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Abstract

The roughness of magnesia-partially stabilized zir-
conia ( Mg-PSZ ) is controlled by metastable tetra-
gonal precipitates that interact with crack tip stress
Jrelds. Understanding and controlling the precipitate
size controls the resulting properties. The precipitate
growth behaviour of Mg-PSZ (9-5mol% MgO)

samples was studied after an experimental regime of

sintering. rapid quenching and isothermal aging at
1400 C and 1320°C. Average precipitate size on
polished and etched samples was measured by SEM
for each processing time and temperature. Precipitate
sizes, precipitate population statistics, phase content
of transformable tetragonal phase and fracture
roughness are plotted and optimum precipitate sizes
for maximum toughness are identified. Relationships
hetween experimental results and martensitic theories
are discussed. The precipitate population distributions
did not follow those predicted by Lifshitz—SIlyozov—
Wagner-based theories.

Die Zihigkeit von Magnesium teilstabilisiertem
Zirkoniumoxid ( Mg-PSZ) wird von metastabilen
tetragonalen Ausscheidungen bestimmt, die mit dem
Spannungsfeld an der Rifispitze wechsehvirken. Die
resultierenden Eigenschaften des Materials werden
von der Grofe der Ausscheidungen bestimmt. Deshalb
ist es wichtig zu verstehen, was ihre Grofe bestimmen
und wie sie eingestellt werden kann. Das Wachstums-
verhalten der Ausscheidungen in Mg-PSZ (95 mol%;
MgO ) Proben wurde untersucht, wobei die Proben-
herstellung durch Sintern, schnelles Abkiihlen und
anschliefiendes isothermisches Altern bei 1400°C und
1320°C erfolgte. Die mittlere Ausscheidungsgrifie
wurde an polierten und geditzten Proben mit Hilfe der
SEM fiir jede Prozefizeit und Temperatur bestimmt.
Ausscheidungsgrofle. Ausscheidungszahlstatistiken,
* Present address: National Chemical Laboratory for Industry

iKagaku Gijustu Kenkyusho), Tsukuba Research Center, 1-1
Higashi, Tsukuba, Ibaraki, 305 Japan.

471

folgten

Phasenanteil transformierbarer tetragonaler Phase
und Bruchzihigkeit werden betrachtet und die
optimale Ausschiedungsgrofe fiir maximale Zdhigkeit
ermittelt. Die Bezichung zwischen den experimentellen
Ergebnissen und martensitischen Umformungstheorie
werden diskutiert. Die Ausscheidungszahlverteilungen
nicht den auf der  Lifshitz—Slhrozow-
Wagner  Theorie  basierenden  theoretischen
Vorhersugen.

La ténacité des zircones partiellement stabilisées a la
magnésie ( Mg-PSZ ) est controlée par des précipita-
tions de phase quadratique métastables qui intera-
gissent avec les champs de contraintes en front de

Jissure. La compréhension et le controle de la taille des

précipitations est nécessaire pour prédive les pro-
priétés résultantes. Le comportement a la croissance
de précipités d'échantillons de Mg-PSZ (9-5 mol%
MgO ) a été étudié aprés un traitement expérimental
de frittage. de trempe et de traitement isotherme a
1400 C et 1320 C. Une taille moyenne de précipit-
ation a été mesurée par M EB sur des échantillons polis
et attaqués. pour chaque condition de temps et de
température. Les tailles des précipités, leur distri-
bution, lu teneur en phase quadratique transformable
et la ténacité a la rupture sont présentées et les tailles
optimales de précipité pour une ténacité maximale
sont identifiées. Les relations entre les résultats
expérimentaux et les théories de la transformation
martensitiques sont discutées. Les distributions de
taille de précipités ne suivent pas celles prédites par les
théories de Lifshitz—S{vozov—Wagner.

