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The formation energetics and heats of mixing of lead zirconate
titanate (PZT) PbZrxTi12xO3 solid solutions have been investi-
gated using high-temperature oxide melt solution calorimetry.
While the heat content (H9732H298) is almost constant
(80+82 kJ/mol) for x 5 0.15+1.0, its value for PbTiO3 (x 5 0.0)
is larger (86.15$0.55 kJ/mol). Linear variation in the enthalpy
of drop solution, DHds, and the enthalpy of formation from the
oxides, DHf,ox (298K), is observed in the tetragonal region
(0< x< 0.5) and continues smoothly into part of the rhombohed-
ral region (0.5< x< 0.65). Fitting the data in the tetragonal phase
region (0< x< 0.5) to a straight line enables an extrapolation to
give the heat of the virtual transformation PbTiO3 (tetrag-
onalPPorthorhombic) as 24.0 6 3.9 kJ/mol. An extrapolation
from the rhombohedral region gives 33.3 6 3.6 kJ/mol for DH of
the virtual transition PbZrO3 (orthorhombic or rhombohedral
PPtetragonal). The transition enthalpy between orthorhombic
and rhombohedral PbZrO3 is zero within experimental error.
The enthalpy of formation from the oxides, DHf,ox(298 K), varies
from 236.7 6 2.7 kJ/mol for PbTiO3 to 0.7 6 4.3 kJ/mol for
PbZrO3. The DHf,ox(973K) values agree with previously reported
DHf,ox values measured in alkali borate solvent at 1073K. Fitting
DHmix(973K) to a regular solution model yields an interaction
parameter, W, of 39.8 6 4.6 kJ/mol. However, structural com-
plexity makes the regular solution model only a crude physical
description. ( 2001 Academic Press
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INTRODUCTION

Lead zirconate titanate (PZT) PbZr
x
Ti

1~x
O

3
solid solu-

tions are an important family of perovskites, useful for their
ferroelectric and piezoelectric properties (1, 2). Elec-
troceramics based on PZT are used extensively for elec-
tromechanical transducers, actuators, pyroelectric
detectors, and explosively induced charge storage devices (3,
4). Most applications are based on the bulk ceramic form of
the material, and manipulating the crystal and defect chem-
istry, domain con"guration, and microstructure for a par-
ticular application requires an intimate understanding of
the complex relations between the intrinsic and extrinsic
properties (5). Studies of such structure}property relations
are further complicated by di$culty in obtaining good qual-
ity single crystals and/or well-characterized polycrystalline
specimens for compositions across the entire phase diagram.
The two end members, PbTiO

3
and PbZrO

3
, have very

di!erent structural and ferroelectric properties. Under am-
bient conditions, the former is a ferroelectric with tetragonal
symmetry (P4mm), while the latter is an antiferroelectric
with orthorhombic symmetry with a large unit cell contain-
ing 40 atoms (Pbam/Pba2). The intermediate compositions
vary from tetragonal to rhombohedral (R3c or R3m) sym-
metry, depending upon the Zr concentration (4). A continu-
ous cubic solid solution (Pm3m), which is of too high
symmetry to exhibit ferroelectric or ferroelastic behavior,
exists at high temperature, terminated at lower temperature
by displacive phase transitions. This cubic solid solution,
formed during high-temperature synthesis, transforms to
various ferroic species on cooling. The mechanisms and
kinetics of these transitions control the morphologies,
microstructures, domain con"gurations, and properties of
the ferroic species and are dictated by the thermodynamics
of both the high- and low-temperature phases.
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There have been some studies of phase transition enthal-
pies in PZT by di!erential thermal analysis (DTA) and
di!erential scanning calorimetry (DSC); the DSC study by
Rossetti and Navrotsky (6) is a recent example. In contrast,
the formation enthalpies of PZT solid solution have not
been reported. Di$culty in dissolving highly refractory ox-
ides such as ZrO

2
and TiO

2
in aqueous solvents precludes

conventional acid solution calorimetry. Recent develop-
ments in high-temperature oxide melt solution calorimetry
now make it possible to measure the energetics of such
refractory titanates and zirconates (7}9). The present work
reports formation enthalpies and heats of mixing of PZT
solid solutions. Data referring both to the high-temperature
continuous cubic solid solution at 973 K and to the low-
temperature partial solid solutions with lower symmetry at
298K are discussed.

