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Cordierite glass-ceramics- effect of Ti02 
and Zr02 content on phase sequence 
during heat treatment 

T. I. B A R R Y ,  J. M. COX, R. MORRELL  
Division of Chemical Standards, National Physical Laboratory, Teddington, Middx., UK 

A series of glasses of stoichiometric composition with varying proportions of TiO2 
and/or ZrO2 as nucleating agent have been studied to examine the effect of nucleation 
addition on the sequence of crystallization and transformation to the stable phase, 
cordierite. It is shown that TiO2 is the most effective nucleating agent and that if large 
amounts of ZrO2 are substituted for TiO2 cristobalite forms as an intermediate phase and 
is associated with rapid volume changes and consequently with weak porous products. 
Substitution of ZrO2 for TiO2 also causes other changes in phase development, especially 
in the relative proportions of/3-quartz solid solution and magnesian petalite produced 
during the early stages of crystallization. The use of a combination of experimental 
techniques (dilatometry, DTA, X-ray diffraction and electron microscopy) has proved 
most effective in studying phase development and the relationship between processing 
characteristics and composition. 

1. Introduction 
A well established method for the production of 
dense cordierite articles is via the glass-ceramic 
route [1,2] in which a monolithic glass body of 
suitable composition is made to crystallize 
uniformly throughout its bulk, yielding cordierite 
as the major phase at the end of the crystallization 
heat treatment. This method requires that a nude- 
ation agent is added to the original glass to achieve 
fine-grained crystallization because internal nucle- 
ation efficiency is otherwise extremely poor, 
leading to a predominance of crystal growth from 
free surfaces. In cordierite compositions, the 
amount of nucleating agent required depends on 
type and on the MgO:A120a:Si02 ratio of the 
composition. 

There are two stages during the heat treatment of 
cordierite based glasses where the nucleating agent 
is of crucial importance. Firstly, efficient nucleation 
of the ~-quartz solid solution metastable phase in a 
free-grained state must be accomplished in a 
reasonable time without excessive deformation of 
the object, and secondly the microstructure must 
be controlled in such a manner that the conversion 
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from the/3-quartz solid solution to cordierite can 
be achieved also with a fine-gained structure and 
without cracking or weakening of the material [3]. 
The use of 11.5 wt% TiO: as nucleating agent has 
been demonstrated [1,2] as leading to the 
successful production of a cordierite ceramic close 
to stoichiometric composition in MgO, A1203 and 
SiO2. A number of other authors have investigated 
the nucleation performance of ZrO~ in silica-rich 
cordierite glasses [4-8] but not at stoichiometric 
composition. Of these authors only Zdaniewski 
[7] has described aspects of the conversion of 
~-quartz solid solution to cordierite. 

In the Li2 O-A12 Oa-SiO2 system, both TiO2, 
ZrO2, and mixtures of them have been used 
successfully to make strong spodumene glass- 
ceramics [9, 10]. The nucleation performance in 
compositions containing both TiO2 and ZrO2 is 
superior to that containing only either TiO2 or 
ZrO2. This system is rather more easily nucleated 
that the cordierite system, requiring only 2 to 
4 wt% of TiO2 + ZrO2, whereas glass-ceramics of 
composition near cordierite generally require at 
least 10 wt% TiO~ or ZrO2 for the production of a 
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fine-grained ceramic. The primary aim of the work 
described here was to discover combinations of 
TiO2 and ZrO2 that could give materials of 
improved performance compared to those con- 
taining TiO2 alone. In the course of the work, the 
origins of variations of crystallization and transfor- 
mation Were explored, and these form the main 
subject matter of the paper. 

2. Glass-ceramic production and testing 
2.1. Raw materials, melting and heat 

treatment 
Since the high temperature mechanical properties 
of cordierite glass-ceramics are influenced mark- 
edly by the raw materials used in making the 
starting glass [11], due to the segregation of im- 
purities to grain boundaries during crystallization, 
most of the compositions reported here were made 
from 'standardized' corranercially available raw 
materials of good quality. Some earlier compo- 
sitions made from laboratory reagents were also 
employed in this study, and so Table I lists two 
batch types A and B for the two sets. The compo- 
sitions of, or dose to, the MgO:A120~: 2.5SIO2 
stoichiometry of cordierite that were examined are 
listed in Table II. 

