JOURNAL OF MATERIALS SCIENCE 26 (1991) 127-134

The polymorphs of zirconia: phase abundance
and crystal structure by Rietveld analysis of
neutron and X-ray diffraction data
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Rietveld analysis of neutron and X-ray powder diffraction data has been used to obtain the
crystallinity and relative abundances of cubic (22 at% Y), tetragonal (5.8 at% Y), and monoclinic
zirconia in synthetic binary and ternary mixtures of the pure phases. The stabilized cubic and
tetragonal forms are shown to be 94 (2) and 96 (2) % crystalline, respectively, but no amorphous
material was detected in the chemically pure monoclinic phase. In both stabilized polymorphs, the
yttrium atoms randomly substitute into the zirconium site, with a charge-compensating
proportion of vacancies on the oxygen atom site. In this near worst-case situation of very similar
cubic and tetragonal unit cell dimensions, the phase abundances determined by Rietveld analysis
of neutron data are very accurate and superior to those determined by integrated-intensity
methods of analysis. For X-ray data, the accuracy is diminished by the presence of extinction, and
by uncertainty in the definition of the peak shape of the cubic phase due to the absence of intense

high-angle reflections and the resultant dependence on strongly overlapping low-angle data.

1. Introduction

Accurate measurement of the relative abundances of
the cubic (C), tetragonal (7') and monoclinic (M) poly-
morphs of zirconia is of considerable importance in
attempts to understand, and thereby manipulate, the
physical and mechanical properties of zirconia-based
ceramics [ 1-3]. This is especially true for the so-called
partially stabilized zirconia (PSZ). Although other
phases can be produced under special conditions (e.g.
orthorhombic [4] and é-phase [5]), this material con-
sists largely of binary or ternary mixtures of the C,
T and M polymorphs, and displays enhanced strength
and toughness due to the martensitic transformation
of T'to M under certain critical conditions of size and
stress [6].

The significant industrial and technological import-
ance of these ceramics has resulted in many attempts
{mostly using X-ray diffraction) to provide a reliable
and universal method for the determination of phase
abundance information. Most of these attempts are
applications of what has become known as the “poly-
morph method” [7], which is based on the measured
mtensities of selected reflections in a single diffraction
scan. In this paper, we demonstrate the use of the
Rietveld method [8] for phase analysis of mixtures of
C-, T- and M-zirconias. The Rietveld method, like the
polymorph method, yields phase abundances from the
analysis of a single diffraction pattern, but the analysis

makes use of the whole diffraction pattern rather than
a few reflections in it. We find, as expected, that the
Rietveld method is more powerful, in that it can pro-
vide information of phase abundances even in cases
(e.g. ternary mixtures) which are intractable by the
polymorph method.

2. An account of the polymorph method
The polymorph method is closely related to the “dir-
ect comparison method” for quantitative phase ana-
lysis [9], first applied for measuring the retained aus-
tenite in steel [10]. It is based on the proportionality,
which holds within a given diffraction pattern under
certain idealized conditions [9, 11],

Iip o (Rip/ pp)m,, (1)

where 1;,is the integrated intensity of the ith reflection
in the pth phase, R;, a quantity depending on the
phase p and the particular reflection i which can be
calculated from crystal structure information?, p, the
theoretical density of phase p and m, is the mass of
phase p in the mixture, which is assumed homogene-
ous. The method makes use of integrated intensities of
selected reflections, sums of intensities over groups of
reflections, and ultimately the ratios of intensities (or
sums of intensities) as described in detail below.

In the (C + M) and (T + M) binary systems, the
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*In the notation of Hill and Howard [11], Ry, = N2, J,Li, | Fipl®
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Figure 1 The set of {111} peaks from the individual component
phases (calculated), and the total diffraction pattern (observed) from
a 1:1:1 by weight mixture of C-, 7- and M-zirconia. The plots are
in (a) for CuKa X-rays and in (b) for neutrons of wavelength
0.15 nm. The observed pattern in the neutron case is a segment of
the pattern shown in full in Fig. 3.

reflections measured are the {111} peaks around
30°20 (for CuKa radiation), and the ratio
1(111),, + I(111)
I(111),, + I(111),, + I(111)¢ ¢

is used in the analysis [7,12,13]. Note that in this, and
the following equations, the T has been referred to the
face-centred unit cell to simplify comparisons with the
corresponding C cell. From Equation 1, the weight
fraction of monoclinic is

