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The thermodynamics and kinetics of cubic + tetragonal 
phase transformations in Zr0,-Y,O, alloys were investi- 
gated by using thermodynamic stability analysis and kinetic 
computer simulations to explore the possibility of a spinodal 
mechanism during decomposition. Based on a simple free 
energy model, it is shown that, depending on the alloy com- 
position, a cubic phase aged within the t + c two-phase field 
may result in three different sequences of phase transforma- 
tions: (1) direct nucleation and growth of the equilibrium 
t-phase from the c-phase matrix; (2) formation of a meta- 
stable t'-phase followed by nucleation and growth of the 
equilibrium c- and t-phases; and (3) formation of a tran- 
sient t'-phase followed by its spinodal decomposition into 
two tetragonal phases with one of the tetragonal phases 
eventually transforming to the equilibrium c-phase. The 
temporal microstructure evolutions for different composi- 
tions were studied by using computer simulations based 
on the time-dependent Ginzburg-Landau (TDGL) model 
which incorporates the long-range elastic interactions. 

I. Introduction 

nE discovery of the transformation-toughening behavior in T partially stabilized zirconia (PSZ) has generated enormous 
interest in the phase transformation behaviors of Zr0,-Y,O, 
alloys in the last two decades.',' In particular, the cubic (c) 
ZrO, to tetragonal (t) ZrO, transformation has been extensively 
s t ~ d i e d ~ - ~  since the shape, size, and spatial distribution of the 
tetragonal particles strongly affect the mechanical properties of 
the material. 

A c-phase in the ZrO,-Y,O, system may transform to a 
t-phase by either a diffusional or a diffusionless transformation. 
A diffusionless and displacive transformation results in the 
formation of so-called t'-phase,' i.e., a t-phase with the same 
concentration as the original c-phase. It was found that this 
transformation always goes to completion in quenched alloys 
or in arc-melted and subsequently quenched  alloy^.^^'^ If a 
quenched alloy is aged in the c + t two-phase region, or if an 
alloy is cooled slowly through the two-phase region, precipita- 
tion of the t-phase occurs by a diffusional decomposition. 
Transmission electron microscopy (TEM) observations of the 
decomposed microstructure sometimes show a characteristic 
image contrast consisting of fine striations,3.'"." and in other 
cases, the formation of modulated s t r ~ c t u r e s . ' ~ ' ~  

To explain the origin of the image contrast and the modulated 
structure, two conflicting interpretations have been proposed. 
One suggests that the decomposition of the original c-phase or 
the intermediate t'-phase is a process of nucleation and growth 
of fine t-phase particles, and the image contrast observed under 
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TEM arises from the strain fields around those  particle^.^ The 
other suggests that spinodal decomposition is responsible for 
the image contrast and the formation of modulated 
structures. 'w' 

Current knowledge on the decomposition mechanism is still 
insufficient to reach a conclusion on the argument. Most of the 
disagreement concerns the following three questions: (1) Is 
spinodal decomposition possible in the Zr0,-Y,O, system? 
(2) Are the experimentally observed modulated structures due 
to spinodal decomposition? (3) If spinodal decomposition does 
occur in the ZrO,-Y,O, system, does it occur in the c-phase, or 
in the t'-phase? 

The main objective of this paper is to address some of these 
questions by combining thermodynamic stability analysis and 
kinetic computer simulations of microstructure evolution based 
on the time-dependent Ginzburg-Landau (TDGL) model. 

11. 

Previous thermodynamic models treated the c -+ t phase 
transformation in the ZrO,-Y,O, system as a second-order 
phase in which the free energy versus com- 
position curve of the t-phase is assumed to be a continuous 
branch of the c-phase. However, it is generally believed that the 
c + t transformation in ZrO, is first-order3 and that the c- and 
t-phases have two different free energy c ~ r v e s . ~  Furthermore, 
even if the c + t transformation is second-order in pure ZrO,, it 
would soon become first-order when oxides like Y,O, and MgO 
are added into Zr0,.15 Therefore, in this work the c -+ t phase 
transformation in the Y,O,-ZrO, system is treated as first-order. 

