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The stress induced tetragonal to monoclinic ZrO, martensitic transformation contribution to
fracture toughness is described in terms of the required external strain energy and the thermo-
dynamic stability of the constrained tetragonal phase. The strain energy, derived from an
externally applied stress acting on the main crack, required to achieve transformation toughen-
ing is shown to be a function of the term (7 — M,) where T is the test temperature and M, is
the martensite start temperature for the case of 7 > M,. Thus for a given 7 (7 > M), the trans-
formation toughening component increases as M, approaches T and for a fixed M, the tough-
ness decreases as 7 increases. Experimental data for partially stabilized zirconia ceramics con-
firm these results and show that increasing tetragonal precipitate size is the primary feature
which affects an increase in M,. In the case of T < M,, autotransformation occurs, resulting in
decreasing toughness with decrease in 7 due to a continuous loss in the tetragonal phase
content. A temperature region is thus obtained over which transformation toughening exhibits
a maximum in its contribution. The temperatures over which this occurs then is shown to be

dependent on the M, temperature of the material.

1. Introduction

In the case of ZrO,, the tetragonal to monoclinic
transformation involves a volume increase as well as a
shear strain. Thus under conditions where the sample
is stressed, the transformation occurs in a tensile strain
field (e.g. that surrounding a crack tip) which allows
the volume to expand. Observations reveal that the
shear (shape change) strain is often minimized by the
generation of twins within the monoclinic phase (1, 2].
When they transform and expand, the ZrO, particles
introduce radial compressive strains in the surrounding
matrix. As the volume increase is 5 to 6% [3, 4] the
linear compressive strains in the matrix are quite large
(1 to 2%). In this case the associated local compressive
stresses are very high (0.01 to 0.02 times the Young’s
modulus of the matrix) and modify (decrease) any
nearby tensile stress fields. Thus the externally applied
tensile stress must be increased to raise the local tensile
stress field to its former level near a transformed par-
ticle. When tetragonal ZrO, particles transform in the
tensile stress field of a crack tip, the crack tip tensile
stress is decreased and the external tensile stress must
be increased to generate sufficient tensile stress to
continue to propagate the crack. This is clearly why
this type of transformation is so attractive in ceramics,
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where cracks normally grow quite easily when sub-
jected to very modest tensile stress conditions.

The tetragonal to monoclinic phase transformation
in ZrO, can be characterized by the temperatures at
which the forward (M,) and reverse (4,) transform-
ations are initiated during decreasing and increasing
temperature cycles, respectively. At T = M, a portion
of the constrained tetragonal precipitates/particles
spontaneously transforms to the monoclinic phase so
that the total energy change, AG5 ™, must be zero [5],
the total energy change being the sum of the changes
in chemical free, surface, and internal strain energies.
When T > M,, AGy™ > 0 and additional energy
must be supplied to initiate the transformation. This
can be derived from the strain energy introduced from
an externally applied tensile stress. When AG7 ™ is still
positive but is decreased towards zero, the amount of
externally supplied strain energy, AU,, required is
likewise decreased.

In the case of transformation-toughened materials,
determination of the M, temperatures for different
compositions and microstructures (e.g. precipitate
size) should be useful in describing the stability of the
tetragonal phase and hence should provide an indi-
cation of the toughness of each material. Again when
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T = M,, AG;™ is zero and the transformation is
initiated spontaneously as seen by

AGE™ = (T — M,)AS )

where T represents the temperature of interest and AS
is the entropy difference between the two phases [5].
Thus when T > M, the tetragonal phase is stable, and
some external energy must be supplied to transform it.
This is, of course, the case of interest in transformation-
toughened systems where the strain energy supplied
by an external tensile stress triggers the transformation.

The critical stress (¢7) required to transform a
tetragonal precipitate/particle is related to the external
applied strain energy required (AU, = AG}y™) to
initiate the transformation:

AU, = ole” (3]
so that
o = AG;™/[e" 3

where e7 is the volume expansion strain.