PX,,

v = 770 - DX,

3
where

RUDer Py
R(11),; + RA11)y pe.r

The simplest form of the polymorph method [12-14]
made use of the approximation P & 1 so the intensity
ratio X,, gave the weight fraction W, directly. The
method has been improved by elaborating the calcu-
lation of P, incorporating the Lorentz-polarization
factors [7], and the structure factors for the different
polymorphs [15-17]. The C and T polymorphs al-
most always contain another cation (usually yttrium,
calcium or magnesium) added to render them stable at
room temperature, and the detailed effects of this
stabilizer have also been taken into account in the
structure factor calculation [18,19]. An alternative
approach is the experimental determination of P by
the least squares fit of (3) to X, against W, as deter-
mined in calibration experiments [16, 20]. The use of
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profile-fitting techniques to determine the integrated
intensities [ 16, 18, 21, 22] has resulted in considerable
improvements in the precision and accuracy of the
method.

When C and T are present together, in either the
(C + T) binary or the (C + T + M) ternary systems,
the {111} peaks from C and T are not resolved. This is
clear from Fig. 1, which shows the {111} peaks in
X-ray and neutron diffraction patterns from a mixture
comprising C, Tand M in equal weights. Although the
C and T cannot be individually determined from these
peaks, the monoclinic fraction may still be obtained
from Equations 2 and 3, taking for I(111)¢,  the total
intensity of the unresolved C and 7, and for P the
average value of P, and P, weighted according to the
(assumed or approximate) relative amounts of C and
T in the mixture.

Some success has been achieved in discriminating
between C and T using the {200} reflections around
35°20 [19] but, since the resolution is generally better
at higher diffraction angles, the {400} peaks around
a 20 angle of 73° are usually preferred. The {400}
peaks in X-ray and neutron diffraction patterns from
a mixture of equal weights of C and T are shown in
Fig. 2. The appropriate intensity ratio is [6, 23]

1(004)y + 1(400)r

X =

T I1(004); + 1(400); + I(400)¢ ©)

and the weight fraction of T is given by

2.8
Wy = —————— 6
T v -0, ©
where
R(400)

0 c o )

~ R(004); + R(400); p.

In the (C + T + M) system, the presence of interfering
monoclinic peaks (when M is present in substantial
amounts) makes a determination of 7 and C by this
approach very difficult to impossible [19].
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Figure 2 The set of {400} peaks from the individual component
phases (calculated), and the total diffraction pattern (observed) from
a1:1 by weight mixture of C- and T-zirconia. The plots are in (a) for
CuKoa X-rays and in (b) for neutrons of wavelength 0.15 nm.



In its simpler forms, the polymorph method pro-
vides a rapid and fairly reliable determination of M in
a mixture with C or 7, or both*. The polymorph
method determination of C and T in the (C + T)
system is more difficult, and in the (C + T + M) sys-
tem usually intractable. The accuracy has sometimes
been found wanting, and the method in its more de-
veloped form requires sophisticated curve-fitting pro-
cedures, and structure factor calculations based on
realistic crystal structure models for the stabilized
C and T phases. Even then, the results depend on the
measured intensities of very few (typically three) often
severely overlapping peaks, and these may be affected
by problems such as extinction, micro-absorption, and
preferred orientation.

3. The Rietveld method for quantitative
phase analysis

Application of the Rietveld whole-pattern fitting

method [8, 24] offers a solution to many of the limita-

tions of earlier methods of phase analysis for the ZrO,

polymorphs, documented above. In particular:

(i) The crystal structure and diffraction profile
parameters of each phase can be refined together in
the anaylsis of the observed pattern, so that the struc-
tural and chemical details of the particular compon-
ents in the mixture are adjusted automatically and
dynamically.

(i1) All reflections in the powder diffraction pattern
are explicitly included in the analysis. This helps over-
come the problem of overlapping reflections, and
makes the results less prone to error from the effects of
extinction and preferred orientation, which tend to
affect only a few strong reflections.

(iii) The background is more accurately determined
by fitting a polynomial over the entire pattern.