1 Introduction

Zirconia ceramics have extensive industrial applic-
ations arising from various desirable chemical and
physical characteristics. In particular, intense inter-
est in zirconias was generated by the discovery in the
late 1970s of their ability to retain a metastable
tetragonal phase.! ~* This metastable tetragonal
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phase provided a means of enhancing the toughness
of a zirconia ceramic to several times beyond that of
untoughened ceramics. The metastability of the
precipitates, and the resulting toughness, is regulated
by both their size and size distribution. If the
precipitate population is below a certain size,
fracture-induced stress fields will not initiate trans-
formation, and as a result no toughening occurs. If
the precipitate population grows beyond a critical
size, the cubic matrix and neighbouring precipitates
will not provide enough elastic constraint and the
tetragonal precipitates will spontaneously trans-
form to the monoclinic phase upon cooling. Optimal
properties may be achieved through either con-
trolled cooling or quenching followed by isothermal
aging, where precipitates are grown until the
majority are contained within these two critical size
limitations.* Precipitate size distributions will also
have effects. If the size distribution is too broad,
significant precipitate populations may exist that
either will not toughen, being subcritical in size, or
will have spontaneously transformed upon cooling,
being overaged in size. Conversely, a very narrow
size distribution may cause difficulty in controlling
the population during heat treatment.

Studies of tetragonal precipitate formation
focused initially on calcia-partially stabilized zir-
conia (Ca-PSZ), with the development of a thermal
shock resistant calcia-partially stabilized zirconia
refractory material.> The thermal shock resistance
was due to the precipitation of a 0-1 gm monoclinic
phase in cubic grains.®” Analysis continued on the
precipitation in both magnesia- and calcia-partially
stabilized zirconia with crystallographic relations
being developed.® The discovery of transformation
toughening due to the retention of a metastable
tetragonal phase® increased the interest in precipit-
ation within zirconia bodies.!®~'* The optimum
precipitate size for proeutectoid heat-treated Ca-
PSZ and Mg-PSZ was reported to be approximately
0-1 um and 0-2 um, respectively, based on analysis of
TEM micrographs. A more in-depth analysis was
conducted on both Ca-PSZ and Mg-PSZ by Swain
et al.'® Based on TEM micrographs, the measured
fracture toughness was plotted versus Ca-PSZ pro-
eutectoid precipitate size with toughness reaching
6-9 MPa\/m for precipitates of approximately
01 ym in size. For the Mg-PSZ system, similar
results were not yet considered possible by them. The
Ca-PSZ system was not further developed due to the
difficulty in obtaining optimal properties. This was
due to a narrow critical size range.

Subsequent work in the Mg-PSZ system has
included not only size versus aging, but has also
emphasized the importance of precipitate size
distribution. #1617 Bateman et al,'” using TEM
micrographs, analysed the precipitate population

statistics using a large population sample at one
temperature and time. None of these studies have
considered correlations between average size and
size distribution versus aging time at elevated
temperatures. Furthermore, the size of precipitates
which maximizes fracture toughness in Mg-PSZ
based on a large population sample has not been
noted. The temperature at which precipitation
occurs also affects tetragonal metastability. Heat
treatments on Mg-PSZ above the eutectoid tempera-
ture'! in the cubic + tetragonal two-phase region
(proeutectoid) and below the eutectoid tempera-
ture'® in the tetragonal + MgO two-phase region
(subeutectoid) are both reported to optimize mech-
anical properties.

Precipitate interaction or impingement was re-
ported to affect the average growth rate in a poorly
understood manner.!*'°~22 Hannink et al.,'* based
on TEM measurements of Ca-PSZ, plotted log
(precipitate size) versus log (time) and noted a change
in the growth exponent from 1/3 to 1/2. The initial
growth exponent agreed with that predicted by
the Lifshitz—Slyozov—Wagner (LSW)?*~2° theory.
Marder et al.?° later analysed the same system,
plotted precipitate size versus 1'/? for temperatures
from 1000°C to 1400°C for several times less than 6 h
and fitted lines to the data. No significant deviation
from linearity was noted by them. Dickerson ez al.*!
noted the ‘rafting’ of the precipitates (shown in Fig.
A2 of Ref. 21) and that the impingement made size
measurement difficult. They concluded that the
interfacial reaction was the dominant mechanism
with a precipitate growth exponent of 1/2 as
compared to the 1/3 exponent noted by Hannink et
al.'® and Marder er al*° Hughan & Hannink??
analysed the Mg-PSZ system and noted that the
precipitates occur in clusters with the size changing
and increasing as one progressed from the grain
boundary towards the unreacted secondary precipi-
tate zones, named by them as ‘white spots’.