The incremental increase in the fracture toughness
due to the transformation (AK[C) is related to the
half-width of the transformed zone surrounding the
crack (r) by

AKE = Ae"ViEr'? )

where A is a function of the form of the transformation
stress (A = 0.22 for transformations triggered by the
principal stress and 4 = 0.50 for those initiated by
shear stress [6]), V; is the volume fraction of trans-
formable ZrO,, and E° is Young’s modulus of the
system. Analogous to the plastic zone size in metals,
the transformation zone size is a function of the critical
transformation stress:

B(Ki¢/o7)y &)

where K} is the fracture toughness of the matrix. The
term B is equal to [2(1 + v)?/9n] where v is Poisson’s
ratio and the term accounts for the geometry of the
crack tip stress field [7]. By combining Equations 3, 4
and 5, we find that

AKc = ABV(TYVE°KRE/(AGT™)  (6)
and by substitution of Equation 3, we obtain
AKic = AB("YVE'KQR/AST — M,) (7)

and the dependence of the toughness on the test tem-
perature and the transformation temperature of the
material.

As one expects, the above relationship predicts that
the fracture toughness due to the transformation
decreases as the reciprocal of the increase in the test
temperature for each material for a fixed value of M,.
This is consistent with the increase in stability of the
transforming tetragonal phase with increase in test
temperature, and also predicts that the critical trans-
formation stress increases (Equations 1 and 3) and the
zone size decreases (Equation 5) as either the test tem-
perature increases or M, decreases. A similar increase
in toughness is predicted as M, approaches T for the
case of T > M,. Thus, a maximum in toughness can
be achieved by increasing the M, temperature of ZrO,
until it is nearly equal to the temperature of interest.

r =

Likewise, the toughness of a given ZrO, will reach a
maximum as the test temperature is lowered to its M,
temperature. In order to test these relationships, a
series of MgO-PSZ ceramics were systematically
examined and characterized in terms of toughness,
transformation temperatures, and microstructure/
composition.

2. Experimental procedures

Several partially stabilized zirconia (PSZ) ceramics
which contained MgO were characterized as to critical
fracture toughness including the effect of test tempera-
ture, transformation temperatures, microstructures,
phase content and composition. The critical fracture
toughness, K, values were obtained with either the
applied-moment double cantilever method [8] or the
technique based upon fracture of polished flexure bars
containing multiple indent cracks [9]. In many cases,
both methods were used (except at elevated tem-
peratures) in order to verify the results obtained by
these techniques. The agreement between these two
techniques was very good, with the mean values of
each within one standard deviation of the other. At
elevated temperatures, the fracture of polished flexure
bars containing indent cracks in their tensile surfaces
was used exclusively to obtain Kj values.

The transformation temperatures were derived
from the thermal expansion hysteresis generated by
the tetragonal to monoclinic transformation during
cooling of the samples and the reverse transformation
during heating. The expansion data were obtained
using a dual-rod dilatomer (Theta, Port Washington,
New York) with a furnace capable of heating the
samples from room temperature to 1600° C. A liquid-
nitrogen cooled chamber was fabricated which allowed
the samples to be cooled from room temperature to at
least —190°C in a flowing helium gas environment
which was first passed through a liquid nitrogen heat
exchanger. For samples having M, temperatures less
than room temperature, it was necessary to first run
the low temperature portion of the expansion and
transform the tetragonal to the monoclinic phase.
Only when this was accomplished could the elevated-
temperature expansion hysteresis be accurately deter-
mined, as then the monoclinic phase can transform
back to the tetragonal phase upon heating.

Finally, the microstructures of the PSZ ceramics
were evaluated by scanning electron microscopy
methods using polished samples which had been etched
in 10% hydrofluoric acid for 2 to 5min. The phase
contents were then derived for ground surfaces,
polished surfaces and polished surfaces after they had
been air annealed at 1100°C for 0.5h using X-ray
diffraction with a copper target [10] and laser Raman
spectroscopy data [11, 12]. Subsequently, the MgQ
and HfO, contents of the samples were obtained from
data generated by electron microprobe analyses
(Model 733, Jeol, Boston, Massachusetts) using
multiple step scans, a 30 um probe size and incor-
porated standards.

3. Observations and discussion
The thermal expansion hysteresis characteristics of
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several of the PSZ ceramics are .illustrated in Fig. 1.
Note that M, and M; denote the temperatures during
cooling at which the tetragonal to monoclinic trans-
formation is initiated and completed, respectively. 4,
and A; denote the temperatures at which the reverse
transformation is initiated and completed during the
heating cycle. The transformation temperatures for
each material are listed in Table I; however, for samples
exhibiting M, < 22°C the samples could not be
cooled sufficiently to reach a true M; temperature.
Note that the TS grade PSZ ceramic labelled TS-83
exhibits two M, temperatures which reflect two dif-
ferent tetragonal precipitate groups (discussed later).