(iv) The relative abundances of the phases in a mix-
ture are a simple function of their relative scale factors
as determined in the Rietveld analysis so that Equa-
tions 2 to 7 are not required. The expression for the
weight fraction of phase p, which is also derived from
Equation 1[11], is

w = S @My, ®
XS (ZMV),

where S, Z, M and V are, respectively, the Rietveld

scale factor, the number of formula units per unit cell,

the mass of the formula unit, and the unit cell volume.
(v) The absolute weight fractions of the compon-

ents in a mixture may be obtained if an internal

standard is added in a known proportion.

Details of the successful application of the Rietveld
method (Equation 8) for quantitative analysis have
been described for minerals [11, 25-27], batteries
[25], and PSZ materials [28]. While the method is
equally applicable for X-ray or neutron data, the use
of neutrons has the particular advantage of providing
very low absorption coefficients, so that the deleteri-
ous effects of microabsorption, the bane of X-ray

work, are virtually eliminated, and bulky (i.e.,, non
surface-specific) samples can be analysed directly [28].

In the present study, Rietveld analysis of neutron
and X-ray powder diffraction data is used to obtain
the relative abundances of the ZrO, polymorphs in
various binary and ternary mixtures of the pure
phases, and the results are compared with those ob-
tained using traditional integrated-intensity methods,
as embodied in Equations 2 to 7. Attention is focused
on binary mixtures of Y-stabilized C and T zirconia
since this is the most demanding of any quantitative
analysis system. As a preliminary to the analysis of the
polymorph mixtures, the crystallinity of each ZrO,
phase is measured by comparison with a standard
sample of corundum. Rietveld analysis of neutron
data collected on the end-member C, T and M phases
is also undertaken to characterize their crystal struc-
tures and to determine the location and abundance of
the stabilizer cation, where present.

4. Experimental details

4.1. Sample preparation

The samples used for data collection were all essen-
tially single-phase powders prepared from zirconia
containing the natural abundance of hafnium (about
2 wt %). The M sample was a commercial unstabilized
ZrQO, product from Z-Tech Corporation (grade $S994
EF-Premium), obtained from zircon by a plasma
dissociation process. The T sample was stabilized
with yttria and was prepared by coprecipitation
(SY-ULTRA from Z-Tech). Crystal structure
refinement of this sample using neutron powder dif-
fraction data (see below) yielded a composition of
Zr4.98Y0.0201.95. The C sample was also prepared by
coprecipitation using yttrium as the stabilizing cation,
but in this case, the precipitate was calcined at 1200 °C
for 48 h; shorter annealing times produced C phases
with a bimodal distribution of unit cell dimensions,
probably reflecting components with different mean
yttrium content. The product had a composition of
Z1ro.78 Y0.220; 5o from the crystal structure refinement.
The corundum used as an internal standard for the
measurements of ZrO, crystallinity was a sample of
“Linde C” (1.0 pm) that had been well characterized in
earlier trials [11]. A summary of the crystallography
of these phases is provided in Table I.

The phases were combined to give the various
binary and ternary mixtures indicated in Table I
(weighing to at least four significant figures), each with
a volume of approximately 10 cm?, as required for
neutron diffraction. The mixtures were homogenised
by hand grinding in a pestle and mortar.

4.2. Diffraction data collection

4.2.1. Neutrons

Samples of the pure phases (with the exception of
corundum) and the mixtures shown in Table I, were
loaded into 16 x 50 mm V cans and mounted on the
eight-counter, fixed-wavelength, high-resolution, pow-
der diffractometer (HRPD) at the Australian Nuclear

*The case in which the mixture also contains orthorhombic zirconia and the §-phase has recently been discussed by C. J. Howard and

E. H. Kisi, J. Amer. Ceram. Soc. 73 (1990) 10.
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TABLE I Summary of phase, sample and neutron powder data refinements

