be larger in samples with large grains leading
to a decrease in strength.

The histograms of grain size distribution for vari-
ous samples are shown in Fig. 9. The expected cor-
relation between the largest grain size and strength is
observed only in samples with ≥4 mol% Gd2O3. These
samples contain both tetragonal and cubic phases with
the amount of cubic phase increasing with increasing
Gd2O3 content. Thus it appears that failure in these sam-
ples initiates in the vicinity of the (cubic + tetragonal)
grains, which have large size.

The strength of samples with ≤2 mol% Gd2O3 de-
creases as the amount of monoclinic phase increases.
Microcrack formation usually occurs due to the vol-
ume expansion associated with t → m transformation
during cooling and may be responsible for the observed
degradation in strength. The strength in the single phase
tetragonal region is nearly constant as is the size of
largest grains.

As mentioned earlier, the measured strength values
overestimate the actual strength due to small sample
size. This is because the surface finishing operations
used for preparing the samples for strength testing
usually cause t – m transformation in the surface layer,
producing compressive stresses on the surface. In the
present experiments, the samples were hand polished.
The amounts of the various phases, as shown earlier
in Fig. 1, were determined from x-ray diffraction data
from the polished surfaces. No m phase could be
detected by x-ray diffraction in the samples having

T ABL E I I I Ratio of I(202)/I(220) and I(113)/I(131) from as sintered and on fractured surface of ZrO2-Gd2O3 alloys

I(202)/I(220) I(113)/I(131)Composition
(mol%
Gd2O3) Polished Fractured % relative change Polished Fractured % Relative change

3 2.16 1.61 −25.4 0.79 0.84 +6.3
4 2.52 1.75 −30.6 1.03 0.87 −15.1
5 3.44 3.00 −12.8 1.86 1.67 −9.1

Figure 11 Fraction of the tetragonal phase that transformed to mono-
clinic by hand grinding of the samples.

Gd2O3 content between 2.5 to 4 mol%. In a separate
set of experiments, the fraction of the t phase that
transforms to m phase on subjecting the sample to hand
grinding was determined and is shown in Fig. 11. It
can be seen that the hand grinding leads to significant
transformation in the composition range 2 to 4 mol%
Gd2O3. Absence of the m phase in the polished
samples in this composition range thus shows that the
t – m transformation due to polishing is negligible in
our samples. Some transformation, not detectable by
x-ray diffraction, does occur as evidenced by a slightly
higher value of the strength for larger samples. How-
ever, even after taking this into account, the strength
values compare favourably with the best reported for
Y-TZP and Ce-TZP (800–900 MPa and 700–800 MPa
respectively) [35, 36]. Optimization of processing
should lead to further improvement in strength.

The hardness is found to be maximum and nearly
constant between 2.5 to 5% Gd2O3 (Fig. 7). The tetrag-
onal phase with strains due to tetragonal distortion is
expected to have a higher hardness than the cubic phase.
However, while c/a ratio continuously decreases as the
Gd2O3 content is increased (Fig. 2) the hardness re-
mains nearly constant in the composition range 2.5 to
5 mol%. Moreover, at 1.75 and 2 mol% Gd2O3, the
hardness values are lower than maximum even though
the c/a is nearly the highest and the phase is nearly
fully tetragonal. This may have to do with the presence
of small amounts of the monoclinic phase in these sam-
ples. It is possible that the formation of the m phase in
the larger grains during cooling from the sintering tem-
perature is accompanied by microcracks which con-
tributes to the lowering of the hardness. The hardness
is also influenced by porosity. However, in our case
no correlation between the density and hardness are
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observed indicating that the effect of the variation in
density is not significant.

4.4. Dependence of tetragonal
to monoclinic transformation
on Gd2O3 content

The decrease in t → m transformation for Gd2O3 <

2 mol% needs to be discussed (Fig. 3). In general, the
t → m transformation should become thermodynami-
cally easier as the stabilizer content decreases. How-
ever, if the t → m transformation is nucleation con-
trolled, as appears to be the case [37, 38], then presence
of second phase grains separating the tetragonal grains
would also affect the total amount of t → m transforma-
tion. Such a microstructure suppresses the autocatalytic
nucleation events and leads to a reduction in the fraction
of transformed t phase. Thus the presence of about 10%
monoclinic phase in 1.75 mol% Gd2O3 sample may be
responsible for a decrease in the t → m transformation
in these samples.

5. Summary
The tetragonal phase is formed in ZrO2-Gd2O3 alloys
containing 2 to 4 mol% Gd2O3 by sintering the samples
prepared from coprecipitated poweders at 1400◦C for
2 hours; the m and c phases appear at lower and higher
Gd2O3 contents respectively.

The sintered density varies between 88 and 99%, the
highest values being obtained at 3 mol% Gd2O3. The
grain size is between 0.1 and 0.2 µm except in sam-
ples with higher (5 to 8 mol%) Gd2O3 where larger
(cubic + tetragonal) grains are also present.

Maximum toughness of ∼12 MPa m1/2, as measued
by indentation method, is found for 2 mol% Gd2O3
composition. The t → m transformation is also maxi-
mum at this composition. Transformation toughening
is able to account for most of the toughness.

The samples with high toughness also have highest
strength (∼800 MPa measured on large samples) and
hardness (14.2 GPa). The strength compares favourably
with the best reported strength for Y-TZP and Ce-TZP.
Further improvement in strength should be possible
with improved processing.
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