One should keep in mind that in the MgO-PSZ
system, the materials consist of tetragonal/monoclinic
precipitates, a cubic matrix which in the present study
had a grain size of about 60 um, and often has eutectoid
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decomposition phases of monoclinic ZrO, and MgO
at the matrix grain boundaries [13, 14]. This eutectoid
decomposition can generate considerable monoclinic
phase as a result of ageing the PSZ at temperatures
even as low as 1000° C. As a result of this, not only is
an elevated temperature M, introduced, but the
expansion hysteresis strain will increase as more
monoclinic phase is generated by continued eutectoid
decomposition.

The CSIRO samples consist of three as-fired samples
of differing precipitate sizes, four samples that were
subsequently aged at 1100° C for various times, and
one sample aged at 1400° C for 8 h after firing. Rep-
resentative microstructures of these samples are
shown in Fig. 2. As can be seen, the precipitate sizes
and the amount of grain-boundary euctectoid phases
vary in these samples. As a result of these treatments,



TABLE I Typical characteristics of partially stabilized zirconia samples

Property Sample designation
TS-821 TS-83% Ms-831 AF-1§ Ag-18
Transformation temperatures (° C)
M, 390 —45 —55 —160 260
M; 80 < —185/20 < —155 < =175 20
A 520 205/390 230 200 545
Ar 825 300/670 285 255 710
Precipitate length (um)/thickness (zm)
0.4/0.7 0.25/0.03 0.25/0.03 <0.20/0.02 0.45/0.08
0.3/0.05 0.4/0.07 0.16/0.02
Phase content
% monoclinic* 44 14 6 1to3 38
tetragonal? 0 =30 ~37 5 <5
Composition (mol %)
MgO 8.4 8.5 83 7.1 7.4
H,0, 09 0.9 09 13 12
K at 22°C (MPam'?) 6.2 12.5 14 8.5 6.3

*X-ray diffraction data, copper target, % monoclinic = 100 [Lyq 1/ iy + Licarn)l
TValues for % tetragonal phase in the cubic, monoclinic plus tetragonal mixture were obtained from laser Raman data where % tetragonal =

100 [Z/(Z, + I_)] and X-ray data for the actual monoclinic content.

Nilsen Ceramics, Inc. (now Nilcra Ceramics USA), St. Charles, Illinois.

§Samples fabricated at CSIRO, Melbourne, Australia.

the percentage of monoclinic with respect to cubic and
tetragonal phases (from the X-ray data) and the
tetragonal to monoclinic ratio (from the laser Raman
data) differ in each PSZ (Table I). The MS and TS
grades of the Nilsen PSZ ceramics exhibit similar
differences in both microstructure and phase contents
(Table I and Fig. 2). In addition, the CSIRO PSZ
ceramics contain less MgO than do the Nilsen PSZ
" ceramics (7.3mol% compared with 8.4mol %),

(Table I). The variations in HfO, content at the low
levels detected in these PSZ ceramics do not influence
the transformation temperatures.

The observed relationiship between the M, tem-
peratures and the precipitate sizes, shown in Fig. 3,
indicates that M, increases with increase in precipitate
size. This is consistent with an increase in stress
intensity acting on the precipitate which scales with
particle size, due to the stress concentrating effects

Figure 2 Size of precipitates within
cubic ZrO, matrix grains of PSZ
ceramics. Precipitate structure
revealed by etching away cubic
matrix with 20% HF solution.
(a, b) Sample Ag-1 given longer
ageing treatment at 1400°C for
8h after sintering shows increase
in precipitation size compared
with (¢, d) Samples MS-83 and
TS-83 sintered and given normal
heat treatment (~ 1450°C for 1
to 2h).
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Figure 3 Temperature at which tetragonal to monoclinic transform-
ation (M,) is initiated during cooling increases with increasing
precipitate size. (®) Largest dimension (g, ) of ellipsoidal precipitates
in MgO-PSZ suggests a shift in M,—size behaviour as compared to
that in CaO-PSZ containing cuboid precipitates [15]. (W) Mean
dimension for precipitates in MgO-PSZ results in behaviour com-
parable to that in CaO-PSZ.