EXPERIMENTAL METHODS

Samples for calorimetric study were synthesized from
chemically derived precursors of starting compositions of
formula PbZr

x
Ti

1~x
O

3
using the general procedures de-

scribed in previous papers (10, 11). Prior studies (12) have
shown that careful control of lead stoichiometry, precursor
decomposition, calcination, and annealing are important to
obtain high-quality samples suitable for calorimetric invest-
igations. Detailed characterization by conventional and
high-resolution X-ray di!raction, di!erential scanning
calorimetry, and electron microprobe analysis (6, 10, 11)
were used to ensure phase purity, crystallinity, and chemical
homogeneity in the samples used in this study. The samples
were stoichiometric and homogeneous within the uncertain-
ties of microprobe analysis ($0.5wt% oxides).

Thermochemical measurements were performed in
a high-temperature twin Calvet calorimeter operating at
973 K using molten sodium molybdate (3Na

2
O ) 4MoO

4
) as

solvent. The details of calorimetry have been described
previously (7}9). About 20 g of sodium molybdate was
equilibrated overnight in a platinum crucible in the calori-
meter. Oxygen gas was bubbled through the molten molyb-
date solvent at 10 ml/min to stir the melt to facilitate
dispersion and dissolution of the sample. The oxygen gas
also maintained a well-de"ned high oxygen fugacity of
1 atm. A continuous #ow of oxygen at 100ml/min was also
maintained above the solvent. PZT pellets weighing
&15 mg were dropped into the solvent. The measured heat
e!ect (*H

$4
, the heat of drop solution) was the sum of the

heat content from room temperature to 973 K (also known
as the enthalpy of the transposed temperature drop experi-
ment, *H

55$
), and the heat of solution at 973K (*H

40-
). At

least six calorimetric experiments were performed for each
composition.

The heat content (*H
55$

) was obtained by dropping&15-
mg pellets into the calorimeter in the absence of solvent. The
heat of solution (*H
40-

) was measured directly for certain
samples. For solution calorimetry, the sample was placed in
a platinum sample holder with a perforated foil bottom and
equilibrated in the calorimeter just above the solvent. The
sample holder was dipped into the solvent and pulled out
several times in quick succession in order to disperse and
dissolve the sample. This process of stirring was repeated
"ve times. Because the measured heat included the distur-
bance due to the stirring e!ect, a similar experiment without
the sample was performed immediately afterward to deter-
mine the contribution from the stirring e!ect. The stirring
correction generally accounted for 10 to 15% of the total
observed heat e!ect.

Calibration of the calorimeter was based on the heat
content of platinum (for solution experiments) and of corun-
dum (for transposed temperature drop and drop solution
experiments). These procedures have been discussed pre-
viously (7}9) and represent standard laboratory protocol.
Calibration factors have remained content (with random
#uctuations of $0.5%) on each side of the calorimeter for
several years. The calibration is insensitive to slight vari-
ation in the glass- and platinum-ware in the calorimeter, to
gas #ow, and to other small variations in set-up. However,
sample pellets dropped into the calorimeter pick up a small
amount of heat ((1%, corresponding to an average tem-
perature rise of (10 K) during the drop, and this is ac-
counted for in the alumina pellet calibration. It is important
to keep the mass and shape of the pellets used for calibration
and for sample drop very similar.

With increasing Zr content it became progressively more
di$cult to obtain reproducible values for drop solution
enthalpies. These Zr-rich materials dissolved slowly and
showed very small heat e!ects because the endothermic heat
content and the exothermic heat of solution nearly cancelled
each other, producing a small net heat of drop solution with
large relative error. The small baseline shifts, which inevi-
tably occurred and were not signi"cant with larger heat
e!ects, became important in measuring small heat e!ects
because one had di$culty telling when the reaction was
complete. Thus, the values obtained became subjective. This
problem could be overcome with solution calorimetry,
which provided a direct measure of enthalpy of solution at
973K for the materials with x"0.65, 0.7, 0.8, 0.9, and 1.0.
The enthalpies of drop solution were then calculated by
adding the heat content to the heat of solution. For use in
further calculations, values of the enthalpy of drop solution
were calculated from the solution data for compositions
x"0.7 to 1.0. The rest of the *H

$4
values used in calcu-

lations were taken directly from the drop solution experiments.