More recent work'® investigated the growth of
both pro- and subeutectoid tetragonal precipitates
versus time at 1400°C and 1320°C, respectively.
Based on the length measurements on their long
{100) extension, the growth rate exponent matched
that predicted for a volume diffusion-controlled
growth mechanism by the LSW theory.?*~?° The
coherency of the precipitates with the cubic matrix
was also found to control the widthwise growth. A
1/5 growth exponent was found'® which corre-
sponds to growth across interfaces with boundary
misorientation, mismatch, or low angle boundaries,
which is not predicted by the LSW theories. The
subeutectoid precipitate growth behaviour was
similar to that reported by Hannink es al.'® It was
then initially assumed that the Mg-PSZ system
obeyed the LSW model as had the Ca-PSZ system
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been assumed to do.'*2%2! Available time allowed
additional investigation of the precipitation
behaviour in Mg-PSZ by the author. Re-evaluation
of the initial raw precipitate size data with regard to
the precipitate population statistics identified that
the behaviour did not match that predicted by LSW
and that there was also a need for better statistics.
This prompted the further investigation into the
Mg-PSZ system as presented in this work.

The purpose of this research was to investigate
several aspects of tetragonal precipitate growth in
Mg-PSZ. The first was to analyse the precipitate
population statistics with larger sample populations
over larger areas than earlier analyses using scanning
electron microscopy. These samples were measured
as a function of time in both the pro- and
subeutectoid temperature regions and the results
compared with theory. The second was to verify,
using the larger precipitate population samples, the
effect of precipitate impingement on precipitate
growth that was previously noted.!*1° 22 The third
was to identify the precipitate size, both pro- and
subeutectoid, which maximized the fracture tough-
ness, K-, and phase content of transformable
tetragonal phase. The fourth was to compare the
predictions of the various theories on martensitic
transformation and transformation toughening
with experimental results.

2 Experimental Procedures

The 9-5mol% MgO-90-5mol% ZrO, Mg-PSZ
composition was fabricated using high purity ZrO,
{Z-Tech SF-Super Zirconia Powder, Z-Tech, Mel-
bourne, Australia) powder (SiO, <80ppm) and
MgO powder using procedures described else-
where.'® The samples were rapidly cooled from the
1700° C cubic solid-solution region sintering temper-
ature to the isothermal hold temperatures of 1400°C
and 1320 C and held for times of 0-25, 0:5, 1, 2, 5, 10
and 20 h, then rapidly cooled to room temperature.
The rate of cooling exceeded 1000°C/h over the
temperature range from 1700°C to approximately
900°C with rates of 3000°C/h achieved between
1700°C and 1400°C. The rapid cooling was used to
prevent extraneous precipitate growth or phase
changes as has been noted elsewhere.?®-%7

These samples were polished using 1 um diamond
paste and etched in concentrated HF acid. Such
samples were prepared for and analysed by second-
ary electron microscopy and typical areas photo-
graphed. Printed micrographs were analysed for
precipitate length with typically around 100+
precipitates measured per temperature and aging
time. The average lengths and standard deviations
were calculated. Automated image analysis systems

had difficulty separating and analysing the tetra-
gonal precipitates due to impingement. The precipi-
tate length frequencies were normalized by dividing
the number of precipitates per size range, or ‘bucket’,
by the total number of precipitates measured. The
number of ‘buckets’ per population sample was
adjusted to clearly show the frequency behaviour.
The normalized frequency is plotted versus size
range or ‘bucket’ in Figs 1 and 2. The areas of the
frequencies versus size curves were not normalized
for samples of different times and temperatures.

