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Abstract

The reaction mechanisms and kinetics describing the formation and surface decomposition of lithium metazirconate pellets

(Li2ZrO3) have been investigated during Li2ZrO3 formation via solid-state reaction. Samples were analysed by X-ray diffraction,
scanning electron microscopy and transmission electron microscopy. A metastable tetragonal Li2ZrO3 phase was synthesised at low
temperatures, recrystallizing into a monoclinic structure when the temperature was increased above 800 �C. Prolonged heat treat-
ment at 900 �C showed that Li2ZrO3 pellets were stable at this temperature for up to 3 h. For longer heat treatments at 900

�C,

Li2ZrO3 lost Li2O from the surface of the pellets, decomposing to ZrO2. Similar, more rapid, decomposition behaviour was found
at higher temperatures. Pellets heated for 48 h at 1100 �C produced a 170 mm thick ZrO2 layer on the surface of the pellets. Mod-
elling the loss of lithium oxide from Li2ZrO3 in terms of a diffusion-controlled model, the activation energy for this decomposition

of Li2ZrO3 to ZrO2 was estimated to be 210 kJ mol
�1.

# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Lithium ceramics are of research interest because of
their technological applications. Thus, for example,
there has been research in recent years on their applica-
tion as electronic devices and as breeder materials for
nuclear fusion reactors, in addition to other more well-
known applications such as in batteries and in low
thermal expansion glass-ceramics used in ceramic
hobs.1�7 Lithium aluminate (LiAlO2), lithium silicates
(e.g., Li2SiO3, Li2Si2O5 and Li4SiO4) and lithium zirco-
nates (e.g., Li2ZrO3 and Li6Zr2O7) are candidate mate-
rials in nuclear research as tritium (3T) breeding
materials.8�11 Such ceramics enable the reaction:

6Li þ nt ! 3T þ 4He ð1Þ

to be exploited.12

Lithium metazirconate (Li2ZrO3) has been proposed
as a good candidate breeding material because of its
high potential to produce tritium.13 Although Li2ZrO3
has a moderate tritium release and exhibits good irra-
diation characteristics,6,10 there is relatively little work
reported on the synthesis and thermal stability of this
compound. There is agreement in the literature that
Li2ZrO3 exhibits two different polymorphs, one, m-
Li2ZrO3, with a monoclinic crystal structure with
a=5.43 Å, b=9.02 Å, c=5.41 Å and �=112.16� and
the other, t-Li2ZrO3, with a tetragonal crystal structure
with a=9.0 Å and c=3.43 Å.14�17 It is also recognized
that the monoclinic polymorph, m-Li2ZrO3, is the stable
polymorph. The melting temperature of the monoclinic
polymorph has been variously estimated to be
1600�50 �C15 and 1695�15 �C.16 Li2ZrO3 can be syn-
thesized successfully from Li2O and ZrO2 powder mix-
tures and Li2CO3 and ZrO2 powder mixtures,

16 as well
as via crystallization of an amorphous powder produced
by gelling zirconium propylate and lithium acetate.10 It
is apparent from the literature that the choice of pro-
cessing route determines the efficiency of conversion to
the monoclinic polymorph.10,16

The aim of the work reported here was to study in
detail the Li2CO3 and ZrO2 powder mixture route for
the production of relatively low density (60–70% theo-
retical density) Li2ZrO3 pellets. To achieve this, we have
used X-ray diffraction, scanning electron microscopy
and transmission electron microscopy to monitor
0955-2219/$ - see front matter # 2003 Elsevier Ltd. All rights reserved.

doi:10.1016/S0955-2219(03)00630-7
Journal of the European Ceramic Society 24 (2004) 2433–2443

www.elsevier.com/locate/jeurceramsoc
* Corresponding author. Tel.: +44-1223-334312; fax: +44-1223-

334567.