In order to describe the free energies of both parent and 
product phases in a structural transformation with symmetry 
changes within the same physical and mathematical model, one 
needs to introduce order parameter fields or phase-fields, q , (Y) 
(i = 1, 2, 3, ..., v, where v is the number of order parameters). 
In a c -+ t transformation, the number of different orientation 
variants dictated by the crystal symmetry is three, with the 
tetragonal axes along crystallographic directions [ 1001, [OlO], 
and [OOl] of the parent cubic phase. For a phase decomposition, 
a continuous field of composition, c(r), also needs to be 
defined. 

In this paper, the local specific chemical free energy of the 
Zr0,-Y,O, system at a given temperature is approximated by 
the following Landau free energy polynomial: 

Thermodynamic Model for the Zr0,-Y,O, System 

where c is composition, q,, q,, and q3 are order parameters 
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characterizing the amplitudes of the displacive modes of the 
c -+ t transformation or the symmetry difference between the c- 
and t-phases, A, B, D ,  G, U ,  V ,  and W are positive phenomeno- 
logical constants, c, is determined by the equilibrium composi- 
tion of the c-phase, and c2 is a constant beyond which the 
cubic phase is unstable with respect to its transformation to 
the t-phase. 

Equation (1) defines a hypersurface of the specific chemical 
free energy, f, in a four-dimensional phase-space formed by c 
and the three order parameters, qt. The free energy of the 
c-phase as a function of composition is obtained by setting all 
the order parameters equal to zero. The free energy of the 
t-phase is obtained as follows: first, minimize the free energy 
with respect to a given order parameter qt at a given c,  under 
the condition that two other order parameters are zero; second, 
find the equilibrium order parameter at a fixed composition; 
and finally, substitute the equilibrium order parameter, which is 
a function of composition, back into the original free energy 
function to obtain the free energy of the t-phase. Therefore, the 
free energy of the t-phase as a function of composition is 
actually the trajectory of projected free energy minima with 
respect to q, on thef-c plane. 

It is emphasized that the main interest of this study is to 
explore the possibility of spinodal decomposition and the 
microstructure evolution in the Zr0,-Y,O, system. The units of 
the coefficients and the exact value of the free energy are not 
very important as long as they provide the correct free energy 
topology in the composition and order parameter space. In this 
work those constants are chosen as A = 2.0, B = 1.1, D = 0.1, 
G = 1.5, U = 2.0, and V = W = 1 .O, which provide equilibrium 
composition for the t-phase, c,, = 2.4 (mol%), and for the 
c-phase, ccub = 8.1 (mol%), which are close to the equilibrium 
compositions of Y,O,-ZrO, at 1500°C.3,4 These coefficients 
have been chosen rather arbitrarily and many other sets of 
parameter values are possible. The justification is based on our 
argument that as long as they provide similar free energy curves 
for c- and t-phases as a function of composition, they will result 
in similar transformation kinetics. 

The free energy versus composition curves for the c- and 
t-phases calculated from Eq. (1) are shown in Fig. I ,  which 
shows a first-order transition and a spinodal region in the 
t-phase. In Fig. 1, c, is the composition at which the second- 
derivative of the free energy of the t-phase with respect to 
composition is equal to zero, i.e., the spinodal point; c_ is the 
composition below which the c-phase is absolutely unstable 
with respect to the t-phase, co is the composition at which the 
free energies of the t- and c-phases are equal, and c, is the 
composition above which the t-phase becomes absolutely 
unstable with respect to the c-phase. 
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Fig. 1. Specific free-energy vs composition curves for both the cubic 
and tetragonal phases calculated according to Eq. (1) with A = 2.0, 
B = 1.1, D = 0.1, G = 1.5, U = 2.0, and V = W = 1.0. See text 
for explanation. 

111. Thermodynamic Stability Analysis 

Thermodynamic stability analysis combined with some sim- 
ple kinetic arguments have proved to be a very powerful tool in 
the qualitative understanding of the kinetics of phase transfor- 
mations in metallic alloy systems in which both ordering and 
phase separation are In the Zr0,-Y,O, system, 
simultaneous displacive and diffusional transformations take 
place, and the displacive transformation which requires only 
concerted displacements of atoms occurs much faster than 
phase decomposition which requires long-range diffusion with 
a diffusion distance on the order of the size of second-phase 
precipitates or typical microstructure scales. Therefore, if there 
is a possibility of reducing the system free energy through a 
displacive transformation, it should take place first. With this 
rule in mind and with the simple free energy model (Eq. (l),  
Fig. 1) proposed for the Zr02-Y203 system, then in the case of 
a c-phase aged within the t + c two-phase field, the following 
phase transformation scenarios are possible: 