of particle edges and corners discussed by Riihle
and Kriven [16]. However as discussed previously
[17, 18], the segregation of magnesium can generate
matrix strains due to the formation of 6-Mg,Zr;O,,
during ageing at 1100°C. They observed that this
process also triggered the transformation of tetra-
gonal precipitates when the samples were cooled
to room temperature. Thus in those PSZ ceramics
where the precipitate sizes are quite comparable, it
is felt that the introduction of the strains associated
with the development of the § phase in the matrix is
responsible for the observed differences in the M,
temperatures.

Examination of the MgO—ZrO, equilibrium phase
diagram (Grain [19]) indicates that the differences
in MgO contents will result in an increase in the
tetragonal/monoclinic compared with the cubic con-
tent, with a decrease in MgO content. This phase
diagram does not indicate any effect of MgO content
on the transformation of tetragonal to monoclinic
symmetry as is revealed in the Y,0,—ZrO, phase dia-
gram [20]. In the latter case, the tetragonal phase
stability increases with an increase in Y,0, content
(i.e. the M, temperature decreases). The absence of
observations of a similar behaviour in the MgO-ZrO,
phase diagram may be a result of the more limited
solubility of MgO (< 1 mol %) in the tetragonal ZrO,
as compared to that of Y,0; (2.5mol%) at room
temperature. However, there is no evidence that an
increase in MgO content in the tetragonal ZrO, lowers
the M, temperature. Thus in the present MgO-PsZ
ceramics it appears that changes in precipitate size
are primarily responsible for the changes in M,
temperatures.

Determination of the critical fracture toughness
values for the various PSZ ceramics at room tempera-
ture reveals a dependence upon the M, temperature for
each material (Fig. 4). It is observed for the case where
T > M, that the K value at 22° C increases as the M,
temperature is raised to approach the test temperature.
This is consistent with the behaviour predicted by
Equation 7 and the contribution of the transformation
to the overall toughness of the material, Kic:

Kc = K¢ + AKL

where K3f is the toughness of the matrix.

In order to test the validity of Equation 7, the AKT
values were obtained using Equation 8 and a K3 value
of 3MPam'?; a plot of the natural logarithms of
AKY and (T — M,) data should exhibit a slope of
—1. The plot of AKyL against (T — M,) for
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processes, rather than transformation
toughening, contribute to toughness.
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Figure 5 The transformation toughening contribution, AKT,
increases as (T' — M,) decreases. As predicted from Equation 7,
AKZ is inversely proportional to (T — M,) for the case where T =
22°C > M,. Note that AKT. values have been normalized to con-
stant ¥; in order to eliminate ¥; variations in test samples.

T = 22°C is in excellent agreement with the inverse
relationship predicted (Fig. 5).

Confirmation of the behaviour predicted in
Equation 7 has at least one practical benefit. One can
now use the determination of transformation tem-
peratures (e.g. by thermal expansion, laser Raman or
differential thermal analysis), to assess how tough a
PSZ ceramic might be. As seen later, the toughness
can be estimated. For now it suffices to say that one
can see that such bulk measurements allow one to say
that materials with M, temperatures less than but
approaching the temperature of interest will be the
toughest.

In this case Equation 7 can also be rearranged to

DIAKE, = (T — M)AS ©)

where D = AB'(e")? V;E°KY and thus for a given
test temperature one can obtain an esimate of AS (the
reciprocal of the slope) as in Fig. 6. The entropy
change will be sensitive to structural/defect changes
related to the transformation and hence should be
influenced by precipitate size and the amount and type
of solute present. Using the MgO-PSZ data, one
obtains an entropy value of 150kJm—>K™!
(3.2Jmol 'K ") for the stress-induced transformation
of the tetragonal precipitates in the cubic matrix. A
value of 4.0 Jmol~'K ™! was obtained for the mono-
clinic to tetragonal transformation by Coughlin and
King [21].

