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Phase-transformation study of metastable
tetragonal zirconia powder
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The rate of the transformation from the metastable tetragonal to the monoclinic phase of
ZrO, was measured in air from 850 °C to 1000 °C by neutron diffraction. This rate was found
to be temperature dependent, and its measured values were considerably lower then those
reported previously. The kinetics of this phase transformation is discussed in terms of a
modified ‘crystallite growth-martensitic transformation model’ that includes the
distribution of crystallite sizes. © 1998 Kluwer Academic Publishers

1. Introduction grow during annealing, and transform immediately to
It is well known that stabilized tetragonal zirconia the monoclinic phase upon reaching a critical diameter.
has high strength and toughness properties [1]. Thén this process the transformation rate is not caused by
reason for these qualities is generally believed to béhe nucleation and growth of a new phase(Avrami's
that the tetragonal phase martensitically transforms tenodel) but by the growth of existing crystallites be-
the monoclinic phase—due to the applied stress [2)ond this critical diameter. Murakami and Ohno called
in a process that is not based on the thermal activathis model the ‘crystallite growth—martensitic transfor-
tion. There are, however, several experimental reportsiation model.’
that suggest that this transformation can also depend In this paper, we combine this model with the dis-
on the thermally activated process. The tetragonal-totribution of the crystallite size and the normal grain-
monoclinic transformation of the PSZ(partially stabi- growth mechanism to develop and formulate a more
lized zirconia) at relatively low temperature anneal-quantitative model of the ‘crystallite growth—martensi-
ing [3] and the phase transformation of the meta-tic transformation model.’ To test our model, we car-
stable tetragonal zirconia [4-5] are two examples ofried out a neutron-diffraction study of the transforma-
this. tion rate of a highly homogenous sample of metastable
Only a few studies of the kinetics of the transfor- tetragonal ZrQ prepared by the alkoxide method.
mation of the metastable tetragonal to the monoclinic
phase of pure Zr@have been reported. Whitney [4]
measured the isothermal transformation rate of the
metastable tetragonal to monoclinic Zr®y X-ray 2. Experimental procedure
diffraction using a sample prepared from zirconyl chlo-The metastable tetragonal zirconia powder was
ride octahydrate by thermal decomposition. Obhal.  obtained from zirconium tetra-butoxide (99.9%,
[5] carried out similar experiments using both neutronZr(OC4Hg)4, Soekawa Chemicals Co. Ltd., Japan) by
and X-ray diffraction. These reports showed that thethe alkoxide method. Details of the preparation of the
transformation rate increased with temperature accordnetastable tetragonal zirconia powder were described
ing to Avrami’s rate equation [6], which is based on theelsewhere [9]. Although the sample was amorphous af-
nucleation and growth of a new phase. ter drying, a single phase of the metastable tetragonal
On the other hand, Murakami and Ohno [7] investi- phase appeared immediately by heating at“4D@
gated the effect of the crystallite size and the annealingir. To remove any organic impurities derived from the
temperature on the phase transformation and pointetthermal decomposition anC4HgOH, we annealed the
out that the phase transformation was closely relatedample at about 70@ for 10 min in air. Secondary par-
to the growth of the crystallite size. They supportedticles were almost spheres with nearly the same size,
the idea of the ‘critical diameter (crystallite size)’ pro- and their mean particle size was 0.pBn observed
posed by Garvie [8], in which the tetragonal crystalliteswith a scanning-electron microscope(SEM). The mean
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crystallite size was 16 nm calculated from the (101) 1.0
peak of X-ray diffraction using the Scherrer formula:

0.91 0.8 |-
= 1)
 cosh
where D is the crystallite sizep the wavelength of . 061
X-ray, B the corrected half-width of diffraction peak L

ando the diffraction-peak angle respectively. 04l
Neutron-diffraction experiments were performed us-
ing the Wide Angle Neutron Diffractometer (WAND)
at Oak Ridge National Laboratory (ORNL), USA. A 02}
wavelength of 0.1537 nm was used in this experiment.
The detector of the WAND is a curved one-dimensional
position-sensitive proportional counter which covers a 0 0 0'2 0'4 0'6 08 10
26 range from about 10to 140. The sample was an- ) ‘ ‘ ' |
nealed in air in the temperature range from 86Qo Molar fraction of samples
1000°C using a rapid temperature change furnace [10'L_
equipped at the WAND. We placed a platinum sam-,
ple holder of 3 mm in dia and 30 mm in height at the
focal points of two circular infrared lamps inside the
furnace. The temperature was controlled withit°C
with a type-K thermocouple inserted within the sam-
ple with the temperature difference between the surface
of the sample holder and the center of the sample beﬁ.
ing less than 10C. The heating rate was 20G/min. 9.
Since more than a few minutes were needed to colle
peak counts with meaningful statistics to determine th
ratio between the tetragonal and monoclinic phase
we quenched the sample to 1@ at the rate of about
—200°C/min after annealing. The transformation rate