RESULTS AND DISCUSSION

The calorimetric data are given in Table 1. The heat of
formation was obtained using suitable thermodynamic



TABLE 1
Calorimetric Data for PbZrxTi12xO3

Measured enthalpy (kJ/mol) Calculated enthalpy (kJ/mol)

x *H
55$

*H
$4

*H
40-

*H
$4
a *H

40-
b

0.00 86.15$0.55 (12)c 74.13$2.04 (8) !12.02$2.11d

0.15 81.38$0.77 (12) 57.01$1.48 (6) !24.37$1.67
0.30 80.62$0.49 (6) 41.18$0.67 (8) !39.44$0.83
0.40 81.30$0.71 (7) 33.16$0.90 (8) !48.14$1.15
0.48 81.3$0.96 (7) 26.58$2.20 (8) !54.72$2.40
0.50 80.1$0.71 (6) 25.45$2.12 (8) !54.65$2.32
0.56 80.19$0.55 (8) 17.87$0.72 (6) !62.32$0.90
0.65 80.92$1.27 (8) 11.15$2.08 (7) (!60.10$7.37 (5))e (20.82$7.48)e !69.77$2.44
0.70 80.33$1.02 (6) !69.40$2.26 (6) 10.93$2.48
0.80 81.26$0.90 (10) 11.58$1.71 (11) !69.13$1.52 (7) 12.13$1.77 !69.68$1.93
0.90 81.99$0.89 (11) !75.29$1.93 (7) 6.70$2.12
1.00 81.49$0.68 (8) (!10.44$2.67 (17))e !83.74$3.52 (6) !2.25$3.58 (!91.93$2.75)e

a*H
$4
"*H

55$
#*H

40-
.

b*H
40-
"*H

$4
!*H

55$
.

cThe error is two standard deviations of the mean; number in parentheses is the number of experiments performed.
dThe errors propagated for errors in both sets of measurements, i.e., error"[(error, ttd)2#(error, sol)2]0.5.
eValues in parentheses not used in further calculations.
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cycles (Table 2). The additional thermodynamic data needed
for the calculation of enthalpies of formation from the
oxides are listed in Table 3. Solution calorimetric data for
binary oxides are taken from other work in our laboratory
(13, 14). For calculation of enthalpies of formation from the
elements, the enthalpies of formation of binary oxides in the
tabulation of Robie and Hemingway (15) were used.

Heat Contents

The variation of heat content (*H
55$
"H

973
!H

298
)

with x"Zr/(Zr#Ti) is shown in Fig. 1. *H
55$

remains
TABL
Thermodyna

Heat of Formation of PbZr
x
Ti

PbO (cr., 298 K)"PbO (dil. sol., 973 K)
(x)ZrO

2
(cr., 298K)"(x)ZrO

2
(dil. sol., 973K)

(1!x)TiO
2
(cr., 298K)"(1!x)TiO

2
(dil. sol., 973K)

PbZr
9
Ti

1~x
O

3
(cr., 298K)"[PbO#(x)ZrO

2
#(1!x)TiO

2
] (dil. sol., 973

PbO#(x)ZrO
2
#(1!x)TiO

2
"PbZr

x
Ti

1~x
O

3
*H

&,09
(PbZr

x
Ti

1~x
O

3
)(298K)"*H

$4
(PbO)#(x)*H

$4
(ZrO

2
)#(1!x)*H

$
*H

&,09
(PbZr

x
Ti

1~x
O

3
)(973 K)"*H

40-
(PbO)#(x)*H

40-
(ZrO

2
)#(1!x)*H

40

Heat of Formation of PbZr
x
Ti

1~x
O

3
from

PbO#(x)ZrO
2
#(1!x)TiO

2
"PbZr

x
Ti

1~x
O

3
Pb#(1/2)O

2
"PbO

(x)Zr#(x)O
2
"ZrO

2
(1!x)Ti#(1!x)O

2
"TiO

2
Pb#(x)Zr#(1!x)Ti#(1.5)"O

2
"PbZr

x
Ti

1~x
O

3
*H0

&,%-
(PbZr

9
Ti

1~x
O

3
)"*H

&,09
(PbZr

x
Ti

1~x
O

3
)#*H0

&,%-
(PbO)#(x)*H0

&,%-
(

approximately constant (80.1}82.0 kJ/mol) for x"0.15 to
1.0. The heat content values calculated from the
Kopp}Neumann rule (sum of appropriately weighted heat
contents for PbO, ZrO

2
, and TiO

2
) is shown in the same

plot as a straight line. All samples with x'0.15 deviate
from the Kopp}Neumann rule and have signi"cantly small-
er heat contents. The heat content of PbTiO

3
is

86.15 kJ/mol, signi"cantly above that of a mixture of PbO
and TiO

2
(14).