The raw materials in fine powder form 
(~  100#m) were well mixed on a roller mill, melted 
in platinum at 1550~ in an electric furnace for 
4 h, quenched into water, crushed and remelted at 
1550~ Bars and slabs for test purposes were 
produced by casting the melt into a heated steel 
mould previously sprayed with graphite and well 
polished. When cooled internally to about 750 ~ C, 
the bars were further cooled in an annealing fur- 
nace starting at a temperature about 20~ above 
the glass transition temperature as determined 
from a differential thermal analysis (DTA) run. 
The bars produced were clear and bubble-free, and 
were a pale to medium brown in colour depending 
on composition. 

Since the composition changes produced large 
changes in crystallization characteristics, the heat 
treatment schedule for each composition was 
determined by the sagging of a small bar using the 
principle devised by Hagy [l 2] reported previously 
[11]. This method indicated the duration and 
temperature of the nucleation hold required to 
achieve crystallization without the body sagging 
unduly. But, as argued earlier [3], it is difficult to 
maintain such an optimum within a narrow band, 
even under laboratory conditions, so, in most cases, 

TABLE I Raw materials. 

Oxide Grade Manufacturer 

Batch Type A 
SiO~ Crushed fused Thermal 

quartz Syndicate Ltd 
A12 03 Analar grade BDH Ltd 
MgO Analar grade BDH Ltd 
TiO~ Reagent grade BDH Ltd 
ZrO 2 Reagent grade BDH Ltd 

Batch Type B 
SiO 2 Crushed crystal Thermal 

quartz Syndicate Ltd 
A12 03 Cera grade British Aluminium 

Co Ltd 
MgO Grade III fused Super Refractories 

Ltd 
TiO 2 Tiona 'VC' g rade  Laporte Industries 

Ltd 
ZrO 2 'S' grade British Aluminium 

Co Ltd 

the hold as determined from deformation was 
replaced by a slow ramp over the entire tempera- 
ture range in which sagging was evident. The 
heating rate during the rest of the cycle 
was 5~ -1 except during the transformation 
to cordierite, when it was reduced to about 
1.5~ min -1 for articles greater than 5 mm thick- 
ness to avoid the build up of high stresses owing to 
gross temperature variations. The general schedule 
is illustrated in Fig. 1. The maximum temperature 
was chosen to be that at which transformation was 
completed within 1 h. 

2.2. P rope r ty  m e a s u r e m e n t s  
DTA traces were obtained using a Stanton appar- 
atus with the glass samples melted into platinum 
capsules to minimize the effects of surface 
nucleation. Length changes produced during heat 
treatment were monitored in a Linseis dilatometer, 
the temperature programme of which was con- 
trolled by a Bryans X - Y  recorder with a 'line 
follower' attachment. Thermal expansion coef- 
ficients were measured with the same apparatus. 

X-ray powder diffraction photographs were 
produced in a 11.4 cm Debye-Scherrer camera 
using CuKa radiation. Phase identification was 
achieved by comparison with standard specimen 
trims taken on the same apparatus. The maximum 
error in calculation of unit cell dimensions was 
about -+0.01 A, except when the proportion of 
the phase had fallen to below about 10%. Density 
measurements were made by water immersion on 
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Figure 1 Typical heat treatment 
schedules. 

solid samples since the materials are non-porous 
except where stated. Specimens of 5 m m x  3 nun 
section cut from fully heat-treated bars were 
strength tested in three-point bending over a span 
of 20 ram. 

As discussed previously [3], the total defor- 
mation of a glass-ceramic which sags during the 
initial ceramming can be generalized by the 
equation 

1" te dt 
= const./  

Jo n(t, T) 

where 8 is some measure of the deformation, r/is 
the viscosity, te is the time required to crystallize 
the glass, and the constant term is dependent on 
load and loading geometry. For the experimental 
conditions of three-point bending used in the heat 
treatment sag test, 8 was defined as the sag at the 
centre point, and a parameter D, proportional to 
8 was calculated. This was a measure of the 
tendency of a glass composition to deform, but 
was independent of sample dimensions, i.e: 

=fr~a_~x dT_ 126ab 3 

D ao ~ ( t , T )  - Wl 3 

where a, b, and l are the width, depth and loading 
span of the sample, and W is the applied central 
load. The beam was small enough for its own 
weight to be negligible compared to W. 