(1) c,, < c < c, 
A c-phase within this composition range is absolutely unsta- 

ble with respect to its transformation into the t-phase. Hence, 
the first stage of the transformation during aging involves a 
continuous displacive transformation which results in an inter- 
mediate t'-phase with the same composition as the original 
c-phase. The driving force for this process is the difference 
between free energies of the c-phase and t-phase at the same 
composition (it is t'-phase, Figs. I and 2). From Figs. 1 and 2, a 
t'-phase within this composition range is metastable with 
respect to the formation of the equilibrium c-phase with compo- 
sition c,,,,. Therefore, the second stage of transformation is the 
nucleation and growth of the equilibrium c-phase from the 
t'-phase, producing the equilibrium c + t two-phase mixture. 
The driving force for the second stage is the difference between 
the free energies of the t'-phase and the equilibrium c + t two- 
phase mixture (Figs. 1 and 2). 

(2) c, < c < c, 
We can subdivide this composition range into two parts, 

c, < c < c- and c- < c < co. Within the composition range 
c ,  < c < c-, the initial c-phase is unstable with respect to 
the continuous transformation into the t'-phase with the same 
composition through a displacive transformation. Different 
from case (l), the free energy of the t'-phase within this compo- 
sition range has a negative curvature (Fig. l), and therefore a 
spinodal mechanism is expected for the decomposition of the 
t'-phase. Initial spinodal decomposition of the t'-phase will 
result in two tetragonal phases with different compositions. One 
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Fig. 2. 
the composition range C, < C < C - .  

Schematic phase transformation path for a cubic phase within 
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of the tetragonal phases will become the equilibrium t-phase as 
its composition reaches ctet whereas the other tetragonal phase 
will continue to increase its composition until c+, beyond which 
it spontaneously transforms to the c-phase. The final equilib- 
rium state is again the c + t two-phase mixture. The schematic 
transformation path for this composition range is shown in 
Fig. 2, in which AG, ~ t j ,  AG,. ~ C + t ,  and AG,.. ~ are the driving 
forces for the c -+ t’ displacive transformation, for the spinodal 
decomposition of the t’-phase into a two-phase mixture of c + t 
phases, and for the Y20,-rich t-phase transforming to the 
c-phase, respectively. 

Within the composition range c -  < c < c,, the initial c-phase 
is metastable. Therefore, c -+ t’  displacive transformation 
occurs through a nucleation and growth process. However, 
since the free energy of the t’-phase is lower than that of the 
c-phase at the same composition, the transformation may be a 
massive transformation because the rate of displacive transfor- 
mation is much faster than decomposition. The intermediate 
t’-phase is again unstable with respect to infinitesimal composi- 
tion fluctuations and its decomposition into the equilibrium 
c + t two-phase mixture takes place through a spinodal mecha- 
nism followed by a t -+ c transformation in the Y,O,-rich 
tetragonal phase. 

(3) c’ c o  

A cubic phase within this composition range is metastable 
with respect to the formation of the t-phase. Moreover, the free 
energy of the t-phase is higher than that of the c-phase. There- 
fore, the t-phase will precipitate directly from the c-phase 
through a nucleation and growth process without undergoing an 
intermediate c + t’ transformation. 

IV. TDGL Kinetic Model 

The thermodynamic stability analysis based on free energy 
versus composition curves (as discussed above) provides an 
elegant way of qualitatively understanding the phase transfor- 
mation sequence. However, the actual kinetics of phase trans- 
formation and, in particular, the microstructure evolution during 
phase transformations have to be investigated by using kinetic 
models. In this paper we employ the TDGL kinetic model in 
which the microstructure evolution is modeled by the temporal 
and spatial evolution of order parameter fields and composition 
fields toward A computer simulation based on 
the TDGL model involves a numerical solution of the coupled 
Cd~n-Allen’~ and Cahn-Hilliard’ equations: 

where L and M are kinetic coefficients which characterize the 
interface mobility and atomic diffusivity, respectively. F is the 
total free energy expressed in the unit of k,T, where k, is the 
Boltzmann constant and T is the temperature. E,  and tt are 
the Langevin random noise terms which describe the thermal 
fluctuation of concentration and order parameters, respectively. 
They are assumed to be Gaussian-distributed and obey the 
fluctuation-dissipation relations: 