fth [toth linic ph o
ofthe tetragonal to the monoclinic phase was measure 50°C to 1000°C. The symbols indicate the observed

at 100°C because the transformation rate is negligi- ¢ hile th id i des 10 th Th
ble below this temperature. The measurement time waga a, while the solid ines are guides lo he eye. 1he
about 30 min. After measuring the phase transformaphase-transformatlon rate increases by increasing the

tion ratio, we heated the sample again to the annealin hnealing temperature. At 1000 the phase transfor-

. h . tion ended within 100 min while it took more than
temperature. We defined the starting tirhe; 0 as the a X ,
P g e régoo min to complete at 85C€. The transformation

|

igure 1 Calibration plots ofFy, the relative content of the monoclinic
2.

3. Results and discussion

3.1. The transformation rates of the

metastable tetragonal ZrO, to the

monoclinic phase

2 shows the details of the analysis of the decon-

C\(olution of three peaks, the (111) and Q}1of the

é'nonoclinic phase andthe (1 0 1) of the tetragonal phase,
t 875°C. The tetragonal peak decreased gradually by

Ihcreasing the annealing time and almost disappeared

after 2000 min. Fig. 3 shows the time dependence of
e transformed fractiorry (t) at the temperature range

time that the temperature first reaches the annealin . X
b tes in the present work are considerably lower than

temperature. The overall annealing time referred to i h ted by Whit 40n tal F I
this paper is the total time the sample was at the anneaLHgspehfspeotrr:nsfgrmz;tigcra]ycacl)rr;wpIe tgg \?vi;]in grfg\)l(varr]gﬂres'
ing temperature, and does not include the heating an . .

9 b g even at 650C in Whitney’s result. Although the trans-

cooling time. ) . )
g formation rates of Ohno’s X-ray and neutron diffraction

We determined the molar fraction of the monoclinic were very different (Fig. 4), the phase transformation
phase Fy and the metastable tetragonal phaseby ended within 2000 min at 75,

the intensity relationship:

IM(111)+ Iw(111)

Fm = (2)  3.2. Modeling of the phase transformation
11D+ 17101+ In(111) of the metastable tetragonal ZrO, and
and fitting the present work
To discuss the phase-transformation kinetics, we for-
Fr=1- Fu (3) mulate the phase transformation using the ‘crystallite

. growth—martensitic transformation model’; the tetrag-
wherely(111), Im(111) andI1(101) are the peak onal zirconia has a critical diameter, and the crystal-
intensities of the (11 1) and (11} reflections of the lites which grow to exceed this value martensitically
monoclinic phase and the (101) reflection of thetransform to the monoclinic phase. We now proceed to
metastable tetragonal phase respectively. To confirrdescribe a set of four postulates.
the linearity of Equation 2, we made standard samples Postulate 1: Critical diameter: Zirconia has a critical
which were mixtures of pure-metastable tetragonabiameter. The monoclinic phase is stable for crystallites
ZrO, and pure-monoclinic Zr@powders. Fig. 1 shows of sizes above this value, while the tetragonal phase is
Fwm as a function of the molar fraction of the samples.stable for crystallites of sizes below it [8].

It is apparent thaFy is proportional to the mol % of Postulate 2: Martensitic transformation: When the
the monoclinic phase. diameter of a crystallite exceeds the critical value, the
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Figure 2 Typical results of deconvolution of diffraction patterns to the (10 1) of the tetragonal and the (111) aﬁd)ﬂtﬂe monoclinic phase at
different times at 875C.

crystallite is immediately transformed from the tetrag-and
onal to the monoclinic phase [8].

Postulate 3: Normal crystallite growth: The crystal- D=InL. (6)
lite growth of an individual tetragonal crystallite at a

constant temperature is characterized by whered, is the most probable value df
p

Postulate 4: Time-independent log-normal distribu-
d(t)" — d(0)" = Kyt (4) tion: The metastable tetragonal crystallite diameter has
a log-normal distribution [12].