The heat content, *H
55$

, includes the enthalpy of phase
transition from the ferroelectric to the paraelectric state.
Rossetti and Navrotsky have measured the enthalpy of
E 2
mic Cycles

1~x
O

3
from Oxides at 298 K

*H
$4

(PbO)
(x)*H

$4
(ZrO

2
)

(1!x)*H
$4
(TiO

2
)

K) *H
$4
(PbZr

x
Ti

1~x
O

3
)

4
(TiO

2
)!*H

$4
(PbZr

x
Ti

1~x
O

3
)

-
(TiO

2
)!*H

40-
(PbZr

x
Ti

1~x
O

3
)

Elements in Standard States at 298K
*H

&,09
(PbZr

x
Ti

1~x
O

3
) (298K)

*H0
&,%-

(PbO) (298K)
(x)*H0

&,%-
(ZrO

2
) (298K)

(1!x)*H0
&,%-

(TiO
2
) (298K)

ZrO
2
)#(1!x)*H0

&,%-
(TiO

2
)



TABLE 3
Additional Thermochemical Data Used to Calculate Enthalpies

of Formation of PbZrxTi12xO3 from the Oxides

Enthalpy (kJ/mol)

Compound *H
55$

*H
$4
a

PbO (litharge) 37.2b !21.5$1.5c

ZrO
2

(baddeleyite) 47.3b 19.7$1.8d

TiO
2

(rutile) 44.2b 58.9$0.8d

aSolvent is 3Na
2
O )HMoO

3
at 973K.

bLiterature values of heat content (15, 21).
cMeasured, this study, from thermochemical cycle using PbCO

3
.

dMeasured, this laboratory (13, 14).

FIG. 2. Heat of drop solution in 3Na
2
O )4MoO

4
at 973K versus

x"Zr/(Zr#Ti).
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phase transition by DSC to be 1.93$0.05, 0.96$0.05,
0.39$0.05, and 0.00$0.05 kJ/mol for x"0, 0.15, 0.3, and
0.4, respectively (6). These small enthalpies of transition
would contribute increments to the heat content which are
smaller than the variation of about 2 kJ/mol seen in *H

55$
for x"0.15 to 1.0. Thus, *H

55$
is observed to be nearly

constant for x"0.15 to 1.0, despite the presence of struc-
tural phase transitions.

The positive deviation from the Kopp}Neumann rule for
PbTiO

3
contrasts with the negative deviation at other, more

Zr-rich, compositions. The Kopp}Neumann additivity rule
is not expected to hold very well for PZT because the
coordination and local bonding of cations in the perovskite
di!er from those in the binary oxides. For Ti-rich composi-
tions, one can compare the octahedral environment of Ti in
rutile and in the perovskite B-site. The latter octahedra are
not edge shared and are free to rotate (causing the deviation
from cubic symmetry at low temperature). Thus, a higher
heat capacity in the perovskite seems reasonable. In Zr-rich
FIG. 1. Heat content (H
973

!H
298

) versus x"Zr/(Zr#Ti).
compositions, the 7-fold distorted coordination of Zr in
baddeleyite contrasts with the regular 6-fold coordination
in the perovskite B-site. The latter represents tighter bond-
ing with a shorter Zr}O bond length, thus rationalizing its
lower average heat capacity.

Heats of Drop Solution and Enthalpy Diwerences
between Diwerent Structures at 298 K

Figure 2 shows the variation of the heat of drop solution,
*H

$4
, with composition. The three di!erent regions, tetrag-

onal (T, x"0 to 0.5), rhombohedral (R, x"0.5 to 0.95), and
orthorhombic (O, x"0.95 to 1.0), are demarcated by
dashed lines. *H

$4
decreases with increasing x from

74.13$2.04 kJ/mol for PbTiO
3

to !2.25$3.58 kJ/mol
for PbZrO

3
.