The Vickers indentation method was used for
measuring the room-temperature toughness as a
function of aging time and temperature. Three
indentations with 30kg loads were used on each
sample and the measured crack lengths and indent-
ation diagonals averaged. The average indent
diagonals and crack lengths were used to calculate
the fracture toughness, K,.. Several equations
considered for use in this work included that
proposed by Anstis e7 al.*® and Evans & Charles.?®
These two methods were analysed and compared
with a series of fracture toughness testing techniques
by Stuart.*® In Stuart’s analysis, the equation of
Evans & Charles?® was found to give values closer to
the true K.

3 Results

3.1 Precipitate population statistics

Two typical normalized precipitate size population
frequencies are plotted in Fig. 1 for samples aged for
0-25 and 0-5h at 1400°C. The population distri-
bution for precipitates aged for 0-25h is skewed
sharply to small sizes with a tail towards increasing
sizes. For precipitates aged for 0-5 h, the distribution
shifted to larger sizes as expected, remaining similar
in shape though becoming broader.

For samples aged at 1320°C for times of 0-25 to
20h, the normalized precipitate size population
frequencies are plotted in Fig. 2. In all subeutectoid
aged samples, no proeutectoid precipitates were
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Fig. 1. Two normalized precipitate size population frequencies
for Mg-PSZ samples aged for 0-25 and 0-5h at 1400°C.
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Fig. 2. Normalized precipitate size population frequencies for
Mg-PSZ samples aged for (a) 025 to 2h and (b) 2 to 20h at
1320°C.

found, due to the rapid cooling from the cubic solid-
solution temperature of 1700°C through the proeu-
tectoid two-phase region to the subeutectoid
isothermal aging temperature. Overall, the shape of
the 1320°C population distributions are the same as
the 1400°C distribution shapes. The population
distributions for samples aged for 0-25 to 2h are

comparable to each other (Fig. 2(a)). For samples
aged from 2 to 20h, the population distributions
(Fig. 2(b)) have a similar shape to samples that
sustained shorter anneals, but the population
distributions increase in breadth and'the median
values noticeably shift to larger sizes with increasing
time. The subeutectoid sample aged for 10h showed a
large variation in precipitate sizes due to ‘runaway’
precipitate growth. Three micrographs were taken
across the cubic grain in which the tetragonal phase
precipitated. For this particular sample, 177 precipi-
tates were measured in that grain to obtain the
precipitate population statistics.

3.2 Precipitate size relationships

Average precipitate length and standard deviations
at 1400°C are plotted in Fig. 3 and are shown to
increase in size throughout the duration of the
experiment. The slope of the resulting line is
approximately 1/3, as measured by linear least
squares analysis, which corresponds to the growth
exponent.

The average precipitate length and the standard
deviation when aged at 1320°C are plotted in Fig. 4.
It had previously been noted and reported!3:1°~22
that precipitate impingement affected precipitate
growth. Precipitate impingement is expected to
result in a change in growth behaviour and is
indicated by changes in slope in precipitate length
versus time. Preliminary results!® indicated that
precipitates grew rapidly from 1 to 2h at 1320°C,
then ceased to grow from 2 to 10 h. The present data
derived from larger precipitate population samples
using SEM micrographs indicate continuous pre-
cipitate growth, with a 1/3 exponent for all times at
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Fig. 3. Lengthwise growth of tetragonal precipitates, fracture
toughness, K¢, and percentage transformable tetragonal-phase
content versus time at 1400°C.
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this temperature. The necessity for large precipitate
population samples may be appreciated by inspec-
tion of the precipitate size variations shown in a
typical SEM micrograph, Fig. 5, of the sample aged
at 1320°C for 10 h. For this specimen, a total of 177
precipitates were measured from three micrographs
across the cubic grain to obtain the average length
and standard deviation.

The larger precipitates seen in Fig. 5 are not of
proeutectoid origin but are subeutectoid precipitates
that experienced ‘runaway’ growth. Slow cooling
rates of 500°C/h are known??3! to result in mixed
populations of both pro- and subeutectoid precipit-
ates. However, in this work, the cooling rate of
3000°C/h from 1700°C to 1400°C through the
proeutectoid two-phase region would not have
resulted in the growth of proeutectoid precipitates.