In a structural transformation, the total nonequilibrium free 
energy F contains both the “chemical” free energy F,  and the 
strain energy E. The chemical free energy is associated with the 
finite-range interatomic interaction and, according to the diffuse 
interface theory of Cahn and Hilliard,24 can be written as 

where a and p are gradient energy coefficients for concentra- 
tion and order parameters, respectively, and f is the local free 
energy density (Eq. (1)). 

According to the linear elasticity theory of Khachat~ryan’~,’~ 
and recent work on diffuse the local stress-free 
transformation strain E:(r), during a decomposition phase trans- 
formation, is related to continuous order parameter fields 
through 

(5) 

where E:/’(JI) and qp(r) are the proportionality constant and the 
local order parameter field for a particular variant p .  The total 
strain energy E induced by an arbitrary distribution of coherent 
second-phase particles can be expressed as2’ 26 27 

+ Ehet ( 6 )  
here E‘”“ is the elastic energy increase, Ehom is the relaxation 
energy with respect to the homogeneous strain, and Eh“ is the 
relaxation energy with respect to the heterogeneous strain; and 

E = Em“ + E h o m  

(6c) 1 { rlP I k { rlq ): 

where A,,, is the elastic modulus tensor, u:@) = A,,,,&Ep(p), k 
is a wave vector in the reciprocal space, n, = k,/k is the ith 
component of a unit vector parallel to k, a,,(n) is a Green 
function matrix reciprocal to 0,;’ = A,/klrztnr, and 

{-q;(r)}k = $ ( r )  exp(-ik.r) d’r (7) 

{ qq(r)2]t is the complex conjugate of { ~ ~ ( r ) ~ ] ~ .  The integra- 
tions are taken over the system volume V and the singular 
branching point k = 0 is excluded from the integration in 
Eq. (6c). If homogeneous strain relaxation is not allowed, such 
as in the case of a crystalline grain constrained by neighboring 
grains, Ehom is equal to zero. 

For a c + t phase transformation, E Y / ’ ( ~ )  can be written as 
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where &yi = (a, - a,)/a,, gl = (c, - a,)/a,. a, is the lattice 
parameter of c-ZrO,, and a, and c,  are the lattice parameters of 
t-ZrO, in the Zr0,-Y,O, system. 

The total free energy including the transformation-induced 
strain energy can then be written as 

F = F, + KE (9) 
where F,  and E are calculated from Eqs. (4) and (6), respec- 
tively. K is a coefficient related to the contribution of elastic 
energy to the total free energy of the system. 

V. Computer Simulations 

Because of the extensive computation involved in a three- 
dimensional (3D) kinetic study, we employed a two-dimen- 
sional (2D) system which can be viewed as the projection from 
a 3D system. In the computer simulation, a square cell with 
256 X 256 grids is employed with periodic boundary conditions 
along both x and y directions. TDGL equations are solved in the 
reciprocal space using explicit forward Euler equations. 

The experimental data for the elastic constants of Y,O,-ZrO, 
are cII  = 3.94 X 10" Pa, c,, = 0.91 X 10" Pa, and c44 = 
0.56 X, 10" Pa as giyen in Ref. 6; and jattice parameters, a, = 
5.128 A, a, = 5.090 A, and c, = 5.180 A, are taken from Ref. 3. 
All of the energies involved in the numerical calculation are 
measured in units of k,T = 2 X lo8 J/m3. Reduced time t* is 
used in the simulation, which is defined as t* = t/t,, to = 
(Lk,T)-' .  The elastic energy coefficient K is chosen to be 0.04. 
Since the information about the interfacial energy in Y,O,-ZrO, 
alloys is not available, it was rather arbitrarily assumed that the 
gradient energy coefficients cx and p in Eq. (3) are 3.0. 

