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Abstract

The relative abundances of the polymorphs present
in samples of 9 mol% magnesia-partially stabilized
zirconia (Mg-PSZ) have been determined by Riet-
veld analysis of X-ray powder di�raction data. The
composition of the samples is mainly dominated by
the tetragonal content. Preferred orientation and
anisotropic line broadening e�ects on this majority
phase were observed. It is shown that the considera-
tion of these microstructural e�ects during the Riet-
veld re®nement is not only important with the aim of
improving the re®nement but also indispensable to
obtain the accurate proportion of the phases.# 1998
Elsevier Science Limited. All rights reserved

1 Introduction

The most interesting properties of zirconia based
ceramics are certainly found within the class of
alloys known as partially stabilized zirconias
(PSZ). One of the most widely studied ceramic
material in this class is the magnesia-partially-sta-
bilized zirconia (Mg-PSZ). Thus, it has been
shown1 how by the careful choice of thermal
treatment cycles the mechanical properties of Mg-
PSZ may be tailored so as to make the material
suitable for relevant applications. The relative
abundance of its polymorphs: cubic (c), tetragonal
(t), monoclinic (m), orthorombic (o) and the �
phase, Mg2Zr5O12, have been determined for sev-
eral compositions by Rietveld analysis of X-ray
and neutron powder di�raction data.2±5 Early, the
most common means of obtaining quantitative

information from di�raction data was the so-called
polymorph method.6 However, some di�culties
including the strong peak overlap in a mixture of
polymorphs and the occurrence of extinction and
preferred orientation e�ects7,8 brought about the
decline of this procedure. In practice, the only net
result was the measurement of the monoclinic
content.9 More recently, Caracoche et al.10 have
shown, by means of the time-di�erential perturbed-
angular-correlation (TDPAR) technique, the exis-
tence of a high-MgO-content nontransformable t0

phase. The presence of this t0 phase has frequently
been reported for the Y-PSZ system11±14 but only
exceptionally quoted for magnesia-doped zirco-
nia.10 On the other hand, Ikuma et al.15 have stu-
died, by means of scanning and transmission
electron microscopy (SEM and TEM), the grain
size of the polymorphic phases of the MgO±ZrO2

system depending on temperature and several
additive concentrations.
In all PSZ materials the t-phase is dispersed as

precipitates within a stabilized cubic matrix. In
fact, the main aim in the fabrication of this kind of
toughened ceramics is to develop the t-phase into a
metastable state in such a way that martensitic
transformation to monoclinic phase can be readily
stress-induced. This transformation is accom-
panied by a 3% volume increase which diminishes
the crack tip opening (stress) and hence, induces a
higher crack growth resistance. The morphology of
tetragonal precipitates in PSZ materials has been
studied by means of TEM by Bansal and Heuer16

and Lanteri et al.17 The habit plane and the corre-
sponding morphology depend on the nature of the
stabilizer: Mg, Ca, Y..., etc. This dependence arises
because of di�erences in lattice parameters between
the tetragonal precipitate and the cubic matrix.
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Thus, for the Mg-PSZ system, the precipitates
form as oblate ellipsoids (disk-like) with an aspect
ratio close to 5. Although the exact habit plane is
irrational, it is close to {001}, the fourfold h001i
direction being the rotation axis of the ellipsoid
(both, plane and axis referred to the face-centered
pseudocubic cell). These morphologic features
have been explained in terms of anisotropic elas-
ticity using the theory of Khachaturyan.18 In fact
the equilibrium shape of the precipitate represents
a compromise between interfacial and strain
energies.
It is noteworthy to remark that these morpholo-