Because *H
$4
"*H

55$
#*H

40-
, simultaneous measure-

ment of all three enthalpies (by drop solution, transposed
temperature drop, and solution techniques, respectively, as
described above) allows a check of internal consistency of
the data. Despite the small heat e!ects and proportionately
large baseline corrections encountered in the drop solution
experiments, consistency is observed between the directly
measured enthalpy of drop solution and the sum of heat
content and heat of solution for x"0.8, namely
11.58$1.71 kJ/mol and 12.13$1.77kJ/mol, respectively.
The consistency suggests that the scatter in the data does
not introduce any systematic bias in either set of measure-
ments. For x"1.0, the *H

$4
calculated from the solution

experiments is more endothermic (!2.25$3.58kJ/mol)
than that obtained from drop solution experiments
(!10.44$2.67 kJ/mol). For x"0.65, a value of
11.15$2.08 kJ/mol is obtained from drop solution experi-
ments and 20.82$7.48 kJ/mol from solution experiments.
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The di!erences, at or slightly beyond the range of the
statistical uncertainties, re#ect the sluggish dissolution
and small heat e!ects associated with these Zr-rich
samples.

Some observations related to the particle size distribution
of the samples may be relevant to the discrepancies seen in
solution and drop solution calorimetric data for samples
with high Zr content. Depending on composition the aver-
age particle size ranged from &5 lm to &50 lm. It is
likely that these larger grains contributed to the slower
dissolution of samples with x"0.65 and 1.0. The larger
scatter in the calorimetric data and the larger baseline drifts
may be related to somewhat variable grain size distribution
in di!erent calorimetric runs, and slow dissolution or local
saturation of the solvent in the vicinity of the larger grains.
The relatively larger scatter in data from solution
calorimetry might also be due to further coarsening during
equilibration of the sample for 8}12 hrs at 973K before
starting the experiment. We note that the grain size is
di$cult to control because di!erent calcination temper-
atures are needed for di!erent zirconium contents. Other
di!erences in morphology and microstructure may also
a!ect dissolution rates.

The *H
$4

data in the tetragonal region, x"0 to 0.5, were
"tted to a straight line, which can be extrapolated into the
orthorhombic phase region. From the extrapolated value
x"1.0, the enthalpy of the hypothetical transformation of
PbTiO

3
from tetragonal to orthorhombic, *H

T}O
, was cal-

culated to be 24.6$3.9 kJ/mol. Similarly, the heat of the
hypothetical transformation of PbZrO

3
from rhombohed-

ral to tetragonal, *H
R}T

, was calculated to be
33.3$4.1 kJ/mol. The heat of the virtual transformation for
PbZrO

3
from rhombohedral to orthorhombic, *H

O}R
, ap-
FIG. 3. Heat of solution in 3Na
2
O )4M
pears to be very small and can be taken to be zero within
experimental error ($2 kJ/mol). Thus, the enthalpy of the
virtual transformation of PbZrO

3
from orthorhombic to

tetragonal, *H
O}T

, can be taken as equal to *H
R}T

. We call
these transformations virtual because the phases PbTiO

3
(orthorhombic), PbZrO

3
(tetragonal), and PbZrO

3
(rhom-

bohedral) do not exist (they are sometimes called crypto-
modi"cations). Nevertheless, their energies relative to those
of the stable polymorphs are of interest from the point of
view of systematics.

Heats of Solution and Enthalpies of Mixing
in the Cubic Solid Solution at 973 K

Figure 3 shows the variation of *H
40-

with x. The *H
40-

(973K) values refer to the cubic form rather than the room-
temperature structures. The data for x"0 to 0.65 were
obtained by subtracting the heat content from the drop
solution enthalpies. The rest were obtained directly from the
solution-experiments. The data were analyzed in this way
to take advantage of the more accurate measurements
at each composition. *H

40-
(973K) varies from !12.02$

2.11kJ/mol for PbTiO
3

to !83.74$3.52 kJ/mol for
PbZrO

3
. The straight line joining the two end members

denotes the *H
40-

of a mechanical mixture or an ideal solid
solution. Most of the data show a negative deviation from
this straight line, implying a positive heat of mixing. The
*H

40-
(973K) data were "tted to a regular solution model:

*H
40-
"x*H

40-
(PbZrO

3
)#(1!x)*H

40-
(PbTiO

3
)

!=x(1!x).
oO
4

at 973 K versus x"Zr/(Zr#Ti).