Thus the probabilitys(D)dD, that D falls between
whered(t) is the metastable tetragonal crystallite size atD andD +dD is given by
timet, andd(0) is the initial crystallite size [11] before
annealing. The exponentis a constant depending on (D — Day)? 4D
the mechanism of the crystallite growth, aKg is a 202 }

G(D)dD « exp[—
constant, which contains the temperature dependence

: (D — Dp)? D?
of grain growth. — exp|— P’ 1dD = exp(—— )dD
We introduce the normalized crystallite side,to 202 202 ’
simplify the calculation. We define (7)

whereo is the standard deviation. In the metal field,
(5) several reports suggested thais constant during the
crystallite growth [12, 13]. Therefore we assumed that

,_
Il
e
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Figure 3 Time dependence &y (t), the transformed fraction at the temperatures ranging fromi830 1000°C. The symbols indicate the observed
data. The solid lines are the guide to the eye.

o is constant throughout the crystallite growth in this Since the probabilityg(L v )dL v, thatL v falls between

study. Lyv andLy +dLy is equal tog(L) dL, Equation 10 is
The probabilityg(L)dL, thatL falls betweer. and  rewritten

L 4+ dL is given by

= SO it 5 O]
g(L)dL = G(D)LdD « exp(D — F)d D. (8 foDc pL3g(L)dL + f;;° pL3g(L)dL
JPepLl3g(LydL S e*PG(D)dD
If all the sample has a tetragonal phase, the molar frac- =% 13 = 7> D
Jo pL3g(L)dL [~  e*PG(D)dD

tion, F of crystallites smaller than a diametéis given
by D¢ D2
= 4D — — |dD
I exp( 202)

3 pL3g(L)dL
ESTENT ©) . 02
f exp|(4D — — |dD |, (12)
oo 202
where D is the same as in Equation 6, apds the

T & pLl3g(L)dL
density of the metastable tetragonal phase. whereD¢ = In(dc/dy).
The crystallites of sizes greater then a critical diame4f ywe make the transformation
ter,d; transform to the monoclinic phase with a volume

change. The molar fraction of the remaining metastable D — D o (13)
tetragonal phase in Equation 9 is given by T g ’
foDc pL3g(L)dL Equation 12 becomes
Fr=—p - — 5 ,
Jo pL3g(L)dL + [5" pmLiyg(Lm)dLlm , D D’2
(10) Fr=|o0e¥ / exp(— 5 )d D’
—00
where Ly =dw/dp, pom is the density of the mono-
clinic phase. The relationship between the diameter of g2 [ D2 ,
the monoclinic phasely andd before phase transfor- o€ . exp\— dD
mation is
1 D D/Z
=— expl —— |d D, 14
pmdy = pd®. (11) (2r)Y/2 /_m p( 2 ) (14)
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Figure 4 Time dependence dfy (t) in Ohno's experiment: (a) neutron diffraction, (b) X-ray diffraction.
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where tetragonal phase transforms to the monoclinic phase in
these crystallites during cooling.

D/ — Dc 4o (15) Since we measureély at 100°C after annealing,
0 ' D¢(t) in Equation 21 is expressed as
If the mean crystallite size changes following the rela- de 100 do(t)
. . De(t) = In—==0 — In=222 = D¢ 100(0)
tionship, c 4,(0) d,(0) c
dm(t)" — dm(0)" = Kt (16) (e L (24)
n )’
or
whered. 100 is the critical diameter at 10.
dm(t) ) Kt an SﬁbstitutingDc from Equation 13 into Equation 24,
= ) we have
dm(0) dm(0)"
, De,100(t) ,
we can estimatd&y (= 1 — Fr) at timet from Equa- De(t) = In—"== — 40 = D¢ 100(0)
tions 14 and 17. 1 ¢
Since we defined., as S — <1 + —), (25)
No Tn
dm o0 (72
L =lm= Lg(L)dL=¢*",  (18) where
p 0
, D 0
dim/dy is independent of. D} 100(0) = De10d®) _ (26)
From the Postulate 4y is independent of, thus 7
Equation 17 can be rewritten as Comparing Equation 22 with Equation 25, we can es-

tablish thatno andt, measured at the annealing tem-
dot) Knt N t perature are the same as those measured &CL00
m =1+ d(0)" =1+ ™ (19) Figs 56 show the result of fitting our data to Equa-
tion 25. We can not fit the data well if we allowto
vary with the annealing temperature. Thus we assume

thatn is independent of the annealing temperature in
the present temperature range. The symbols indicate