Cubic-ZrO, Tetragonal-ZrO, Monoclinic-ZrO, Corundum?
Formula Z19.78Y0.2201.89 Zr6.98Y0.0201.99 Zr0, Al O,
Space group Fm3m P4, /nmc P2,/c R3c
ZMV® 67.039 16.828 70.422 156.034
Max. step int. (cnts)° 2480 1230 470 780
No. reflections 18 55 366 36
No. str. params*? 5 6 16 6
No. profile params 8 8 8 8
Ryp (%) 8.17 5.63 6.37 6.71
G of F* 345 1.74 2.13 1.22
Ry(%)° 1.83 1.42 2.26 0.88
Impurity phase (wt %) 1.2(2)T-ZrO, 0.8(2)M-ZrO, Nil Nil
Crystal size (nm) 396(33) 47(1) 65(2) 1000(50)
R.m.s. strain (%)® 0.146(2) 0.127(3) 0.096(3) 0.0
Crystallinity (%)" 94.2(20) 95.8(22) 100.0(28) 100.0

Mixtures examined

C-Zr0,/Al, 0,
7-Zr0,/Al, 0,
M-Zr0,/AlL,0,
C-710,/T-Z10,
C/T/M ZrO,

1:1 3:1

[ N S
—_ L) = = -

2Refinement details published in [11].

bProduct of Z, the number of formula units in the unit cell, M, the mass of the formula unit (in atomic mass units), and V, the unit cell volume

(in nm?)
°Represents the average value collected on each of eight detectors.

dIncludes atomic positional, occupancy (where stabilized) and displacement parameters, and unit cell dimensions. For C-ZrO,, one of the
parameters is associated with oxygen atom displacement parallel to {111).

°Standard Rietveld refinement agreement index [32].

fNumbers in parenthesis here and elsewhere represent the estimated standard deviation in terms of the least significant figure to the left.
¢Root-mean-square strain based on an assumed Gaussian distribution [24, 28].
"From phase analysis of data from binary mixtures with corundum (assumed to be 100% crystalline).

Science and Technology Organisation’s research reac-
tor (HIFAR) at Lucas Heights, New South Wales.
This instrument (in an earlier single-counter config-
uration) has been described previously [29]. The data
were recorded at 295 K at intervals of 0.05° from 15°
to 160° 26, using a wavelength of 0.15 nm.

4.2.2. X-rays

Portions of the 1:1 C: Tand 1:1:1 C: T: M mixtures
used for neutron data collection were back-pressed
into standard 20 x 10 mm aluminium holders and
placed in a Philips Bragg-Brentano diffractometer fit-
ted with a PW1710 automatic step-scanning system,
a curved graphite diffracted-beam monochromator,
and divergence and receiving slit dimensions of 1° and
0.2 mm, respectively. The diffraction patterns were
recorded at 295K with a fine focus copper tube
(A =0.154056 nm for a,, and 0.154439 nm for o)
using a take-off angle of 6°. Data were collected be-
tween 20° and 140° 20 at intervals of 0.025° using step
counting times of 5 and 10 sec, respectively, for the 1:1
and 1:1:1 mixtures.

4.3. Rietveld analysis

4.3.1. Neutron data

The least-squares crystal structure and profile refine-
ments were undertaken with the multiphase Rietveld
analysis program LHPM?7 [24]. Details of the refine-
ment procedure have been described elsewhere [30,
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31]. Starting values for the structure parameters of the
single-phase samples were taken from the results of
earlier neutron powder diffraction studies of the ZrO,
polymorphs [31] and of corundum [11]. For the mix-
tures, the structural parameters were held fixed at
their single-phase values. The scattering lengths used
for zirconium, yttrium, magnesium, aluminium and
oxygen were 7.166 (modified from 7.160 to account for
the presence of hafnium), 7.75, 5375, 3449 and
5.805 fm, respectively. Convergence was assumed to
have been achieved when the parameter shifts in the
final cycle of refinement were less than 10% of their
associated estimated standard deviation (esd).

Values for the crystal size and strain of the single-
phase samples were extracted with a procedure de-
scribed elsewhere [24]. The relative abundances of the
phases in the mixtures were determined from the re-
spective Rietveld scale factors using Equation 8 and
the ZM V values provided in Table I. The plot output
from a Rietveld analysis of the diffraction pattern from
the 1:1:1 mixture of C:T: M ZrO, is provided in
Fig. 3. Corresponding analyses were also performed
using the integrated intensity (polymorph) method
embodied in Equations 3 and 6; the appropriate
values of the integrated intensities were taken from the
raw data by curve-fitting methods.