gic features of the tetragonal precipitates have
exclusively been investigated by means of TEM
and electron di�raction experiments. Obviously,
the study of these geometric aspects by means of
X-ray di�raction experiments can yield very useful
data as far as concerning with a volume-weighted
information (within several micrometers of the
surface) versus the strictly local information sup-
plied by electron microscopy. From a theoretical
viewpoint, at least two kinds of e�ects would be
discernible on the X-ray pro®le of the tetragonal
phase. They are related to the preferential orienta-
tion of the precipitates as well as to the anisotropic
broadening of Bragg re¯ections due to its disk-
shaped morphology. With respect to previous
papers (i.e. Refs 2 and 4) preferred orientation
corrections were applied in the Rietveld re®nement,
but only for the monoclinic contribution. On the
other hand, the relatively high values for the
agreement factors in these papers (about 10% and
more, for Rwp) clearly suggest that signi®cative
microstructure e�ects in the tetragonal phase have
been overlooked. In this letter, the above e�ects are
considered during the Rietveld re®nement of the
di�raction pattern of a peak-aged 9mol% Mg-PSZ
sample. We have shown the real importance of
these factors allowing us:

(a) to investigate microstructural features and
improving the ®nal quality of the re®nement,
and

(b) to obtain more accurate phase abundances;
in practice, it is shown that the neglect of this
subtle e�ects can yield misleading results, i.e.
the tetragonal phase is overestimated at the
expense of the monoclinic one.

2 Experimental Details and Procedures

The sample of Mg-PSZ chosen for study was a
commercial product (9mol% MgO, Friedrichsfeld
Germany) supplied as a rectangular prism
5�8�50mm3. For X-ray data collection, a foil of

thickness about 1.5mm was cut from the prism.
The powder X-ray di�raction (XRD) data were
collected with a Philips PW-1800 di�ractometer
®tted with an automatic step-scanning system and
graphite monochromator, and operating at 40 kV
and 30mA. The wavelength was the corresponding
to the Ka radiation of Cu (l � 0�15483 nm). The
data were collected over the 2� range 15 to 136� at
intervals of 0.02� 2� using a step-counting time of
10 s.
For TEM observations thin foils were cut and

mechanically ground to 100�m. Disks (3mm dia-
meter) were then cut from the foils using an ultra-
sonic drill. The disks were afterward dimpled to
30�m and ion milled. A thin ®lm of carbon was
evaporated onto the foil to avoid charging under
the electron beam. Finally, a 120 kV JEOL
1200EXII electron microscope was used for TEM
observations.
The pro®le re®nements were performed with a

version of the Rietveld analysis program FULL-
PROF.19 The modi®ed Thompson±Cox±Hastings
pseudo-Voigt function was assumed as pro®le
function. Starting values for the structure para-
meters were taken from previous re®nements of
Mg-PSZ samples.24 The relative abundance of
polymorphs was determined from the scale factors
obtained at the completion of Rietveld re®nement
and using the simple relation of Hill and Howard.2

Starting with a conventional re®nement protocol,
which takes into account structural, pro®le and
global parameters,20 in subsequent iterations
microstructure e�ects were assumed by applying
preferred orientation corrections and considering
anisotropic broadening for Bragg peaks. Because
preferred orientation produces systematic distor-
tions of the re¯ection intensities, a scattering-mat-
ter-conserving preferred orientation correction
based on the March±Dollase function21 was
applied

P � G2 � 1ÿ G2� � G2
1 cos2 �� 1=G1� � sin2 �

ÿ �ÿ3=2
�1�

where G1 is a re®nable parameter related to the
nature of the habit (plate-like, needle-like..., etc.),
G2 is another re®nable parameter representing the
fraction of the sample that is not textured, and � is
the acute angle between the scattering vector and
the preferred orientation direction.
For an idealized structure with isotropic broad-

ening, the full-width-at-half-maximum intensity, ÿ,
has frequently been modelled according to a mod-
i®ed version of the Caglioti expression22

ÿG � U�tan2 � � V�tan � �W� Z= cos2 �
� 	1=2 �2�



ÿL � X�tan � � Y= cos � �3�

where U, V, W, Z, X and Y are re®nable para-
meters and ÿG and ÿL are, respectively, the gaus-
sian and lorentzian components of ÿ.
In real materials, microstructure e�ects fre-

quently gives rise to anisotropic broadening, and a
smooth variation of ÿ with 2� cannot be expected.
In practice, this e�ect may be clearly detected if the
scatter in the ÿ versus 2� representation is larger
than would be expected on statistical grounds. The
actual version of FULLPROF19 has implemented
a microstructural model where anisotropic size
e�ects can be modelled. For the case of a platelet
habit, the lorentzian component of ÿ is modi®ed
according to:

ÿL � X�tan � � Y� F SZ�� �= cos �� �4�

where

F SZ� � � SZ�cos �5�

in which SZ is a re®nable parameter and  is the
acute angle between the scattering vector and the
vector de®ning the normal to the plate. The success
of this rigorous treatment proved quite spectacular
when it was applied to several troublesome pro-
blems.23,24 In practice, however, anisotropy of
breadth is usually ignored and an overall trend is
considered in modelling the breadth variation.

3 Results and Discussion

In Fig. 1 the plot output for the ®rst Rietveld ana-
lysis is shown, where microstructure e�ects on the
tetragonal phase have not been taken into account.
The lower curve is the di�erence between the

observed and calculated intensity at each step,
plotted on the same scale. It is worth noting that
mis®ts in this di�erence plot correspond to the
position of tetragonal re¯ections associated with
reciprocal lattice directions:

(a) parallel to the rotation axis of the ellipsoid
([001]) or,

(b) perpendicular to [001], then contained in the
equatorial plane of the oblate ellipsoid.

The calculated phase abundances and �2 residual
are shown in Table 1. The studied material is
essentially a binary mixture of tetragonal and cubic
phases, whereas monoclinic phase is present at a
level of about 15wt%. These proportions are in
good agreement with previous studies.25 The
orthorombic and rhombohedric polymorphs are
absent in the studied samples since these phases
will only be generated, respectively, on the appli-
cation of stress or after aging at subeutectoid tem-
peratures.26±28 On the other hand, it is well known
that the presence of the � phase (which is formed at
the expense of the cubic one) is associated with a
drastic reduction of the abundance of the cubic
matrix. In any case, it must be emphasized that the
high value for the �2 factor is a strong indication
that everything is not going well during the re®ne-
ment. In Fig. 2, which is a bright-®eld TEM
micrograph showing a typical pattern of tetragonal
precipitates in the cubic matrix, the morphological
features of the material, associated to the preferred
orientation and characteristic disk-like shape, are
evident. Indeed, Fig. 3 displays the variation of
(�2�) with 2� for re¯ections of the tetragonal phase.
The severe scatter is a strong indication of a selec-
tive line broadening; an arrow indicates the most
narrow re¯ection, which is associated to the [110]
direction lying within the equatorial plane of the
ellipsoid.
The next approach attempt to incorporate, dur-

ing the ®nal steps of the re®nement, the in¯uence
of preferred orientation for the tetragonal pre-
cipitates. In doing so, the [001] direction was

Fig. 1. Rietveld plot of re®nement results for the case where
preferred orientation and anisotropic broadening e�ects, for
the t-phase, are not taken into account. Experimental data are
given as crosses, whereas the calculated intensity and di�er-

ence plots are plotted as solid lines on the same scale.

Table 1. Weight fractions for the component phases, �2

agreement index, preferred orientation and anisotropic
broadening parameters, for the Rietveld re®nement strategies
used in this work: (1) without considering preferred orienta-
tion and anisotropic broadening e�ects for the t-phase; (2)
including preferred orientation e�ects in the [001] direction; (3)
including plate-like anisotropic broadening e�ects; (4) includ-

ing simultaneously both microstructural e�ect types

t c m �2 G1 SZ

1 56.7 28.3 15.0 13.0 Ð Ð
2 52.1 29.2 18.7 5.56 0.547 Ð
3 52.8 32.0 15.2 9.91 Ð ÿ0.0196
4 52.1 29.1 18.8 5.09 0.547 ÿ0.0318



adopted as the preferred direction in reciprocal
space. Figure 4 displays the Rietveld pro®le ®t
including the di�erence pattern. Note the remark-
able improvement with respect to Fig. 1. In Table 1
it is observed a drastic reduction of the �2 factor
from 13.0 to 5.56. The obtained value for the G1

parameter in the March±Dollase function (G1 < 1)
indicates a platey habit for the tetragonal pre-
cipitates. At all events, the most interesting result
concerns to the reduction (about 3.5wt%) of the
proportion of tetragonal phase, then increasing the
monoclinic content.