Fig. 5. SEM micrograph of the Mg-PSZ sample aged at 1320°C
for 10 h showing typical tetragonal precipitate size variations.

Fast cooling rates of greater than 900°C/h have been
shown not to change the phase content.?®*” The
variation in precipitate size in Fig. 5 was observed in
other samples, but not to the same degree.

The measured phase content of the transformable
tetragonal phase from previous work'? for samples
aged at both 1400°C and 1320°C is plotted in Figs 3
and 4, respectively. At the proeutectoid aging
temperature 1400°C (Fig. 3) the transformable
tetragonal-phase content was maximized at 3%
after 1h annealing. Rapid overaging occurred for
longer annealing times as the precipitates exceeded
the critical size. The measured fracture toughness
peaked at 905MPa./m at lh in the 1400°C
samples, coinciding with the highest transformable
tetragonal-phase content, as shown in Fig. 3.

Subeutectoid aging at 1320°C (Fig. 4) resulted in a
phase content of 14% by 5 h followed by a less rapid
overaging. For the 1320°C samples, the maxima in
tetragonal-phase content and toughness were not
coincident, but temporally separated by 5Sh. The
maximum in toughness occurred at 10 h time with a
value of 12:23 MPa\/m, followed by a rapid
decrease, as shown in Fig. 4.

For the 1400°C proeutectoid samples, the max-
imum toughness of 9-:05 MPa \/m, reached after 1 h,
corresponds to an average precipitate size of
approximately 03 um (Fig. 3). With 1320°C
subeutectoid annealed samples, the maximum
transformable tetragonal-phase content (14%) was
reached after Sh aging and corresponds to an
average precipitate size of just over 0-2 um (Fig. 4).
The maximum toughness of 12:23 MPa \/m, occur-
ring at 10h time, corresponds to an average
precipitate size of 0-3 um. Despite the differences
between pro- and subeutectoid tetragonal precipit-
ates, it is notable that the same average precipitate
size yields maximum toughness.

4 Discussion

4.1 Population statistics background and discussion
The basic assumptions underlying the Lifshitz,
Slyozov & Wagner (LSW) theory are that precipitate
growth is controlled by the degree of supersatur-
ation with diffusion under steady-state conditions
and no interaction between an infinitely dilute
solution of second-phase particles of a constant
volume fraction. The first stage of development
consists of the growth of grains/precipitates directly
from solution and continues until the degree of
supersaturation has fallen such that growth stops.
An additional assumption is that precipitation and
coarsening occur sequentially and can be treated
separately; this was considered reasonable by
Lifshitz, Slyozov and Wagner for large precipitates.
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Classically, growth kinetics and particle size
distribution are related as follows:23~25

dr

d‘t_f(rat)

dr_KI {
dt yr? ()
P 3=t

v

where K is a materials constant, y iS a numerical
constant relating to particle size and time, r is the
critical precipitate radius at the onset of coarsening
(t=0), and r is the observed radius. Much research
and discussion has been conducted to develop a
particle coarsening theory of a sophistication that
not only permits the interpretation of experimental
results, but also predicts grain growth in systems
under various thermodynamic and kinetic regimes.

The constant, y, was analysed?2 ~ 36 with respect to
theoretical constraints and it was found that it could
be varied and still meet the requirements of the LSW
theory. Others analysed growth kinetics and particle
size distribution with respect to mass transport,
diffusion, particle constraint and diffusion geomet-
ries.’” " 4? Tsumuraya & Miyata*' developed six
models meeting the r''* law and accounted for
several types of diffusion geometry controlled by
precipitate spatial distributions and variable volume
fractions of particles. Model III of Tsumuraya and
Miyata considered a periodic array of separated
precipitates in cubic directions to model the Ni(Al)
and Ni(Cr, Al) systems. In model I'V, the precipitates
have the opportunity to contact each other. Bate-
man et al.'” considered Model 111 to be the closest to
their PSZ data. However, all the models of Tsumu-
raya & Miyata have precipitate sizes skewed to
larger sizes.