By employing the pertinent data for the current
materials, the value of AS at 295K, and Equation 7,
we can derive a simplified description of AK%. Note
that the value of A4 is 0.4 as determined in additional
studies of transformation zone sizes by laser Raman
analysis [12]. At 295K, AK: can be estimated by

AKL = 20%/(295 — M,) GPam'? (10)

where M, < 295K.
One can seen from Equation 9 that AKX, and hence
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Figure 6 The entropy of the tetragonal to monoclinic transformation
at T = 22°C (295K) can be derived by Equation 9. Fit to experi-
mental data from K. experiments yields AS wvalue of
150kJm~*K~! (3.2Tmol'K!).

K, for a given material will be a function of the test
temperature for the case where T > M,. Such behav-
iour is, in fact, observed in the PSZ ceramics (Fig. 7).

If we next consider the toughness data in Fig. 7 in
terms of a (T — M,) funtion where M, is constant, we
can derive a value AS as a function of T (Fig. 8). As
seen in Fig. 8, the slopes of D/AK[; against (T — M,),
based on Equation 9 and the data in Fig. 7, yield two
curves which exhibit linear behaviour at lower tem-
peratures and then rise rapidly at higher temperatures,
The rapid rise in the effective AS at higher tem-
peratures simply reflects the fact that the tetragonal
phase is very stable and is difficult to transform.
This is not a quantitative measure of the entropy
change at elevated temperatures. The linear regions
indicate that the value AS increases with increase in
temperature, as expected.

Inspection of Equations 3 and 5 indicates that the
critical transformation stress for the MgO-PSZ
ceramics can be obtained using either the above
thermodynamic data or the zone size data. The critical
transformation stress, based on Equation 3 and the
above entropy change (Fig. 6) for these ceramics at
22°Cis plotted as a function of the M, temperature in
Fig. 9. The results of Becher and Begun [12] using
Equation 5 and the zone size data give comparable
critical transformation stress levels. The low critical
transformation stress levels for some of these materials
is reflected in the non-linear stress—strain behaviour
which has been observed in some PSZ ceramics [22].
These materials are essentially yielding and plastically
deforming like a metal, not by slip but by the phase
transformation.

From Fig. 7, we see for the case of T < M, that the
toughness decays over a range of decreasing test tem-
perature which reflects the fact that all the tetragonal
phase is not converted to the monoclinic phase until
T = M;. At T < M,, the toughness should reach a
constant value. In the case of PSZ, this K¢ value is 6
to 6.5MPam'? for T < M,. This toughness level is
much greater than that of the cubic ZrO, and is related
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to the compressive matrix strain associated with the
transformed monoclinic precipitates, and deflection
and branching of the crack by the monoclinic precipi-
tates. Thus the toughness of the PSZ will decay from
a peak value at T equal to or, more likely, slightly
greater than M, to a value of ~6MPam!? when
T < M;as T is decreased.

The temperature dependence of the transformation
toughening results in a range of temperature over
which one obtains reasonably high toughness values
(i.e. >6 MPam'?). From Fig. 7 we can see that this
temperature extends from < —190°C to 600° C for
the TS-83 and MS-83 PSZ ceramics. It is also apparent
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Figure 8 The entropy of the tetragonal to monoclinic transformation
will increase with temperature. Using Equation 9 and the data in
Fig. 7, one observes that the linear increase in the slope of each
curve, AS, is constant with initial increase in T where M, is fixed.
Plots are for (8) M, = 113K, (O0) M, = 218K. At higher tem-
peratures the slopes increase rapidly. While the curves probably do
not reflect an absolute value of the increase in AS at elevated
temperatures, they do indicate that AS is increasing with T as one
expects.
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that heat-treating the PSZ to introduce multiple popu-
lations of precipitate sizes which then have increasing
M, (etc.) temperatures might be used to extend the
temperature range of useful transformation toughen-
ing, although the peak value of K- will be lowered.
This is a result of the dependence of K¢ on the volume
fraction of transformable tetragonal precipitates at
the temperature of interest which, of course, will be
decreased when multiple populations of precipitates
are introduced.

It should also be noted that the multiple M, tem-
peratures exhibited by the TS-83 PSZ can be a result
of the introduction of the 6-Mg,Zr;O,, phase in the
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Figure 9 Using Equation 3 and the entropy data in Fig. 6, one can
calculate the critical transformation stress. Plot shows the predicted
decrease in o7 at 22° C with increase in M, < 22°C. Note that the
o7 range for the MgO~PSZ ceramics studied here is consistent with
the observations of Swain [22].



cubic matrix, which results in local matrix strain that
makes adjacent tetragonal precipitates less stable.
This would raise their M, temperature to near 1100°C
as pointed out by Hannink and Swain [17, 18] and
would have an effect on the temperature range of
optimum toughness similar to the introduction of
multiple precipitate sizes mentioned above.