E-mail address: kmk10@cam.ac.uk (K.M. Knowles).

http://www.sciencedirect.com
http://www.sciencedirect.com
http://www.sciencedirect.com
http://www.sciencedirect.com
http://www.sciencedirect.com
http://www.elsevier.com/locate/jeurceramsoc/a4.3d
mailto:kmk10@cam.ac.uk


reaction progress as a function of heat treatment
temperature and time.
2. Experimental procedure

Stoichiometric amounts of lithium carbonate
(Li2CO3, Aldrich) and zirconium oxide (ZrO2, Aldrich),
all of reagent-grade purity, were ball-milled for 20 h
with water, using zirconia balls as the dispersion agent.
The powders were dried, pulverised and cold pressed
into 10 mm-diameter pellets under a pressure of 10 t
before reaction. These pellets were typically 2 mm thick.
The pellets were heated in an electrical furnace for var-
ious temperatures and times. First, a set of samples was
heat treated for 4 hrs at temperatures between 500 and
1000 �C. Each sample was placed in the furnace directly
after the appropriate heat treatment temperature had
been obtained. Subsequently, sets of samples were heat
treated between 900 �C and 1050 �C for different times.
After heat treatment, the samples were removed from
the furnace and air-cooled to room temperature.
Thermogravimetric analysis (TGA) was performed

with a heating rate of 10 �C min�1 in a TGA 51 Ther-
mogravimetric Analyzer. The composition and mor-
phology of the pellets were identified by X-ray
diffraction (XRD), scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). A dif-
fractometer (Philips, PW-1710) coupled to a copper-
anode X-ray tube was used for XRD. The CuKa1

wavelength was selected with a diffracted beam mono-
chromator. The relative percentages of the various
compounds present in the pellets were estimated semi-
quantitatively from the total area under the most
intense diffraction peak for each phase identified, with
the simplifying assumption this was proportional to the
volume fraction of each compound. In this way, the
amounts of the crystalline compounds present in the
samples were obtained within an estimated experimental
error of �5%; this estimate arises from a comparison of
the estimates obtained on two phase mixtures of
Li2ZrO3 and ZrO2 using this method and using the
more quantitative X’Pert Plus software.
The particle size and morphology of the pellets were

studied by SEM and TEM. Samples for SEM were
covered with gold to overcome their lack of electrical
conductivity and then analysed in a JEOL microscope
(JSM-5800 LV). Samples for TEM were prepared
using standardmethods and the samples were examined in
a Jeol 200CX transmission electronmicroscope at 200 kV.
3. Results and discussion

A TGA curve from room temperature to 900 �C for
the dried powder mixture after ball-milling is shown in
Fig. 1. A dramatic reduction of weight loss is shown
between �600 and 750 �C, with the rate of weight loss
being most great at 720 �C. The overall weight loss was
23% of the initial weight. It is well known that Li2CO3
decomposition to Li2O and CO2 occurs at 710

�C,2 but
a further possibility here is that CO2 loss occurs in par-
allel with a chemical reaction between Li2CO3 and ZrO2:

Li2CO3 þ ZrO2 ! Li2ZrO3 þ CO2 gð Þ ð2Þ

For this reaction, �G�=�1650+0.2492T kJ mol�1,
where 1332 K4T41642 K.17

In order to establish the reaction mechanism, samples
were heat treated for 4 h between 500 and 1000 �C at
100 �C intervals. XRD results from the surfaces of the
pellets before heat treatment and after various heat
treatments are shown in Fig. 2. The XRD patterns of
the samples at room temperature and 500 �C only show
the presence of ZrO2 and Li2CO3 (JCPDS file nos. 86-
1450 and 87-0729 respectively). It is apparent that the
ZrO2 diffraction pattern from all the samples at 500 �C
and above have much stronger 111 peaks at
2y=31.473� than might be expected from the JCPDS
file no. 86-1450.18 By contrast, X-ray diffraction from
pulverised slices taken from the surface regions of the
pellets heat treated at 500 �C and above all showed the
expected JCPDS pattern for monoclinic zirconia. Thus,
the difference between the diffractometer traces for zir-
conia and the JCPDS standard for monoclinic zirconia
seen in Fig. 2 can be attributed to the experimental set-
up we have used. In general, this can arise either from
the sampling of a finite number of surface grains by the
X-ray beam or from a textural effect in the sample. As
we will demonstrate later in this paper, the latter expla-
nation is consistent with SEM microstructural observa-
tions we have made subsequently on the pellets.
A small amount (12%) of t-Li2ZrO3 (JCPDS file no.