Pande and coworker*®~*° treated grain growth as
a statistical or stochastic process. The rate equation
used by Pande and coworker is the Langevin
equation (egn (2)), which has a deterministic term
and a fluctuation term:

dR
4 RO+ T0) (2)

The deterministic term, f(R,t), is based on the
curvature and controlled migration of-the grain
boundary. The stochastic term, T(¢), is noise due to
connected grain boundary motion and motion
directed by surface tension forces. This was applied
to a one-dimensional Fokker—Planck second-order
partial differential equation for grain growth size
distributions. The solution is a size distribution
based on a degenerate hypergeometric function
defined by a series that has a form similar to a log

normal distribution. The equations used and the
resulting distribution, F, are shown below:

f&0=s(z - 1)

<

%= tofloY
oF i o o D 0*F
i ‘ﬁ[(z‘ﬁﬂF MR S

Constant 3a 3 —R?
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where R 1s the critical grain size, «, is a geometric
factor, u, is the grain boundary mobility, 7 is the
surface energy, and D is the diffusion constant. D is
considered to be a scaling factor for the time variable
which agrees with experiments. The term o/D
determines the proportion of the deterministic (x) to
random components (D). When a/D =0, the class-
ical Rayleigh distribution in one dimension results.
T, the ‘noise’ or stochastic term, was not found to
improve agreement with experiments.

Pande & Dantsker*® further develop the theory
with an N-dimensional term, where N is the number
of dimensions. For N =3, volume is strictly conser-
ved. The grain size distribution for N = 3 is obtained
in close analytical form similar to the result in eqn
(3), and is found to be approximate to a log normal
distribution. They compared the resulting one- and
three-dimensional grain size distributions. With
increasing a/D (decreasing random component (D)),
the one- and three-dimensional distributions
become similar. They also compared the three-
dimensional and log normal distributions which
increase in similarity with a decreasing random
component. In their conclusion, they state that the
stochastic nature of grain growth is supported by
available experimental, computer and theoretical
calculations. Their one- and three-dimensional
functions have distributions skewed to small sizes,
similar to that observed for Mg-PSZ.

Evans ef al.*® analysed the martensitic transform-
ation in zirconia ceramics based on energy changes
and particle size effects. Martensitic transformation
results in large shear strains with no significant
macroscopic shear. The transformed particles
consist of a series of sheared platesin which alternate
plates have experienced shear deformation of
opposite sign. The energy changes attributed to the
twinned structure of martensite are considered to be
the source of the transformation size effect. The

where
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strain energy associated with twinning is more
closely related to the surface area of the particles.
The spacing between twinned plates is assumed to be
approximately independent of particle size and is
consistent with experimental results obtained with
Fe particles precipitated in a Cu/Fe system and with
zirconia.

Based on the energy changes, Evans et «l
calculated the relative toughness, I',/T",, where I', is
the toughening increment and 'y is the intrinsic
toughness, using a uniform particle size distribution:

1
Iy 1-¢
=1V AV, 1,00, 0)

(4)

where J is volume fraction of particles, AV is
change in volume due to transformation, 7 is the
twin surface energy, . 1s the critical number of twins
in a particle, and w is a relaxation parameter.
Significant deviations can be expected when a size
distribution of particles exists. Evans et al. assumed
an extreme value function of the particle size
distribution where:

k k
Do) da = k 12— exp [ - (“0> } da  (5)
44 a

and where ¢, is the scale parameter, d is the twin
spacing and & is the shape parameter. The { then
changes to yield:

: :/< I/fﬂ A V, 7T nc‘ w, 1<ﬁ‘7 k>>
a,

/ ﬁﬁ/‘ _ \u3gg‘4d+ a)
d; 0 (ac - a)

k k
[k%exp —<ﬁ°-> :lda (6)
a a

The predicted relative toughening was plotted as a
function of particle size for several values of k (k =4,
7, 10) in Fig. 6 of Ref. 46. The distribution is skewed
to smaller sizes similar to the log normal distri-
bution. The relative toughness was compared to the
relative particle size with respect to toughness data
for some PSZ materials. A particle shape parameter
of k=6 was reported to best fit the data used. The
model was then applied to data obtained for the
Al,O4/ZrO, system where relative toughness was
plotted versus volume fraction of zirconia. The
model predictions, where the shape factor k =7, was
shown to approximate the data presented. The
chosen population distribution function, the ex-
treme value function, results in the model matching
the experimental results.