The parameter D has the dimensions m2N -1 , 
can be measured during the heat treatment sag test 

(Section 2.1 .) and allows a comparison of sagging 
tendencies of various compositions at any stage. It 
is relatively insensitive to ~ and hence to the rate 
of heating, but does increase slowly with increasing 
8. 

3, Results 
For simple reference to nucleation agent content, 
the following system of abbreviation is used 
throughout the results and discussion of this work. 
The glass number, for example G339, is followed 
by a bracketed term which represents the weight 
percentages of TiO2 and ZrO2, for example 
(4 .0t /7 .5z) .  

To avoid confusion over the naming of indi- 
vidual phases and because of the importance of 
solid solutions the Appendix describes the nature 
and occurrence of phases appearing in the relevant 
part MgO-A12Oa-SiO2-TiO2-ZrO2 system, 
both stably and metastably. 

3.1. Glass forming characteristics 
The glass forming characteristics of the compo- 
sitions are relatively poor because the viscosities of 
the melts at the liquidus are low. To test the possi- 
bilities for casting large articles without crystalli- 
zation in the mould, 50mm x 50mm cylinders 
were cast into graphite moulds with 6 mm walls 
preheated to 500~ and allowed to cool in the 
moulds. Of the glasses in Table II, G362 (11.50, 
which was orange brown in colour, marginally failed 
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Figure 2 Deformation parameter 
value as a function of nucleating 
agent content in stoichiometric 
cordierite compositions. 

,t 

this test; small dendrites were found to grow in 
the centre of the block, whereas G354, in which 
5%TIO2 was replaced by ZrO2 given a paler 
coloured glass was free of crystals. On the other 
hand the addition of only 0.3% F% 03, or substi- 
tution of CeO2 for TiO2, caused very pronounced 
internal crystallization. These results show a 
marked correlation between the depth of colour in 
the melt and its tendency to crystallize, presumably 
because the strongly coloured glasses cooled more 
slowly internally. The brown colour of the TiO2 
containing glasses was almost certainly caused by 
colour centres containing both titanium and 
impurity iron ions since TiO2 free glasses are not 
strongly coloured by F%O3 incorporation and 
very pure MAS glasses containing TiO2 are not 
brown. These facts need to be considered when 
fabricating thick section articles from cordierite 
glasses. 

3.2. Deformation during init ial 
crystal l ization 

The deformations suffered by the glasses during 
their conversion to the crystalline state are illus- 
trated in Fig. 2 in terms of the parameter D. The 
deformation was least for compositions containing 
most TiO2. As ZrO2 replaced TiO2 on a weight 
basis the deformation at first increased, but G339 

(4t/7.5z) and G313 (1 .gt/9.6z) show relatively low 
deformations, due to the change in crystal phase 
initially developed (see Section 3.4.). 

3.3. Differential thermal analysis 
The principal features shown by the DTA results 
of Fig. 3 are the glass transition, the initial crystal- 
lization, conversion to cordierite and melting. The 
results are useful for forming an appreciation of 
trends. However, as the heating rate was 
10 ~ C rain -I throughout with no hold, the transition 
temperatures may have been displaced upwards 
and the transitions themselves may have changed 
in character compared with standard heat treat- 
ments. Fig. 3a shows the traces for the glasses con- 
taining no ZrO2. For G362 (11.5t) the glass tran- 
sition temperature was 760~ similar to the 
glasses of lower TiO2 content in this series. How- 
ever, the temperature for the onset of crystalli- 
zation was raised from 885 ~ C for G362 (11.5t) to 
906 ~ C for G347 (10t), to 914 ~ C for G157 (7.4t) 
and to 1050~ when TiO2 was absent (G392) 
(presumably surface nucleated in this last case). 

Glasses containing high proportions of ZrO2 
gave complex behaviour as illustrated by Fig. 3b. 
For example, with G339 (4t/7.Sz) endothermic as 
well as sharp exothermic effects followed the major 
crystallization exotherm and preceded melting. 
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Figure 3 DTA traces of (a) a series of glasses with various 
levels of TiO 2 (wt%), and (b) a series of glasses with 
varying levels of TiO 2 and ZrO~ but with their sum equal 
to 11.5 wt%. 