20-0647)14 could be detected in the surface of the sample
heat treated for 4 h at 600 �C, the remainder of the
pellet surface being ZrO2 (68%) and Li2CO3 (20%). No
Fig. 1. Thermogravimetric analysis of starting materials for Li2ZrO3
synthesis.
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evidence was found in this or any other sample for the
metastable tetragonal Li2ZrO3 polymorph with a=4.26 Å
and c=9.014 Å reported by Quintana et al.19 Increasing
the heat treatment temperature to 700 �C caused a dra-
matic change in the composition of the pellet surfaces.
Analysis of the XRD diffractometer pattern showed
that the sample surface was 72% t-Li2ZrO3, 8% ZrO2,
8% Li6Zr2O7 (JCPDS file no. 36-0122) and 12% m-
Li2ZrO3 (JCPDS file no. 76-1150), indicating that,
within the limits of detectability, Li2CO3 had totally
decomposed. The formation of Li6Zr2O7 is consistent with
heterogeneities in the pellet surface arising from chemical
reaction between ZrO2 and Li2CO3: some parts of the
pellet will be locally richer in lithium than the average,
enabling Li6Zr2O7 to form, while at the same time leaving
unreacted ZrO2 elsewhere in the pellet. Others have also
reported the formation of Li6Zr2O7 at 700

�C in powder
mixtures of Li2CO3 and ZrO2 and Li2O and ZrO2.

16

Increasing the heat treatment temperature to 800 �C,
900 �C and 1000 �C changed the relative proportions of
the four phases, m-Li2ZrO3, t-Li2ZrO3, Li6Zr2O7 and
ZrO2, found on the surface of the pellets, as shown in
Fig. 3. The proportion of Li6Zr2O7 declined to zero as the
temperature increased. Li6Zr2O7 can either decompose or
react with zirconia through the chemical reactions:

Li6Zr2O7 ! 2Li2ZrO3 þ Li2O ð3Þ

and

Li6Zr2O7 þ ZrO2 ! 3Li2ZrO3: ð4Þ

Significantly, pure Li2ZrO3 was not obtained in any of
these heat treatments. The highest content of m-Li2ZrO3
(81%) was found in the sample heat treated for 4 h at
900 �C. The replacement of t-Li2ZrO3 by m-Li2ZrO3 as
the temperature increased agrees with previous work.16

When the sample was heated for 4 h at 1000 �C, the
proportion of m-Li2ZrO3 declined while that of ZrO2
increased. This is consistent with loss of lithium from
the pellet surface in the form of Li2O, for example
through a decomposition reaction such as:
Fig. 3. Percentage of Li2CO3, ZrO2, t-Li2ZrO3, m-Li2ZrO3 and

Li6Zr2O7 as a function of temperature.
Fig. 4. Bright-field TEM image of ZrO2 particles surrounded by

m-Li2ZrO3.
Fig. 2. X-ray diffraction patterns of the pellets heat treated for 4 h at

different temperatures.
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Li2ZrO3 ! ZrO2 þ Li2O ð5Þ

This lithium loss is also compatible with reports in the
literature that Li2O is irreversibly lost from some
lithium ceramics when they are heated at temperatures
higher than 900 �C.16,20�22

The lithium metazirconate pellets produced during
the first set of heat treatments for 4 h at temperatures
between 700 and 1000 �C all consist of ZrO2, Li6Zr2O7,
m-Li2ZrO3 and t-Li2ZrO3. In general, TEM of these
samples showed that they all exhibited a microstructure
in which Li2ZrO3 was found growing on the surface of a
different phase, typically ZrO2. This effect is shown in
Fig. 4, a bright-field TEM image taken from the sample
heat treated at 700 �C for 4 h. Particles of ZrO2 sur-
rounded by small particles of m-Li2ZrO3 are clearly
shown in this micrograph.
According to Wyers and Cordfunke,16 m-Li2ZrO3 is

stable between 800 and 1500 �C. However, in our work
it was apparent that m-Li2ZrO3 started to decompose at
900 �C. This behaviour can be explained in terms of the
different stabilities of m-Li2ZrO3, depending on whether
the sample is in the form of a pellet or simply as pow-
der. The interparticle transfer of matter, which takes
place in pellets during sintering, could enable Li2O to
evaporate at lower temperatures. Points of high surface
curvature, such as necks between particles, are sites of
increased vapour pressure.23 If this were to be the case,
it would suggest that the decomposition of m-Li2ZrO3
would be more likely to occur at the surface of a pellet
rather than within its interior.
To examine this hypothesis, pure m-Li2ZrO3 was pre-