The selection of the extreme value function for the
particle size distribution was based on research

experience*” from the toughening of ceramics by
circumferential microcracking around second-phase
particles. Evans & Faber*’ noted that the major
contribution to toughening occurs from particles
just below the critical size. Particles equal to or
greater than the critical size would have micro-
cracked spontaneously. An extreme value function
was selected by Evans & Faber*” to produce a large
population of unmicrocracked particles to result in
the highest toughness. This same extreme value
function was selected for use in the martensitic
transformation analysis for similar reasons. This
distribution function, also similar to the log normal
function, fortuitously matches the population data
presented in this research paper. Closer inspection of
Fig. 4 of Ref. 17 also reveals that the size frequency
versus /1. 1s skewed to smaller sizes. There is a tail
extending to large sizes, ending at 2:1 ///,,., and a
sharp increase in size frequency at small sizes,
beginning at 0-4 ///,, ..
4.2 Martensitic transformation theory and
discussion

With respect to Mg-PSZ, several complex reactions
and events occur during precipitation and growth,
which is also dependent upon temperature of
precipitation. The differences in maximum tough-
ness values are postulated to be due to two
independent causes: the amount of MgO in solution
in the precipitates and differences in martensitic
embryo populations.

According to the MgO-ZrO, phase diagram,*® in
the proeutectoid cubic + tetragonal two-phase field,
MgO remains in solution in both phases. In the
subeutectoid region, the MgO comes out of solution
to form the tetragonal zirconia + MgO two-phase
field. As the subeutectoid precipitates form and/or
grow, MgO is forced into the ‘white spots’, increasing
the concentration of MgO there.*°-*° ‘White spots is
the term given®?-*! to the highly reflective regions in
etched subeutectoid aged specimens and are due to
the reflective difference between etched proeutectoid
cubic or cubic + tetragonal phases and the subeutec-
toid precipitates. These ‘white spots’ are formed by
the heterogeneous nucleation of subeutectoid pre-
cipitates that propagate into the grain from the grain
boundary. The exosolution of MgO from the
precipitates at 1320°C results in a higher phase
content of transformable tetragonal phase and a
higher toughness value as seen from comparing Figs
3 and 4. The average precipitate size for maximum
fracture toughness is the same for both tempera-
tures, 0-3 um. This follows the theory proposed by
Lange & Green®! for critical size effects on
precipitates in transformation-toughened ceramics.
In their paper, they present data for the effect of
yttria content on critical grain size for retention of a
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metastable tetragonal phase. Decreasing stabilizer
content results in a decreasing critical size for
metastable tetragonal grains. This is also noted by
Claussen & Riihle,>? where chemical alloying affects
the toughening potential of the metastable tetra-
gonal phase. In summary, at constant precipitate
size, the more the stabilizer content decreases, the
more the metastability of the tetragonal phase
increases and the more readily it will transform.

Based on metallic systems, several investigators
consider that martensite grows from preexisting
embryos.*>3+3* These embryos are thought to consist
of an intermediate structure between the two phases
(metastable and stable) and are formed by faulted
structures such as dislocations or stacking faults.
Andersson & Gupta®® consider the nature of
preexisting embryos to be unknown in partially
stabilized zirconias. Kaufman & Cohen?® note that
embryos could be formed at higher temperatures by
thermal activation and frozen in as the temperature
is lowered. One possible source of these martensite
embryos could be the interface of the ¢ axis of the
tetragonal precipitate with the cubic matrix, which
exhibited growth corresponding to interfaces with
boundary misorientation, mismatch or low angle
boundaries.!® TEM analysis of the proeutectoid
precipitates by Heuer®” showed coherent interfaces
and he noted that incoherent interfaces would be
desirable for transformation to occur readily. The
coherency of the interface affects the Helmholtz free
energy for transformation, since the martensitic
nucleation will be difficult until the interface
becomes semi- or incoherent.