Going further it is now attempted to investigate
the in¯uence of anisotropic broadening on the tet-
ragonal pattern. Figure 5 shows the corresponding
Rietveld re®nement plot. From the results collected
in Table 1 it is readily shown a small improvement:
the �2 factor is reduced from 13.0 to 9.91. This
improvement is also evident after the observation
of the di�erence plot in Fig. 5. Note that, in this
case, the modi®cation of phase abundances
involves a switch from tetragonal to cubic.
Examination of Figs 1, 4 and 5 allows to

appreciate the isolated and complementary in¯u-
ence of both microstructural e�ect types on the
calculated Rietveld pattern. Now the e�ects of
their simultaneous consideration of both approa-
ches during the ®nal steps of the re®nement may be
observed. The corresponding Rietveld plot, in
Fig. 6, is very similar to that in Fig. 4. On the other
hand, from Table 1 it can be assessed the better
quality of this last re®nement (�2 � 5�09). The
phase abundances are now similar to those
obtained after the consideration of just preferred
orientation e�ects.

Fig. 3. Variation of ÿ�FWHM (�2�) with 2� for hkl di�rac-
tion lines of the tetragonal phase.

Fig. 2. Bright-®eld TEM micrograph of tetragonal pre-
cipitates in 9mol% Mg-PSZ.

Fig. 4. Rietveld pro®le ®t similar to that in Fig. 1, but includ-
ing preferred orientation corrections for the tetragonal phase.

Fig. 5. Rietveld pro®le ®t similar to that in Fig. 1, but includ-
ing anisotropic broadening e�ects for the tetragonal phase.



From the results just discussed, it is found that
the omission of the preferred orientation correction
during the re®nement yields a transfer between
tetragonal and monoclinic phases (those phases
which have orientation relations within cubic
matrix16). The overlooking of anisotropic broad-
ening seems to be of secondary importance in rela-
tion to the quality of the re®nement, but
disregarding this e�ect causes a transfer between
tetragonal and cubic phases. Finally, by using the
BREADTH program29 it has been determined the
volume-weighted distribution of particle size for
tetragonal precipitates. The program applies the
`double-Voigt' method,30 which is equivalent to the
Warren±Averbach approach.31 Thus, by the choice
of a re¯ection hkl of the pure pro®le and its har-
monics, the program evaluates the column-length
distribution normal to the (hkl) planes. In Fig. 7 it
can be appreciated both lognormal distribution
functions concerning the size of the precipitates
along the rotation axis and within the habit plane.
The averaged mean values are, respectively, 17 and
81 nm, which are consistent with an aspect ratio

close to 5. TEM observations (see Fig. 2) indicates
a larger disk diameter, about 100 nm. In any case it
is thought that the agreement is good, and the dif-
ferences probably arise because artifacts during the
deconvolution process leading to the pure X-ray
pro®le.

4 Conclusion

Nowadays the Rietveld re®nement is probably the
most reliable current method for doing quantita-
tive phase analysis.20 Multiple phases may be
re®ned simultaneously and phase abundances be
calculated from the separate overall scale factors.
In some cases it is important to model some less
usual e�ects, as preferred orientation and aniso-
tropic broadening. It is shown that, for the studied
peak-aged 9mol% Mg-PSZ, the consideration of
such e�ects for the tetragonal phase becomes
necessary, not only in order to improve the re®ne-
ment but also with the aim of obtaining accurate
phase proportions. Success of the attempt here
applied is aided by the fact that tetragonal phase is
the majority one, then increasing the sensitivity of
its microstructural e�ects. Finally, the calculated
distribution functions of the tetragonal precipitate
sizes were consistent with characteristic sizes
deduced from TEM images.
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