Two alloys with c = 4.2 mol% (alloy 1) and 5.6 mol% 
(alloy 2) are chosen for computer simulations. As indicated 
in Fig. 2, the compositions of alloys 1 and 2 are within the 
composition ranges cte, - c,  and c, - c,, respectively. 
According to the thermodynamic stability analysis discussed 
above, aging of a cubic phase of alloy 1 or alloy 2 always 
undergoes a c + t' transformation before decomposition into 
the equilibrium c + t two-phase mixture occurs. 

Since the rate of displacive c + t' transformation is much 
(orders of magnitude) faster than the t' + c + t decomposition 
process, simulations were divided into two steps. The first step 
was that M was set to zero in Eq. (2b) to simulate the displacive 
c + t' transformation (MIL = 0, without any diffusion). After 
the displacive transformation is completed, the decomposition 
of t'-phase was simulated within a single t' variant and MIL = 
0.2 was chosen for Eqs. (2a) and (2h). Other ratios for MIL 
may be used and the results will essentially be the same as 
long as they provide faster relaxation kinetics for the order 
parameters than the redistribution of composition. This treat- 
ment is also based on the experimental fact that c -+ t' transfor- 
mation completes before any significant diffusion  occur^.^,^^ 

The detailed kinetics of tweed and twin formation during 
the c -+ t' transformation have been discussed in a separate 
p~blication.'~ An example of the microstructure evolution dur- 
ing a c + t' displacive transformation in alloy 2 (c = 5.6 mol%) 
predicted from our computer simulation with M = 0 is shown 
in Fig. 3. In Fig. 3, the gray levels represent the magnitudes of 
the square of one of the order parameters, and therefore white 
regions are domains belonging to one of the t'-phase variants 
and dark regions are those belonging to the other variant. It can 
be seen that c + t' displacive transformation reaches comple- 
tion rapidly (Fig. 3(a)) and results in the formation of anti- 
phase domain boundaries within the tweed and twin structure 
(Fig. 3(d)). Since c + t' displacive transformation always goes 
to completion before decomposition occurs, the initial condi- 
tion was chosen to be a homogeneous t'-phase single-domain 
instead of a cubic phase in the second step. 

( I )  Alloy1 
The initial state of alloy 1 is a uniform t'-phase single-domain 

with tetragonality along the x-direction (labeled as 1) generated 

by assigning c = 4.2 mol%, q2  = 0 everywhere, and q, = 
ql(c), where q r ( ~ )  is the equilibrium value of the order parame- 
ter, -q at a fixed composition c. As discussed in the thermody- 
namic analysis, the t'-phase at this composition is metastable 
with respect to the formation of the c-phase. Indeed, the com- 
puter simulation showed small initial random perturbations to 
the uniform composition decay. Therefore, thermal noise terms 
are required in the initial stage to produce nuclei of the c-phase. 
The noise terms are turned off after nucleation. 

The morphological evolution of concentration fields during 
decomposition for alloy 1 is shown in Fig. 4, in which the local 
compositions, c(Y) ,  are represented by gray levels. The brighter 
the color, the higher the composition. Therefore, the brighter 
regions are c-phase domains and dark regions are t-phase 
domains. As can be seen from Fig. 4, there is no gradual 
development of concentration waves typical of spinodal decom- 
position. Instead, local regions with large composition fluctua- 
tions and with sizes larger than that of the critical nucleus 
transformed to the c-phase. Nevertheless, during growth of the 
c- and t-phase and during coarsening, the elastic energy arising 
from lattice mismatch between the c- and t-phases results in 
the alignment of precipitates along the elastic soft directions 
((1 1)) (Figs. 4(b-d)). 

(2) Alloy2 
The initial condition for alloy 2 is similar to alloy 1, i.e., a 

uniform composition (c = 5.6 mol%) and a uniform order 
parameter (ql = q , ( r )  and q2 = 0). Different from alloy 1, 
however, small random perturbations to the uniform composi- 
tion result in the gradual development of basket-weave type 
composition modulations (Fig. 5(a)). By comparing Figs. 5 
and 4, the difference is quite obvious. In alloy 1, the initial stage 
involves direct nucleation of the c-phase particles from the 
t'-phase, whereas in alloy 2, initial decomposition results in two 
tetragonal phases with different compositions (Fig. 5(a)). Later, 
the Y,O,-rich tetragonal phase transforms to the c-phase 
(Fig. 5(b)). Figures 5(b) to (d) demonstrate the coarsening 
process of the c + t two-phase microstructure, during which the 
wavelength of concentration increases. The modulated struc- 
tures in Fig. 5 are very similar to those obtained from TEM 
 observation^.'^'^ 