4.3.2. X-ray data
The X-ray diffraction data were treated in a similar
way to the neutron data from the mixtures; that is, the
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Figure 3 Plot output from Rietveld analysis of the 1:1:1 (by weight) mixture of C-, 7- and M-zirconia (4 = 0.15 nm). Observed step-scan data
are indicated by the plus signs, the calculated profile by the continuous line overlaying them, and the difference between observed and
calculated by the lower curve. The positions of all Bragg reflections from the C, T'and M polymorphs are indicated, respectively, by the three

rows of markers, in descending order.

atomic coordinates, and isotropic displacement and
site-occupancy parameters were held fixed at their
neutron-determined values. However, in view of the
significant fall-off in peak intensity with increasing
diffraction angie (arising from the nature of X-ray
scattering factors), the refinement was effectively re-
stricted to the low- and medium-angle regions of the
pattern where the discrimination between the C and
T peaks is at its worst. As a result, it was necessary to
fix the shape of the C peaks in all of the analyses;
a pure Gaussian form was chosen in view of the large
crystallite size determined for this material in the neut-
ron data refinements (see below). Neutral atom scat-
tering factors were used for all atoms [33], and the
hafnium content of the zirconium site was specifically
included in the calculations. Attempts to determine
phase abundances by the polymorph method as well
as the Rietveld method were made in each case.

5. Results and discussion

5.1. End-member characterization

The phase purity of the nominally single-phase ZrO,
polymorph samples was obtained by Rietveld refine-
ment, considering each (initially) as a mixture of C,
T and M (corundum was known to be pure from
earlier work). The resultant impurity contents are
shown in Table I: the C sample contains 1.2(2)% T,
the T sample contains 0.8(2)% M, and the M sample
has no contamination within statistical error.

The crystal structure parameters obtained from the
neutron refinements of the single-phase C, ' and
M samples are provided in Tables II, IIT and IV,
respectively, where they are compared with the results
of earlier work on related materials [31, 34]. These
data were required in order to accurately model the
crystal structures of the phases during the phase
abundance determinations on the mixtures.

As in our previous studies of C-ZrO, [31], the
yttrium stabilizer cation was found to substitute ran-
domly for the zirconium atom, with a charge-com-
pensating proportion of vacancies on the oxygen-atom
site, and the oxygen atom itself displaced along the
{111} direction from the ideal (0.25, 0.25, 0.25) fluorite
position. There are, however, significant differences in
detail between the present and earlier C-ZrO, crystal
structures due to the different stabilizer cation used
and its markedly different abundance in both com-
pounds (Table II). More than 18 at % Y is required
for stabilization of the C structure, whereas only 6 to
8 at % Mg is needed for the same function [3]. The
quite dissimilar abundances, valences and sizes of yt-
trium and magnesium result in a much larger unit cell

TABLE II Fractional atomic coordinates, site occupancies, and
isotropic displacement parameters for yttria and magnesia
stabilized cubic ZrO,

Present work [31]

Stabilizer cation yttrium magnesium
Sample form annealed powder sintered compact
a (nm) 0.51555(1) 0.508 58(1)
Zr Y/Mg occupancy (%) 22.1(19) 12.5(29)

B(nm?) 0.0108(2) 0.0154(3)
O Vacancies (%) 5.5 6.3

(x, x, x) coordinate 0.2716(7) 0.2749(6)

B{nm?) 0.0157(9) 0.0173(9)
Stabilizer content (at %) estimated from

Chemical analysis 21.1(7) 11.5(10)

Unit cell dimensions®  24.9 11.8

Unit cell dimensions®  24.9 9.7

*Using a = 0.5105 + 0.02026[Y]um and a = 0.5105 — 0.01980
[Mg] nm [18] where [Y] and [Mg] denote the quantity (in at %) of
yttrium or magnesium respectively, in the zirconium site of the
crystal structure.

"Using a=0.5104 + 0.0133 [Y]+0.0088[Y]’nm and a=
0.51169-0.02532 [Mg]-0.01176[Mg]? nm [35].
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TABLE III Fractional atomic coordinates, site occupancies, and
isotropic displacement parameters for yttria-stabilized tetragonal
Z:0,

Present work [31]

Sample form calcined powder sintered compact

a (nm) 0.36084(1) 0.360 55(1)
¢ (nm) 0.51771(2) 0.51797(2)
Zr Y occupancy (%) 1.2(15) 6.5(21)

B (nm?) 0.0059(2) 0.0065(2)
O Vacancies (%) 0.28 1.6 .