pared using excess lithium carbonate in the starting
composition. Specifically, for every mole of ZrO2, 1.05
moles of Li2CO3 were used in the formulation. The
powders were heat treated at 900 �C for 3 h. XRD of
the powders showed only m-Li2ZrO3. Pellets were pre-
pared from the pure m-Li2ZrO3 at room temperature by
uniaxial cold pressing. These pellets were subsequently
heat treated between 900 and 1100 �C for different
times. XRD patterns from the surfaces of the pellets
were obtained after each heat treatment. The pellets
were then ground down and polished. XRD patterns
were once again obtained from the new surfaces. This
procedure was done several times. The percentages of
ZrO2 found at the different depths in the pellet are
shown in Fig. 5. There is a clear trend showing that
the amount of ZrO2 decreases as the distance from the
original surface increases. This suggests strongly that
Li2ZrO3 decomposition does indeed occur preferentially
in the surface of the pellets.
SEM micrographs of the Li2ZrO3 pellets heated at

900 �C for 30 min and 420 min are shown in Fig. 6. The
grain size was measured using standard procedures,24

and, as expected, there was significant grain growth
between 30 min at 900 �C and 420 min at 900 �C. After
30 min, the particles are rather small, polygonal parti-
cles with a size between 1 and 2 mm. Although the shape
of the particles did not change after 420 min of thermal
treatment, the size of the particles increased from 2 to 5
mm. When samples were heated at 1100 �C for different
Fig. 6. SEMmicrographs of the Li2ZrO3 pellets heat treated at 900
�C.

(A) Li2ZrO3 pellet heat treated for 30 min and (B) Li2ZrO3 pellet heat

treated for 420 min.
Fig. 5. ZrO2 percentage as a function of the depth into the pellets heat

treated at 900 �C for different times.
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times, grain growth was also observed (Fig. 7). However,
the surface of the samples heated at 1100 �C for 420 min
became noticeably more rough in appearance [Fig. 7(B)].
From XRD, samples heated at 1100 �C for 420 min
were found to contain 60% ZrO2 in the surface region.
To examine the proposition that the change in surface

morphology seen in Fig. 7(B) arose from the formation
of ZrO2 as a result of Li2ZrO3 decomposition, a
Li2ZrO3 pellet was heat treated at 1100

�C for 48 h.
SEM micrographs of different parts of the pellet are
shown in Fig. 8. Although lithium could not be detected
by EDX because of its low atomic number, the back-
scattered electron image (BSEI) in Fig. 8(A) confirms
the presence of two phases in the surface region. The
difference in contrast seen in Fig. 8(A) arises from the
differences in mean atomic number, Z, of Li2ZrO3
(Z=11.67) and ZrO2 (Z=18.67), giving rise to a differ-
ence in the backscattered electron coefficient, Z, of the
two phases through the equation25

� ¼ �0:0254þ 0:016Z� 1:86
 10�4Z2

þ 8:3
 10�7Z3 ð6Þ
Z decreases from 0.213 for ZrO2, the lighter phase in
Fig. 8(A) to 0.137 for Li2ZrO3, the darker phase.
Although the Li2ZrO3 phase remains as polygonal

particles, the mean particle size after sintering at 1100 �C
for 48 h increased to 60�10 mm. Furthermore, the
Fig. 7. SEM micrographs of the Li2ZrO3 pellets heat treated for 420

min at different temperatures. (A) Li2ZrO3 pellet heat treated at 900
�C

and (B) Li2ZrO3 pellet heat treated at 1100
�C.
Fig. 8. SEM micrographs of different parts of a Li2ZrO3 pellet heat

treated at 1100 �C for 48 h. (A) BSEI at the interface between Li2ZrO3
and surface ZrO2. (B) Secondary electron image of the same region.