The degree of microstructure alignment and the shapes of 
tetragonal particles depend on both the elastic energy generated 
during the transformation and the interfacial energy determined 
by the gradient energy coefficients. The fact that the composi- 
tion modulation is strongly aligned indicates the microstructure 
evolution of the c + t two-phase mixture is mainly controlled 
by the elastic strain energy. As a comparison, the microstructure 
evolution for a system with a lower elastic energy contribution 
(K = 0.01) is shown in Figs. 6 and 7 for compositions c = 4.2 
and 5.6 mol%, respectively. It is quite obvious that the align- 
ments in Figs. 6 and 7 are weaker than those in Figs. 4 and 5. 

From Fig. 5 and 7 it is shown that the direction of composi- 
tion modulation developed during spinodal decomposition and 
coarsening is perpendicular to the (1 1) directions, which are 
elastic soft directions in this 2D simulation. To predict if the 
composition modulation is perpendicular to the (1 1 1) direction 
in three dimensions, 3D computer simulations are required. 

VI. Discussion 

Different schematic free energy models for the c-phase and 
t-phase have been previously proposed in order to explain the 
experimental observations of microstructure evolution in ZrO, 
YzO, alloys. For example, based on free energy curves similar 
to those shown in Fig. 8(a), Heuer et aL3 interpreted that aging 
a c-phase within the c + t two-phase field results in the direct 
nucleation and growth of t-phase particles from the c-phase 
matrix. Another explanation for the modulated structures is the 
result of a spinodal decomposition. It was initially thought that 
it is most probable to have a spinodal region present in c-phase" 
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Fig, 3. 
1.0, (c) q, field at t* = 2.0, (d) ql field at t* = 3.0. 

Temporal evolution of order parameter fields during c + t' transition in alloy 2 ( c  = 5.6 mol%): (a) ql field at t* = 0.2, (b) q l  field at t* = 

Fig. 4. 
0.05, (b) t* = 0.3, (c) t* = 0.7, (d) t* = 1.0. 

Temporal evolution of concentration field during decomposition of a single t'-phase domain in alloy 1 (c = 4.2 mol%), K = 0.04: (a) t* = 

Fig. 5. 
0.05, (b) t* = 0.3, (c) t* = 0.7, (d) t* = 1.0. 

Temporal evolution of concentration field during decomposition of a single t'-phase domain in alloy 2 (c = 5.6 mol%), K = 0.04: (a) t* = 

Fig. 6. 
0.05, (b) t* = 0.3, (c) t* = 0.7, (d) t* = 1.0. 

Temporal evolution of concentration field during decomposition of a single t'-phase domain in alloy 1 (c = 4.2 mol%), K = 0.01: (a) t* = 

as shown in Fig. 8(b). However, Sakuma et al. argued that 
this interpretation cannot explain the appearance of electron 
reflections which always correspond to the t-phase." Therefore, 
Sakuma et al. proposed another set of free energy curves as 
shown in Fig. 8(c), in which the free energies of the t-phase and 
c-phase were continu~us, '~"~ which requires that the c + t 

transformation be second-order and that the lattice parameter 
change continuously from c-phase to t-phase as the composi- 
tion changes. 

The free energy curves in our model are schematically 
redrawn in Fig. 8(d) with the width of the spinodal region 
exaggerated for the purpose of clarity. Figure 8(d) is similar to 
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Fig. 7.  
0.05, (b) f* = 0.3, (c) t* = 0.7, (d) t* = 1.0. 