(0.25, 0.25, z) coordinate 0.4587(2) 0.4587(2)

B (nm?) 0.0110(2) 0.0098(2)
Stabiliser content (atom %) estimated from:

Chemical analysis 5.7(5) 5.8

Unit cell dimensions® 6.22 5.21

*Mean value from a = 0.3592 + 0.000247[Y] nm and ¢ = 0.5195—
0.000309[Y] nm [36].

dimension and a smaller displacement of the oxygen
atom from the (0.25, 0.25, 0.25) position in the case
of yttria-stabilization, although the percentage of
charge-compensating vacancies on the oxygen site is
similar in both compounds. Furthermore, the degree
of r.m.s. crystal strain in the yttria-stabilized powder
(0.146(2) %; Table I) is substantially higher than that
displayed by the magnesia-stabilized sintered com-
pact (0.008(2)%; [31]), probably due to the lower
annealing temperature and higher stabilizer content in
the former case. The yttrium (or magnesium) content
of the zirconium site (and hence the chemical formula)
determined from site-occupancy refinement during
Rietveld analysis is in satisfactory agreement with
values obtained from empirical relationships between
composition and unit cell dimension published pre-
viously [18, 35].

For T-ZrO, there are only minor differences be-
tween the present results for a calcined powder and
those obtained earlier [31] for a sintered compact
containing approximately the same amount of yttria
stabilizer. The broad diffraction peaks, however, ob-
tained from the present material, due to the small
crystal size and large strain (47(1) nm and 0.127(3) %,
respectively; Table I), have resulted in a lower-ac-
curacy determination of the yttrium content of the
zirconium site, relative to the values obtained by
chemical analysis and from the unit cell dimensions
(Table III). For the sintered compact, no such trouble
was experienced (size = 160(6) nm, and strain =
0.071(2) %; [31]) so that the yttrium content from the
diffraction data is in much closer agreement with the
chemical and unit cell determinations.

For M-ZrO, the crystal structure parameters
(Table IV) are essentially unchanged from those deter-
mined from shorter-wavelength neutron powder data
[31] and from X-ray single-crystal data [34]. The
quite low degree of crystal strain exhibited by this
sample is consistent with the absence of any stabilizer
cation in the structure.

Since it has been suggested that chemically pure
powders (of any compound) may contain a significant
fraction of amorphous surface material [38], an at-
tempt was made to determine the crystallinity of each
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TABLE TV Fractional atomic coordinates and isotropic displace-
ment parameters for monoclinic ZrO,

Present work  [31] [34]
Data type neutron neutron X-ray single
powder powder crystal®
a (nm) 0.51526(2) 0.51505(1) 0.5145(5)
b (nm) 0.52077(2) 0.52116(1) 0.52075(5)
¢ (nm) 0.53195(2) 0.53173(1) 0.53107(5)
B(°) 99.244(2) 99.230(1) 99.23(8)
Zr x 0.2749(3) 0.2754(2) 0.2758(2)
y 0.0392(3) 0.0395(2) 0.0411(2)
z 0.2077(3) 0.2083(2) 0.2082(2)
B/Beq(nmz) 0.0040(3) 0.0033(2) 0.0030
Ol x 0.0690(4) 0.0700(3) 0.0703(15)
y 0.3301(3) 0.3317(3) 0.3359(14)
z 0.3467(3) 0.3447(3) 0.3406(13)
B/Beq(nmz) 0.0069(3) 0.0055(2) 0.0032
02 x 0.4506(3) 0.4496(3) 0.4423(15)
y 0.7566(4) 0.7569(3) 0.7549(14)
z 0.4786(3) 0.4792(3) 0.4789(13)
B/Beq(nmz) 0.0047(3) 0.0046(2) 0.0023