FIG. 4. Heat of mixing at 973K versus x"Zr/(Zr#Ti). The curve is calculated for a regular solution with ="39.8 kJ/mol. The points are
calculated from the heats of solution.
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The value for the interaction parameter, =, is 39.8$
4.7 kJ/mol. The calculated heats of mixing in the cubic
phase at 973K,

*H
.*9

"=x(1!x)"(39.8$4.7)x(1!x),

are compared with experimental values in Fig. 4. The uncer-
tainties in the heats of mixing are propagated from the
errors in heats of solution. In addition, there may be small
systematic errors, primarily related to variations in sample
composition and homogeneity. The total uncertainty is
probably about 1.5 times the statistical error. The regular
solution model describes the data to a useful "rst approxi-
mation, but, since the actual behavior in the cubic phase is
almost certainly more complex, this model should not be
taken to have physical signi"cance.

Another indication of such structural and thermodyn-
amic complexity is given by the following argument. If the
regular solution approximation were rigorously valid,
a symmetrical solvus would appear with a critical temper-
ature of=/2R or about 2400K. This does not appear to be
the case, since cubic solid solutions without obvious unmix-
ing can be synthesized and persist down to temperatures
below 1000 K where phase transitions to structures of lower
macroscopic symmetry are seen. It is conceivable that the
cubic solid solution is stabilized by a signi"cant positive
excess vibrational entropy, but there is no direct evidence
for this, either in the measured heat contents or in other
thermodynamic data. It is also possible that the observed
cubic phase is metastable. Furthermore, the detection of
incipient unmixing (compositional variation at the nanos-
cale and/or lowering of the symmetry from cubic in nanodo-
mains) is very di$cult to detect, especially by normal
laboratory-based X-ray di!raction at the high temperature
needed to study the nonquenchable cubic solid solution.
Thus, there may be greater structural complexity on the
scale of individual unit cells or bond lengths. It has been
proposed that in cubic PZT there are two sets of B-site bond
lengths, shorter Ti}O bonds and longer Zr}O bonds, with
a di!erence of &4.5% (16). The Pb}O bond lengths di!er
by 2.5% from predictions based on ionic radii. The fer-
roelectric state enhances the Ti}O hybridization, leading to
formation of very short covalent Ti}O bonds, while the
other Ti}O bonds are broken. Pb}O hybridization leads to
covalent chain formation with very short Pb}O bonds.
Neither breaking of Zr}O bonds nor formation of any
stronger covalent Zr}O bonds takes place with Ti substitu-
tion (16). In the di!usionless structural phase transition to
the cubic phase, the deformation of unit cells along the polar
direction in the ferroelectric region becomes zero in the
paraelectric region. However, individual polyhedra and unit
cells may still be distorted, but not aligned. Thus, the cubic
phase probably contains strain, local heterogeneity, and
distortions and tilts at the level of individual polyhedra.
These may well persist to several hundred degrees above the
transition temperature. Such distortions may re#ect lattice
relaxation involving cation shifts and/or octahedral tilts,
premonitory optic mode softening, order}disorder behav-
ior, variation in bond lengths, changes in bond hybridiza-
tion and the lone pair e!ect, or combinations thereof. Thus,
the structural, crystal chemical, and lattice dynamical fea-
tures of the prototypic cubic phase are likely very complex
and are responsible for the diversity of displacive transitions
into the ferroic symmetries. Description of the thermo-
dynamics of these complex phenomena in the high-temper-
ature phase by the simple regular solution formalism may
not be physically meaningful.

*H
40-

is a measure of the energy required for breaking the
bonds in the crystalline compound to produce dissolved
ionic species at dilute concentrations in the molten oxide



408 RANE, NAVROTSKY, AND ROSSETTI
solvent (16). *H
40-

(973K) varies from !12.02$
2.11kJ/mol for PbTiO

3
to !83.74$3.52 kJ/mol for

PbZrO
3
. This means that more energy is released when the

sample dissolves as Zr is substituted for Ti, which is consis-
tent with a decrease in bond strength or lattice energy as the
larger Zr4` ion is substituted for the smaller Ti4` ion in
PZT. *H