(C) Secondary electron image showing detail of the Li2ZrO3–ZrO2
interface. A needle-like ZrO2 particle is arrowed.
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particles contained large pores that were not present after
shorter heat treatment times (Figs. 6 and 7). By con-
trast, the ZrO2 surface region had a distinctive colum-
nar growth morphology reminiscent of a grain structure
frequently observed in thin films.26 The thickness of this
ZrO2 external layer after 48 h was 170�20 mm. Not
surprisingly, X-ray diffractometer examination of the
surface of this pellet after this extended heat treatment
only showed peaks from m-ZrO2. Close examination of
the Li2ZrO3-ZrO2 interface shows that small needle-like
particles of ZrO2 are growing in the surface of the
Li2ZrO3 particles [Fig. 8(C)]. These small needles act as
nucleation centres for the columnar ZrO2 grains. The
origin of the ‘anomalous’ XRD diffraction patterns
from ZrO2 in Fig. 2 can be therefore attributed to the
way in which the ZrO2 nucleates and grows in the pre-
sence of Li2ZrO3, introducing a texture into the surface
ZrO2, an extreme example of which after prolonged
heat treatment is demonstrated in Fig. 8.
In order to establish the reaction mechanism and the

decomposition mechanism of Li2ZrO3 during the solid-
state reaction in more detail, a further batch of pellets
were heat-treated for different heating times at 900, 950,
1000 and 1050 �C. The results of X-ray diffraction from
the surfaces of pellets heat-treated at 900 �C for less
than 1 h and 1 h or more are shown in Figs. 9 and 10
respectively. It is apparent from Fig. 9 that when the
samples were cooled down after 20 min of heat treat-
ment or less, multiphase mixtures containing Li2CO3,
ZrO2, t-Li2ZrO3, m-Li2ZrO3 and Li6Zr2O7 were found.
Li2CO3 and Li6Zr2O7 disappeared from the X-ray dif-
fractometer traces after 5 min and 20 min of heat treat-
ment respectively, and t-Li2ZrO3 disappeared after 40
min. The highest content of m-Li2ZrO3 was observed
when samples had been heat treated between 1 and 3 h.
After 3 h or more at 900 �C, the amount of ZrO2
detected on the X-ray diffractometer traces increased,
up to 45% of the total sample analysed after 10 h at
900 �C. As a consequence of this, the Li2ZrO3 content
decreased (Fig. 10). The estimated percentages of the
different compounds present in the samples during the
heat treatment at 900 �C are summarized in Fig. 11.
Fig. 9. X-ray diffraction patterns of samples heat treated at 900 �C for

times less than one hour.
Fig. 10. X-ray diffraction patterns of samples heat treated at 900 �C

for times of one hour or more.
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Samples heat-treated at 950, 1000 and 1050 �C pre-
sented similar behaviour to the samples heat treated at
900 �C, but the increase in temperature led to more
rapid reaction kinetics. Thus, for example, in samples
heat treated at 900 �C, the amount of ZrO2 decreased to
8% after 60 min and increased again after 180 min, with
a 2 h lag period within which the composition of the
pellet was essentially invariant. The final amount of
ZrO2 was 40% after 600 min. At 950 �C, the lag period
was shorter, only 60 min, beginning after 30 min of heat
treatment. The amount of ZrO2 in this lag phase was
�12%. The decomposition of Li2ZrO3 produced 55%
of ZrO2 after 400 min at 950

�C. For samples studied at
1000 �C, the minimum amount of ZrO2 was 12% at 30
min and the lag period disappeared. In this case, the
steady growth in the amount of ZrO2 began after 30
min of heating time and the final ZrO2 percentage was
75%. Finally, at 1050 �C, the results were very similar
to those at 1000 �C. Hence, raising the reaction tem-
perature decreases the lag period where the Li2ZrO3 is
stable, and increases the ZrO2 reconversion ratio. The
relationship between the percentage of ZrO2 present and
time spent at temperature is shown in Fig. 12.
An examination of the decomposition of Li2ZrO3 to

ZrO2 showed, that in the first few hours of the reaction
(i.e., for the conditions we have examined), the rate of
reaction in the surface regions of the pellets could be
described adequately well mathematically in terms of a
diffusion reaction controlled by movement of an inter-
face. Since the pellets were 10 mm in diameter and 1–2
mm thick, the appropriate model to use is that of one-
dimensional diffusion, so that the reaction mechanism
follows an equation of the form

x2 ¼ 2D t� t0ð Þ ð7Þ

where x is the thickness of ZrO2 on the circular surface
of the pellets at time t. To take account of the experi-
mental observations of a lag period before the develop-
ment of the ZrO2 layer, it is assumed in this model that
growth of the ZrO2 layer does not begin until a time t0
has elapsed during the heat treatment.
In order to relate this diffusion model to the data for