*Cell dimensions from [37]

polymorph sample, prior to the polymorph-mixture
phase analyses, from neutron measurements ona 1:1
binary mixture of the sample with corundum. The
results are shown as the first entries in Table V. For
both C and T there is a small shortfall of the experi-
mentally determined quantity of polymorph below the
as-weighed quantity, corrected for impurity. This has
been interpreted as a shortfall in crystallinity (and
recorded in Table I), probably due to the presence of
glassy intergranular phases [2, 3, 39] and/or to dis-
order resulting from the presence of the stabilizer
cation. In the absence of neutron data recorded at
different wavelengths, however, the possibility that
some of the shortfall may be an artefact of extinction
cannot be excluded. (As discussed briefly below, cor-
responding X-ray measurements were certainly affec-
ted by extinction). The M sample, with no stabilizer,
shows no shortfall and can be taken to be 100%
crystalline.

5.2. Phase analysis of polymorph mixtures
5.2.1. The Rietveld method
Table V gives the results of neutron phase analysis
determinations performed with Equation 8§ on the
three binary mixtures of C and 7. The agreement
between the experimental and as-weighed composi-
tions, after correction for crystallinity and the pres-
ence of impurity phases (Table I), is very satisfactory.
A corresponding analysis undertaken on the 1:1
C: T mixture using X-ray diffraction data provides
poorer agreement between the experimental and as-
weighed compositions. The linear absorption coeffi-
cients of the C, T and M phases are 65.0, 67.6 and
64.8 cm ! respectively, taking account of the presence
of both the yttrium stabilizer and the hafnium im-
purity atoms; this is not enough variation to ascribe
the discrepancies in phase analyses to the effects of
microabsorption. Instead, it is concluded that the
lower accuracy of the method applied to X-ray data is
associated with the loss of C/T peak resolution due to



TABLE V Phase analysis results (wt %).using the Rietveld and polymorph methods

Mixture As-weighed composition Rietveld Polymorph
Raw Corrected?® Scale factor Experiment® Experiment®
C-710, 50 494 0.16566(95) 46.6(5) _
Al, O, 50 50.0 0.07645(38) 50 —
T-Zr0, 50 49.6 0.6439(39) 47.5(6) —
AL, O4 50 50.0 0.07303(37) 50 —
M-Z:O, 50 50.0 0.1632(14) 50.2(8) —
Al, O, 50 50.0 0.07332(38) 50 —
C 25 24.5 0.1428(22) 23.7(6) 27.0
T 75 75.5 1.827(12) 76.3(12) 73.0
C 50 49.2 0.2756(24) 48.8(8) 49.4
T 50 50.8 1.154(10) 51.2(9) 50.6
ce 50 49.2 0.001 683(13) 57.6(11)[56.11 u
T 50 50.8 0.00493(5) 42.4(8) [43.9]
C 75 739 0.4448(32) 73.3(12) 78.2
T 25 26.1 0.6450(93) 26.7(6) 21.8
C 333 321 0.1756(22) 31.5(8) 35.6
T 333 332 0.7363(97) 33.1(9) 318
M 333 34.7 0.1882(25) 354(9) 32.6
o 333 321 0.00294(2) 29.6(4)[34.1] u
T 333 332 0.01095(10) 27.6(4)[35.9] u
M 333 34.7 0.00405(2) 42.8(5){30.0] 472

*For the two-phase mixtures of C-, T- and M-ZrO, with Al, Oy, the as-weighed figures are corrected to exclude the impurity phases noted in
Table I. For the remaining mixtures, these figures include corrections for impurity and crystallinity (as determined from the mixtures with

Al,O;) and are normalised so as to total 100%.

Calculated from the Rietveld scale factor using Equation 8 and the ZMV values in Table L
¢Analysis determined with the “Polymorph Method” using either Equation 3 or 6, with the P or Q values obtained from Table VI. An entry
u in this column indicates that attempts to extract the required intensities were unsuccessful.
dAnalysis determined from X-ray powder diffraction data. Values in square brackets denote results obtained after the application of an

extinction correction.

the absence of high-intensity, high-angle diffraction
peaks. Neutron diffraction patterns display no such
limitation because they contain large peaks at all
diffraction angles.