Another possible source of martensitic embryos
could be due to fault structures in untransformed
metastable subeutectoid precipitates formed by
neighbouring, overaged, transformed subeutectoid
precipitates. This can be seen by comparing the
average precipitate size for maximum transformable
tetragonal phase content with the average size for
maximum fracture toughness. In Fig. 4 for subeutec-
toid aged samples, these two precipitate sizes are not
the same. A precipitate size of 0-2um yields a
maximum in transformable tetragonal-phase con-
tent of 14%. A further 5 h isothermal aging results in
a decrease to 9% transformable phase content, but
an increase in toughness to a maximum of
12 MPa\/ m. When the precipitates overaged, there
was an increase of 5% in the polished monoclinic
phase content.

The increase in spontaneously transformed
overaged precipitates is hypothesized to cause the
formation of martensitic nuclei in the remaining
untransformed precipitates. The impingement of the
precipitates also facilitates nuclei formation, since
the long axis of each precipitate is in contact with the
neighbouring precipitate’s surface with boundary

mismatch. When the overaged precipitates spontan-
eously transform, martensitic nuclei are expected
to have formed in the impinged precipitates. A small
population should be sufficient to produce a larger
population with martensitic nuclei.

5 Conclusions

(A) The maximum toughness reached with the
1400°C aged samples was 9 MPa\/ m, coin-
ciding with the maximum in transformable
tetragonal phase content of 3%. The op-
timum precipitate size for maximum tough-
ness was measured to be 0-3 um.

(B) For the 1320°C aged samples, the maximum
in transformable tetragonal-phase content
did not coincide temporally with the max-
imum in toughness by 5Sh aging time. The
optimum precipitate size for the maximum
transformable tetragonal phase content of
14% was measured to be just over 0-2 um.

(C) For the 1320°C aged samples, the maximum
in toughness of 12:2 MPa\/m had an op-
timum precipitate size of 0-3 um. The op-
timum precipitate size for maximum
toughness was the same for both 1400°C and
1320°C aged samples.

(D) The differences in maximum toughness
values is postulated to be due to two causes:
the solution of MgO in the precipitate, and
the population of martensitic nuclei. The sol-
ubility of MgO is very low in the subeutectoid
precipitates, as compared to the proeutec-
toid precipitates. The subeutectoid precipi-
tate population was slightly overaged by
5h at the maximum in fracture toughness,
with a decrease in transformable tetragonal
phase content from 14 to 9%. The impinge-
ment of the overaged transformed tetragonal
precipitates is hypothesized to result in the
formation of martensitic nuclei in neighbour-
ing precipitates.

(E) Precipitate impingement did not have an
effect on the precipitate growth exponent as
noted in previous literature. The larger
population, measured from SEM micro-
graphs, used in this work for statistical
measurements eliminated reported changes
in growth behaviour.

(F) The precipitate size distributions for samples
aged at 1400°C were skewed to small sizes.
The precipitate size distributions for samples
aged at 1320°C were also skewed to small
sizes. This skewness existed even though
there was a variation of precipitate sizes due
to ‘runaway’ growth.
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(G) The precipitate size distribution predicted by
the Lifshitz, Slyozov and Wagner (LSW)
theories did not match the experimental
distribution. The LSW size distribution is
skewed to larger precipitate sizes. There are
two theories that came closest to matching
the observed size distribution skewed to
smaller sizes: the one proposed by Pande and
coworker and the one proposed by Evans et
al. The theory of Pande and coworker using
stochastical processes and strong determin-
istic growth component, has a distribution
skewed to small sizes, similar to that ob-
served for Mg-PSZ. The theory of Evans
et al. relates martensitic transformation
energies and experimental results to a particle
size distribution based on the extreme value
function. Appropriate selection of the shape
parameter results in experimental results
matching theoretical predictions. The result-
ing particle size distribution also matches the
experimental size distribution shown in this
work.
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