the conversion ratio to ZrO2 in Fig. 12 measured by
X-rays, the nature of the way in which X-rays interact
with the specimens has to be considered. A simple
treatment of this is given in the Appendix. From Eq.
(a.8) it is apparent that as x increases, the ratio of the
intensity of strong, easily identifiable, X-ray diffraction
peaks from ZrO2 and Li2ZrO3 will increase, so that the
apparent volume fraction of ZrO2 determined from the
X-ray diffractometer trace will increase.
A short computer program was written to determine

the apparent level of ZrO2 as a function of x for initial
bulk compositions of the pellets representative of the
compositions at the end of the lag periods for each of
the four temperatures in Fig. 12. Thus, from the data in
Fig. 12, thicknesses, x, as a function of time, t, could be
obtained. For these calculations, it was assumed that
the ZrO2 surface layer had 40 vol.% porosity and that
the bulk pellets had 35 vol.% porosity. Hence, the linear
absorption coefficient of the ZrO2 surface layer was
taken to be 369 cm�1, and so the distance an X-ray
would have to travel in this layer for its intensity to be
attenuated by a factor of e is 27 mm.
Plotting x2 against t produces the data in Fig. 13. It

should be noted that the absolute values of x predicted
from this analysis for the data in Fig. 12 were small, of
the order of a few micrometres. Despite the high level of
noise in the data in Fig. 13 it is apparent that as the
temperature increases, the gradients of the best-fit lines
all increase.
For a diffusional growth model, the gradients of these

best-fit lines are all proportional to the diffusion coeffi-
cient, D, at the temperature of interest. If these follow
an Arrhenius-type behaviour so that
Fig. 11. Percentage of Li2CO3, ZrO2, Li2ZrO3 and Li6Zr2O7 as a

function of time at 900 �C.
D ¼ D0exp �Q=RTð Þ ð8Þ

Fig. 12. Relationship between ZrO2 conversion ratio and time during

isothermal heating at different temperatures.
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where D0 is the reaction rate constant, Q is the activa-
tion energy of the diffusion process, R is the gas con-
stant and T is absolute temperature, a plot of ln D
versus 1/T should be a straight line.
Such a plot is shown in Fig. 14, from which the acti-

vation energy for the decomposition of Li2ZrO3 to ZrO2
can be estimated to be 210 kJ mol�1. This is consistent
with a solid state diffusion mechanism in which at these
temperatures diffusion of lithium ions to the surface of
the pellets is the rate-determining step in the decom-
position of Li2ZrO3.
The absolute values of thickness of the zirconia layer

predicted by this analysis as a function of time and
temperature should be treated with some caution and
should be regarded as back-of-the-envelope calculations
rather than anything more quantitative. Given a pre-
dicted layer thickness of around 2 mm after 400 min at
900 �C, an activation energy of 210 kJ mol�1 would
suggest a ZrO2 layer of the order of 25 mm thick after
heat treatment at 48 h at 1100 �C. This is substantially
less than the thickness of 170 mm seen in Fig. 8. Never-
theless, this is not too unreasonable given the simplify-
ing assumptions we have made in modelling the initial
stages of growth of the ZrO2 layer in terms of a growth
of a uniform thin film on the surface of the pellets.
Equally reasonable is the likelihood that the columnar
growth morphology which has developed in the sample
shown in Fig. 8 provides short circuit diffusion paths for
lithium loss which speeds up the kinetics of the decom-
position even more than might be expected. However, it
is apparent that further, more detailed, work on how
Li2O is lost from Li2ZrO3 pellets is required.
4. Conclusions

Lithium metazirconate pellets were prepared by solid-
state reaction using ZrO2 and Li2CO3 as reactants.
Temperature was found to be a very important factor in
the reaction mechanism of Li2ZrO3 synthesis and its
subsequent decomposition. ZrO2 was present in the heat
treated pellets arising either from the starting composi-
tion in pellets heat treated below 800 �C or from
decomposition of the Li2ZrO3 for pellets heat treated at
and above 900 �C. The conversion ratio of Li2ZrO3 was
best at 900 �C, when the sample was heat treated for
between 60 and 180 min. Pure samples of Li2ZrO3 could
only be obtained with excess Li2CO3 in the starting
composition. Li2ZrO3 decomposed when it was heat
treated for longer times than 180 min at 900 �C. The
same behaviour was observed for 950, 1000 and 1050 �C,
the time of stability being less at these higher tempera-
tures. Pellets heated for 48 h at 1100 �C produced a 170
mm thick layer of ZrO2 on their surfaces. The activation
energy for the Li2ZrO3 decomposition process was
estimated to be 210 kJ mol�1.
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Appendix a. Absorption of the X-ray beam in a