SinceL ¢(t) can be rewritten as

Le(t) = b _ dp(O)’ (20)  the observed data, while solid lines are the results of
dp(t)  dp(0) dp(t) the least-squares fitting. The fits to Equation 25 shown
in Fig. 5 are rather good for all temperatures except for
we get 1000°C. The reason for the discrepancy at 1000s
probably that in our analysis we did not consider the
dc dp(t) 1 t effects of the heating and cooling time. The obtained
De(t) = Indp(o) - nm = Dc(0) - ﬁ|n<l+ T_n> least-square fit parameters are listed in TaklE |,,(0)

decreases with increasing the annealing temperature
(21) systematically. As shown in Equations 24 and@£0)
SubstitutingD. from Equation 13 into Equation 21, we increases with the annealing temperature becdwsg
have isindependent of the annealing temperature. The reason
for this is that the crystallite size ai= 0 increases with
, 1 t the annealing temperature; the crystallite grew until the
— 40 = D(0) - EIn(l-i— t—) temperature first reached the annealing temperatre.
: also decreases with increasing the annealing tempera-
(22)  ture. Sincedy(0) increases with the annealing temper-
where ature, while we assumed thatloes not, this indicates
D(0) thatK,, also increases with the annealing temperature.
C

Dc(t)

Dy(t) = In—

D;(0) = 4o. (23)
o TABLE | Least square fit result of the present work
, no =1.2240.08
Thus calculating thé/(t) from the observedry, we
can obtainD/(0), no and t, by a non-linear least- Temperature D¢ 100(0) n
squares fit. 850°C 1.23+£0.09 218.3:52.6
When Fy was measured at temperatufedower  g75:c 1164 0.10 68.6518.8
than the annealing temperature, we chose the criticaboo°c 0.85+0.15 75.3:23.7
diameter afT, d. 7 instead of the critical diameter at 925°C 1.12+0.11 28.5+7.8
the annealing temperature,; although the tetragonal g?g:g 8-;‘;&8-;2 42-:; 115-9
phase is stable in the crystallite whose diameter is be; .~ 0241017 Ry

tweend. t andd. at the annealing temperature [7], the
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Figure 5 The least-squares fits @ ;(t) of the present work as a function &, ,,,(0), no and = by Equation 21: (a) time range from O to
5000 min, (b) time range from 0 to 1000 min. The symbols indicate the observed data, and the solid lines are the fitted curves.

3.3. Fitting previous results to the present between Ohno’s X-ray and neutron experiments is poor.
model Since they measurefg, at the annealing temperature,

We also fitted Ohno’s X-ray and neutron diffraction we fitted Ohno’s neutron and X-ray diffraction data to

data to our model although the quantitative agreemeriEquation 22. We assumed thats independent of the
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Figure 7 The results oD/(t) of Ohno’s neutron diffraction as a function B£,(0), no andt, by Equation 18: (a) time range from 0 to 11500 min,
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TABLE Il Result of the Ohno’s neutron experiment 850-1000C by neutron diffraction. These rates in-
no =1.06+0.03 creased with temperature. The phase transformation
Temperature D(0) o ended within 100 min at 100@ while it took more
than 4000 min to complete at 85C. The transfor-
700°C 1.54+0.11 1344.2:235.0  mation rates measured in our experiment were signifi-
750°C 1.95+0.12 63.3:12.1  cantly lower then those measured by Whitney and Ohno
800°C 2.56+0.31 10.6+ 4.4 et al.
825°C 1.33+0.13 49.4-9.8 Co
875°C 2 85+ 0.66 19:15 The transformation kinetics can be understood by us-
910°C 1.4140.17 8.6+2.1 ing our enhanced ‘crystallite growth-martensitic trans-
950°C 1.98+0.22 1.8:0.6 formation model’, which includes the effects of the log-
normal distribution of the crystallite size and normal
grain-growth mechanism.
TABLE |1l Result of the Ohno’s X-ray experiment
no =2.31+0.08
Temperature D(0) o Acknowledgements _ o
We are grateful to the staff of Solid State Division,
700°C 0.90+0.07 50.3t13.3  ORNL, especially to Dr. H. R. Child for his constant en-
750°C 0.85+0.10 788245 couragement and useful advice. We also wish to thank
gggog gzggig:i(l) g:gié:gg J. R. Weir, lll, G. B. Taylor and R. G. Maples for their
850°C 0.364+0.11 170053  Kindly assistance in the experiment. This work was
875°C 0.50+0.11 0.40:0.13  carried out at ORNL under the U.S.-Japan Coopera-
900°C 0.12+0.09 2.94£085  tive Program in Neutron Scattering. ORNL is managed

by Lockeed Martin Energy Research Corporation un-
der contracted DE-ACOS. 96 OR 22964 with the U.S.

annealing temperature in the Ohno'’s experimental temDOE'

perature range. The result of neutron experiment shows
in Figs 7-8 and Table Il and the X-ray experiment in
Fig. 9 and Table Ill. As shown in these Figures, the fit
of the neutron data is not as good as the fit of the X-ray
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