As observed by Becher, Ferber and co-workers
[23, 24], holding the TS-82 PSZ ceramic at tempera-
tures of 800 and 1000° C under stress can result in
increasing the M, temperature with increasing hold
time. The kinetics of this process are much slower at
800°C than at 1000°C. The process also results in
generation of eutectoid decomposition products of the
cubic phase at the matrix grain boundaries with long
hold times, which must be controlled to avoid extensive
degradation of the PSZ. For example the TS-83 PSZ
ceramics held at 1000° C for 336 h at a flexure stress
of 60% of its fracture strength at 1000° C contained
80% monoclinic phase and had a toughness of
6.2 MPam'? at 22° C. Hannink and Swain [17] showed
that heat treating for 2 to Sh at 1100°C with no
applied stress resulted in a peak in room-temperature
toughness. Thus one could tailor the ageing process.

This also implies that changes in the toughness with
both time at the test temperature and the stress level
imposed on the PSZ must be considered in any
applications. In the work of Becher and Ferber [23]
it was observed that the properties of the TS-83 PSZ
did not change after a 1000h exposure at 500°C
with an applied stress of 60% of the fast-fracture
stress. Thus for this PSZ ceramic the useful tempera-
ture range for both optimum toughness and long-
term stability at temperature of the toughness are
comparable (i.e. = 500°C). These features will have
to be determined for each PSZ material to ensure
reliability.

4. Summary

The fracture toughness associated with the stress-
induced transformation of tetragonal ZrO, to the
monoclinic phase can be described in terms of both
the characteristic transformation temperatures, M,,
and the test temperature. When T = M,, the energy
required to initiate the transformation is zero and the
transformation occurs spontaneously. However, when
T > M,, additional energy must be supplied to
initiate the transformation. In this case, energy can be
supplied by externally applied strain energy, AU,,, via
an applied tensile stress acting on a crack tip.

The value of AU, required to achieve transformation
toughening can be shown to equal the total energy
of the transformation, AG;7 ™, which has a positive
value as the tetragonal phase is more stable for
T> M, When T = M,, AG;y™ = 0 as AGy™ is
equal to (T — M,)AS where AS is the entropy of the
transformation. Using the toughness data obtained for
MgO-PSZ, ASisfound to be 3.2Jmol 'K 'at 295K
and to increase with increasing test temperature.

One can also then derive the transformation
toughening contribution for MgO-PSZ by consider-
ing the M, temperature, for T > M,, based on the
data obtained in the present study. In the case where

T = 295K, AKL. is given by

AKL = 2V;/(295 — M,)  GPam'? (10)

so that when M, approaches T (or vice versa) AKj:
reaches a maximum. In the present materials a value
of 12MPam'? could be obtained for AKL at 295K
with an M, value of 218 K. Thus determinations of
transformation temperatures can be utilized to estimate
the toughness at T > M, for ceramics employing the
transformation of tetragonal ZrO, for additional
toughening.

Examination of the current PSZ ceramics using
SEM studies of polished surfaces that were etched
with 20% HF reveals that the M, temperature is a
function of tetragonal ZrQO, precipitate size. It was
observed that M, increases rapidly with increase in
precipitate sizes of 0.2 to up to 0.4 ym. This is similar
to the behaviour observed in CaO-PSZ [15]. Note
that precipitate size is a major influence on M; values
in the MgO-PSZ system; an additional factor is the
development of the loss of coherency and strain
associated with the presence/formation of the é-phase
[13, 17, 18, 23]. In the case of Y,0, and similar solutes,
solute content is also a significant factor.

The same relationships employed, (e.g. Equation 10)
show that the transformation toughening contribution
will decrease with increase in the test temperature, 7,
when T > M,. This is consistent with the behaviour
observed in the MgO-PSZ ceramics in the present
study. When M; < T < M,, the toughness decreases
as less tetragonal phase is available to transform as T’
approaches M;. At T < M;, the toughness reaches a
constant value which is ~6MPam'” for the current
materials.
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