40-
of TiO

2
is 14.69$0.82 kJ/mol, while that of

ZrO
2

is !27.6$1.80 kJ/mol (see Table 3). Thus, the *H
40-

of the mixture of the individual oxide components follows
a similar pattern as *H

40-
of PZT, namely a trend toward

more exothermic values with increasing Zr content, but with
a slope which is only about half of that for PZT. This
indicates that PZT becomes progressively less stable with
respect to its component oxides with increasing Zr content;
see below. This sequence of stability is also seen in an
equilibrium isothermal section measured at 11003C (4) and
in the phase formation sequence on reaction of the compon-
ent oxides, where Ti-rich phases form "rst (12). The com-
mon observation that when lead is lost at high temperature,
the Ti-rich phases become stable (4) also supports this
thermodynamic trend.

Enthalpies of Formation

The enthalpy of formation from the oxides, *H
&,09

(298K),
and *H

&,09
(973K), is shown in Table 4. Takayama-

Muromachi and Navrotsky (18) reported *H
&,09

(1068K)
from solution calorimetry in alkali borate for the two end
members PbTiO

3
and PbZrO

3
as !31.1$4.1 kJ/mol and

1.7$6.6 kJ/mol, respectively. Their values, though mea-
sured in a di!erent solvent and at a temperature 100 K
higher than in the present study, agree with our values of
TABLE 4
Enthalpies of Formation from Oxides at 298K and 973 K,

and from Elements at 298 K

x"Zr/(Zr#Ti) *H0
&,09

(298K) *H0
&,09

(973K) *H0
&,%-

(298K)

0.0 !36.74$2.65a !32.06$2.70a !1199.74$2.88a

0.15 !25.50$2.22a !26.05$2.35a !1211.99$2.56a

0.30 !15.56$1.87a !17.33$1.87a !1225.54$2.28a

0.40 !11.46$1.94a !12.86$2.07a !1237.10$2.44a

0.48 !8.02$2.82a !9.66$2.98a !1246.19$3.21a

0.50 !7.67$2.77a !10.58$2.92a !1248.97$3.17a

0.56 !2.44$1.96a !5.44$2.04a !1253.14$2.53a

0.65 0.75$2.82a !1.80$3.10a !1264.04$3.27a

0.65 !8.92$7.12b !11.47$7.61b !1273.71$7.87b

0.70 !0.99$3.16b !4.28$2.99b !1273.61$3.58b

0.80 !5.57$2.69a !8.23$2.83a !1293.85$3.21a

0.80 !6.12$2.72b !8.78$2.57b !1294.40$3.24b

0.90 !4.61$3.05b !6.85$2.92b !1308.55$3.55b

1.0 8.61$3.54a 5.56$3.60a !1310.99$4.01a

1.0 0.42$4.28b !2.63$4.22b !1319.18$4.66b

aFrom drop solution experiments.
bFrom solution experiments.
!32.06$2.70 kJ/mol and !2.63$4.22 kJ/mol, respec-
tively. Consistency among data obtained in two di!erent
solvents is an additional indication of trouble-free
calorimetry. The calorimetric value for PbTiO

3
agrees very

well with an enthalpy of formation of !32.51$2.25 kJ/mol
obtained from the temperature dependence of solid cell
electrochemical measurements at 1090}1350K (19). A sim-
ilar electrochemical study of PbZrO

3
at 800}1400K (20)

gives *H
&,09

"!4.54 kJ/mol, with the uncertainty not
quoted, again in agreement with our measurements. The
enthalpies of formation from the oxides for intermediate
compositions, measured for the "rst time in this study,
re#ect the structural changes and mixing energetics de-
scribed above. There is a clear trend of diminishing stability
relative to the oxides as Zr is substituted for Ti throughout
the series. Enthalpies of formation from the elements, on the
other hand, become more exothermic as Zr is substituted for
Ti. This simply re#ects the more negative enthalpy of forma-
tion of ZrO

2
compared to that of TiO

2
.

CONCLUSIONS

High-temperature oxide melt solution calorimetry has
successfully constrained the enthalpies of formation, of mix-
ing in the cubic phase, and of phase transformations among
tetragonal, orthorhombic, and rhombohedral structures in
the PZT system. Further studies are needed to correlate
these bulk thermodynamic parameters to details of struc-
ture and bonding and their relation to the mechanisms of
phase transition to the lower temperature symmetry-
allowed ferroic phases.
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