parafocusing diffractometer by a surface layer

In the parafocusing diffractometer, such as a Philips
PW-1710 diffractometer, the sample is in the form of a
flat plate and the incident and diffracted X-ray beams
both make the same angle with the normal to the flat
plate. If the sample is composed of a thin surface layer
of thickness x underneath which there is bulk material,
Fig. 13. Plot of x2 against time for the growth of a thin surface layer

of ZrO2 on Li2ZrO3-rich pellets.
Fig. 14. Plot of ln D versus 1/T for the decomposition of Li2ZrO3 to

ZrO2.
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the relative intensities of X-rays from the bulk material
will be reduced and the relative intensities of X-rays from
the surface will be enhanced because of absorption.
This effect can be modelled quantitatively by a simple

extension of the modelling of absorption of X-rays
from an isotropic flat plate in the parafocusing dif-
fractometer.27 The relevant geometry is shown in
Fig. a1. It is assumed that the incident X-ray beam is
composed of parallel rays of intensity I0 J m

�2 s�1. X-
rays diffracted from an element at a depth z below the
surface travel a total distance within the specimen of 2z
csc y before re-emerging.
For X-rays diffracted from the surface layer, 04z4x,

and so because of absorption, X-rays diffracted from
the volume element ldz in Fig. a1 will have an integrated
intensity

dIDs ¼ AlI0exp �2�szcsc�ð Þdz ða:1Þ

In this equation, A takes into account the likelihood
of particles or grains being in the correct orientation for
diffraction and the fraction of incident energy diffracted
by one unit volume and can be regarded as a constant.27

The degree to which this part of the specimen absorbs
X-rays is taken into account by the linear absorption
coefficient, �s, of the surface layer. If the incident beam
has unit width, l ¼ csc�, and so

dIDs ¼ Acsc�I0exp �2�szcsc�ð Þdz ða:2Þ

The total diffracted intensity from the surface layer is
obtained by integrating over the surface layer thickness:

IDs ¼ Acsc�I0

ðx
0

exp �2�szcsc�ð Þdz

¼
AI0
2�s

1� exp �2�sxcsc�ð Þð Þ ða:3Þ
For X-rays diffracted from the bulk material,
04x4z. These X-rays travel a distance of 2x csc y in
the surface material and a distance 2(z�x) csc y in the
bulk material before re-emerging. In this case, X-rays
diffracted from a volume element ldz will have an inte-
grated intensity

dIDb ¼ Acsc�I0exp �2�sxcsc� � 2�b z� xð Þcsc�ð Þdz

ða:4Þ

where �b is the linear absorption coefficient in the bulk
material.
The total diffracted intensity from a reflection from the

bulk material is obtained by integrating z from x to1:

IDb ¼ Acsc�I0exp �2�sxcsc�ð Þ

ð1
x

exp �2�bðz� xÞcsc�ð Þdz

¼
AI0
2�b

exp �2�sxcsc�ð Þ

ða:5Þ

For the physical situation we have here, in which after
extended high temperature heat-treatments a porous
surface layer of zirconia (phase 1) forms on a bulk
material consisting of a porous two-phase mixture of
zirconia (phase 1) and lithium metazirconate (phase 2),
it is relevant to compare the intensities of strong reflec-
tions from both these phases to assess the growth of the
zirconia surface layer over time.
Following the treatment by Cullity and Stock27 for

quantitative analysis of multicomponent systems by the
direct comparison method, we can evaluate the ratio of
the diffracted intensities I1 and I2 of two strong reflec-
tions from phases 1 and 2 respectively, from which we
can determine effective volume fractions of the two
phases to compare with the experimental measurements
such as those in Fig. 12.
A zirconia reflection whose Bragg angle is �1 will have

contributions from both the surface and bulk in propor-
tion to the volume fractions V1,s and V1,b of the zirconia
in these two regions, so that in general I1 takes the form