Temporal evolution of concentration field during decomposition of a single t’-phase domain in alloy 2 (c = 5.6 mol%), K = 0.01: (a) t* = 

Fig. 8(c) with the important exception that there are two sepa- 
rate free energy curves for c-phase and t-phase, respectively, in 
Fig. 8(d), indicating a first-order c + t phase transformation 
and a discontinuous lattice parameter change. Moreover, our 
interpretation of the transformation sequence is different from 
previous works.”-” We employ a kinetic argument: displacive 
transformation which does not involve atomic diffusion occurs 
much faster than phase separation which requires long-distance 
diffusion. On the basis of this argument, we claim that as long 
as there is a segment of the free energy curve of the t-phase 
which has a negative second derivative with respect to composi- 
tion and whose values are lower than those of the c-phase, a 
quenched c-phase aged within the c + t phase field will result 
in the displacive c + t’ transformation followed by the spinodal 
decomposition of the t‘-phase into two tetragonal phases 
(Fig. 2). One of the tetragonal phases resulting from the spino- 
dal decomposition will eventually transform to the c-phase 
(Fig. 2). In other words, during aging of a c-phase within the 
two-phase field, spinodal decomposition will take place, but 
under the condition that a c + t displacive transformation 
occurs first. Such a spinodal is called “conditional spinodal” in 
the metallurgical literature and is very common in alloy systems 
in which simultaneous ordering and phase separation take 

Ctet Ccub Ctet cs co Ccub 

c-phase 
\ I I  

Fig. 8. Schematic free-energy vs composition curves for both the 
cubic and tetragonal phases: (a) Heuer et al. model (Ref. 3); 
(b,c) Sakuma ef al. models (Ref. 12); (d) present model. 

place.”-I9 The phase transformation path predicted in our model 
is consistent with the observations of electron reflections from 
modulated structures.’* A crucial test if spinodal decomposition 
occurs in the t‘-phase is whether or not two tetragonal phases 
with different compositions are observed in the initial stages of 
decomposition (Fig. 5(a)). Recent work”,’’ seems to show that 
the modulated structure is generated from fully tetragonal struc- 
ture and the modulated structures are made up of two tetragonal 
phases with different compositions in the initial stages of 
decomposition. In  

In comparing our theoretical predictions with experimental 
observations, it is noted that the composition range within 
which Sakuma et al.“ claimed spinodal decomposition occurs 
is considerably wider than that predicted in our free energy 
model. There are two aspects that need to be discussed. First, 
Sakuma et al.” determined the spinodal region based on their 
observation that modulated structures of alternating c- and 
t-phases exist after an alloy is aged within the c + t two- 
phase field for a long time. From our computer simulations, 
modulated structures can also form during nucleation and 
growth (Fig. 4). The formation of modulated structures is 
mainly due to the strain-induced coarsening. Moreover, Heuer 
et al.’ did not find any strong evidence for spinodal decomposi- 
tion such as the gradual development of composition modula- 
tions. Therefore, experimentally, the composition range in 
which spinodal decomposition occurs is still uncertain. Second, 
the free energy model in this work is based on a simple Landau 
free energy expansion. It seems rather difficult to adjust the 
coefficients for obtaining a wider composition range of spinodal 
decomposition in the t‘-phase. In principle, if the width of the 
spinodal region determined by experiments is correct, other free 
energy models can be used. For example, a free energy model 
can be fitted to the schematic plot of the free energies of the 
tetragonal and cubic phases as shown in Fig. 8(d). Note that 
Figs. 1 and 8(d) are obviously similar except for the difference 
in the composition ranges for spinodal decomposition. There- 
fore, using a different free energy model will not change the 
main predictions and conclusions of this paper regarding the 
three possible transformation sequences for a c-phase aged in 
the c + t two-phase field. 

VII. Conclusions 

A Landau free energy model is proposed for the Zr0,-Y,O, 
alloy, which provides a first-order c + t phase transformation, 
and therefore two separate free-energy curves for the t-phase 
and the c-phase. Our thermodynamic stability analysis and 
computer simulations predict the following three different 
transformation sequences for a c-phase aged within the c + t 
two-phase field: (1) direct nucleation and growth of the equilib- 
rium t-phase from the c-phase matrix; (2) formation of a meta- 
stable t’-phase followed by nucleation and growth of the 
equilibrium c-phase; and (3) formation of a transient t’-phase 
followed by its spinodal decomposition into two tetragonal 
phases with one of the tetragonal phases eventually trans- 
forming to the equilibrium c-phase. This model seems to 



1686 Journal of the American Ceramic Socie-an and Chen Vol. 78, No. 6 

explain essentially all the existing experimental observations. 
The microstructure evolution during spinodal decomposition of 
the t’-phase predicted by our computer simulations has a strik- 
ing resemblance to those observed experimentally. 
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