The results of phase analyses undertaken on the
1:1:1 C:T:M ZrO, mixture with both neutrons and
X-rays are also summarized in Table V. This assem-
blage mimics that found in many PSZ ceramics that
have been subjected to stress and thereby contain
significant quantities of M. As for the binary mixtures,
the agreement between the experimental and cor-
rected as-weighed compositions is excellent for the
neutron data, but significantly poorer in the case of
the X-ray data. In the latter analyses, the already poor
resolution for the C/T peaks is degraded further by the
presence of the M component, which is significantly
overrepresented in the analysis. Similar results have
been observed by other workers [19] who attributed
the discrepancy to the effect of extinction in the larger
crystallites in the C and T components.

It is noted that, for the same samples, extinction is
more serious in X-ray than in neutron diffraction data.
To further investigate the phenomenon, X-ray meas-
urements were made on 1:1 by weight binary mix-
tures of the C, T and M samples with corundum. In
analyses neglecting extinction, the amounts of C and
T were seriously underestimated, and the amount of
M underestimated slightly. The data were reanalysed

using a recent version of the Rietveld refinement pro-
gram LHPM7 [24] incorporating the extinction algo-
rithm of Sabine [40]. The analyses of these binary
mixtures with corundum reproduced the as-weighed
compositions assuming domain sizes of 4.0, 4.3 and
1.7 pm in the C, T and M phases, respectively. When
the corresponding extinction parameters were incorp-
orated into the refinement of the X-ray data from the
1:1:1 mixture of C/T/M, the dominance of the
M component disappeared, and the phase analysis
was brought into much closer agreement with the
as-weighed composition (see Table V again). A similar,
but less marked improvement was noted for the ana-
lysis of X-ray data from the 1:1 mixture of C/T. The
neutron analyses were little affected.

The above results highlight the quite dramatic influ-
ence of extinction in X-ray diffraction patterns from
high symmetry materials. Its influence imposes a ser-
ious limitation on the accuracy of X-ray phase analyt-
ical work and demands attention either through the
application of a specific extinction correction during
the analysis, or the execution of extensive calibration
experiments on “standard” materials with similar
microstructure. These limitations are not severe in the
case of neutron diffraction phase analysis. Further
details of the extinction correction procedure, and
its application to other systems, will be presented else-
where [41].
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TABLE VI Values of P and Q (calculated from Equations 4 and
7*) required for the polymorph method analysis

Pe Py 0
Neutrons (0.15 nm) 1.4600 1.4403 0.8478
X-rays (0.154056 nm) 1.2112 1.2381 0.8661

*The values of Re for Equations 4 and 7 were calculated with
program LHPM?7 [24], using the crystal structure models provided
in Tables I to IV.

5.2.2. The polymorph method
The intensities I (hkl), needed to determine X ,, and X 1
with Equations 2 and 5, were obtained using program
LHPM?7 as a simple peak fitting tool. For the deter-
mination of M, the {111} peaks (Fig. 1) were used. In
the neutron case, these were fitted as three independ-
ent Voigt functions on a linear background; in the
X-ray case each was considered as an a, :a, doublet.
In fitting the {400} peaks from the binary mixtures
(Fig. 2), the (400). and the (400); were treated inde-
pendently, but the (004); was constrained to have the
same width and shape as the (400); and to lie at an
angle determined by the known value (Table III) of
c¢/a. This approach failed in the X-ray case, in that it
produced a negative estimate for I(004);. For the
{400} peaks in the neutron pattern from the ternary
mixture, the three required peaks and two obviously
interfering monoclinic peaks were fitted simultan-
eously. No attempt was made to determine the {400}
intensities in the X-ray pattern from the ternary mix-
ture. Phase abundances were calculated from X, and
X, using Equations 3 and 6, incorporating appropri-
ate values of P and Q from the data in Table V1. The
results are shown in the final column of Table V.
The polymorph method is a rapid method for phase
analysis, particularly useful for the determination of
M, however, as indicated in Table V, the method fails
in the difficult X-ray cases. A closer examination of the
results in Table V also suggests the accuracy of the
polymorph method (where applicable) tends to be
poorer than that of the Rietveld method. This is in
accord with expectation, since the Rietveld method
includes the relative intensities of the entire diffraction
patterns, rather than those of a subset of peaks. We
also suggest that the Rietveld method, being essen-
tially a single-pass technique, offers a convenience
comparing favourably with that of the polymorph
method in many applications.
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