I1 ¼
KR1V1;b
2�b

exp �2�sxcsc�1ð Þ þ
KR1V1;s
2�s


 1� exp �2�sxcsc�1ð Þð Þ ða:6Þ

where the first term represents the contribution to the
intensity from the bulk and the second term represents
the contribution from the surface layer. K is a constant,
independent of the type and amount of the diffracting
substance, while R1 depends on �1, the indices of the set
of diffracting planes hkl and the kind of substance (Eq.
12-10 of Cullity and Stock).
Likewise, the intensity from a lithium zirconate

reflection whose Bragg angle is �2 will simply take the
form
Fig. a1. Geometry of X-ray diffraction from a flat plate with a surface

layer of thickness x. The incident and diffracted beams make the same

angle y with the normal to the plate and have unit width.
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I2 ¼
KR2V2;b
2�b

exp �2�sxcsc�2ð Þ ða:7Þ

where V2,b is the volume fraction of the lithium meta-
zirconate in the bulk. In this case, there is no contribu-
tion to the intensity from the surface layer. The ratio of
the intensity of I1 and I2 is therefore

I1
I2

¼
R1
R2

V1;b
V2;b

exp 2�sx csc�2 � csc�1ð Þð Þ

� �
þ
R1
R2



�b

�s

V1;s
V2;b

exp 2�sxcsc�2ð Þ 1� exp �2�sxcsc�1ð Þð Þ

� �

ða:8Þ

and so if x=0, we recover Eq. 12-12 of Cullity and
Stock. As the surface layer thickens, its contribution to
the total intensity of the zirconia X-ray peak increases.
Hence, the apparent level of zirconia, V1,app, in the
compact increases. From Eq. (a.8), we can determine
this apparent level through the equation

I1
I2

¼
R1V1;app
R2V2;app

¼
R1V1;app

R2 1� V1;app
� � ða:9Þ

since in working out the apparent level of zirconia we
can neglect porosity in the sample.
Using the values of mass absorption coefficients for

CuKa1 radiation for Li, O and Zr of 0.5, 11.5 and 139
cm2/gm from Volume C, Table 4.2.4.3 of the Interna-
tional Tables for Crystallography,28 the mass absorp-
tion coefficients of ZrO2 and Li2ZrO3 are calculated to
be 106 and 86.5 cm2/gm. Fully dense ZrO2 and Li2ZrO3
ceramics have densities of 5.819 and 4.159 gm/cm3

respectively, so that the linear absorption coefficients of
fully dense ZrO2 and Li2ZrO3, m1 and m2, are 615 and
360 cm�1.
For a porous zirconia surface layer, the linear

absorption coefficient, ms, is simply V1,s m1 since the
volume fraction of porosity is (1�V1,s). Likewise, the
linear absorption coefficient of a porous two phase
mixture of zirconia and lithium zirconate in which the
volume fraction of porosity is (1�V1,b�V2,b) is mb=V1,b
m1+V2,b m2. If both the surface region of porous ZrO2
and the bulk region of porous ZrO2 and Li2ZrO3 sam-
pled by the X-rays were ideal polycrystalline samples
without any texture, the parameters R1 and R2 in Eq.
(a.8) would each be of the form

R ¼
1

V2cell
Fhklj j2p

1þ cos22�

sin2�cos�

� �� 	
e�2M ða:10Þ

where Vcell is the volume of the unit cell, Fhkl is the
structure factor of the hkl reflection, p is its multiplicity,
the term in y is the Lorentz polarisation factor and e�2M

is a temperature factor.27 Calculated relative values of R
for reflections for ideal polycrystalline samples of both
ZrO2 and Li2ZrO3 are given in the JCPDS files 86-1450
and 76-1150 respectively. The strongest Li2ZrO3 reflec-
tion is the 110 reflection at 2y=20.286�. The strongest
ZrO2 reflections are the 111 reflection at 2y=28.183�

and the 111 reflection at 2y=31.473�, with relative
intensities of 1 and 0.677 respectively. Absolute com-
parisons of the intensities from Li2ZrO3 and ZrO2
taking into account the sizes of the unit cells and the
calculated values of Fhkl shows that the values of R from
the 110 Li2ZrO3 reflection and the 111 ZrO2 reflection
should be almost equal. Thus, for a comparison of these
reflections as the surface layer of zirconia grows, we can
usefully take the ratio R1/R2 to be unity as a reasonable
approximation for a semi-quantitative analysis of the
growth of the zirconia surface layer, given the known
texture of the zirconia within the pellets.
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