3.4. X-ray diffraction 
For studies of the phase development of these 
materials, small solid samples were quenched from 
fixed temperatures during a standard heat treat- 
ment. The X-ray analyses are therefore represen- 
tative of conditions during continuous heat 
treatment, and cannot be related directly to data 
in the literature obtained after holds at fixed 
temperatures, for example to the " t ime -  
temperature-transformation" data given by 
Conrad [6]. 

A general feature of nucleated cordierite glass- 
ceramics is the appearance of a /3-quartz solid 
solution phase containing MgO and A1203 on 
initial crystallization. On further heating this phase 
is seen to exsolve MgO and A1203 and become 
SiO2 rich. To monitor the extent of exsolution, 
standard Debye-Scherrer powder photographs 
were made of glasses in the series MgO-A1203- 
nSiO2, with n between 2.5 and 10, that had been 
crystallized to produce/3-quartz solid solutions of 
known compositions. An analysis of unit cell 
dimensions showed fair agreement with the data of 
Schreyer and Schairer [13] (Fig. 4). At higher 
temperatures these compositions did not show an 
exsolution phenomenon, but tranformed directly 
to the stable phases cordierite and cristobalite. The 
extent of exsolution in nucleated materials was 
then determined from the unit cells calculated to 
give the best numerical fit with all diffraction lines 
clearly identifiable with/3 or (x-quartz. 

Fig. 5 shows the results for G339 (4t/7.5z). For 
example, the sample heated to 1000~ had a 
/3-quartz cell of a = 5.24 A, c = 5.31 A. These 
values correspond on Schreyer and Schairer's data 
to 49 and 37wt%SiO2 in the solid solution 
respectively, with the surprisingly low weighted 
mean of 45%, a composition with slightly fewer Si 
than AI atoms. When compared with the data of 
Fig. 4 from the present work, both a and e corre- 
spond to a silica content of 39 wt%, an even lower 
value. As shown by the work of Schulz et al 
[14, 15], described in the Appendix, unique unit 
cell values for a given solid solution cannot be 
expected because of order/disorder effects. Never- 
theless, despite some uncertainty in the compo- 
sitions of the solid solutions calculated in this way, 

the data can be used to give useful information on 
exsolution and phase distribution, especially their 
dependence on temperature, because, as can be 
seen from Fig. 5, the change of SiOz content with 
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temperature greatly exceeds the uncertainty of 
measurement. 

Fig. 6 shows approximate values of silica 
content of the ~-quartz in the four materials of the 
series t + z = 11.5% as determined from a weighted 
mean using Schreyer and Schairer's data as 
described above. The results of the four compo- 
sitions were strikingly different. The very low 
initial value of 45% SiO2 for G339 (4t/7.5z) was 
less than the 51 A% in the starting glass (neglecting 
(t + z)). On the other hand the value for G362 
( l l .5 t )  was initially higher than the others but 
subsequently became the lowest of the four. 

Armed with the data so obtained it became 
possible to estimate the proportion of the various 
phases produced during the heat treatment of 
these four compositions. The results shown in 
Fig. 7 (a to d) were obtained by dividing the 
components, MgO, A1203, SiO2, TiO2 and ZrO2, 
in such a way as to produce proportions of phases 
that fitted the rough visual assessment of the X-ray 
diffraction intensities. Each phase was assumed to 
contain either no MgO and A1203 or these 
components in equal proportions. At temperatures 
over 950~ it was assumed that no glass was 
present. No amorphous material could be detected 
by either X-ray or microstructural studies. 

In G362 ( l l .5 t )  the phase development was 
comparatively simple and has been previously 
described [3]. The proportion of quartz solid 
solution decreased at temperatures above 1050 ~ C, 

at first by the exsolution of spinel and later 
sapphirine and then from 1150~ onwards by 
reaction with sapphirine and pseudo-brookite to 
produce cordierite. 

In the composiriorf containing least TiO2, G313 
(1.9t/7.6z), the phases present at 1000~ were 
/3-quartz solid solution, ZrO2, magnesian petalite 
[16, 17], and a little spinel. The /3-quartz solid 
solution has a lower silica content than that 
produced in G362 (11.5t) because the ZrO~ con- 
tains relatively little magnesia and alumina in solid 
solution compared with pseudo-brookite. However 
the major difference compared with G362 (11.5 0 
lay in the long persistence of the very silica-rich 
fi-quartz phase and its exsolution product 
sapphirine between 1100 and 1200 ~ C. When the 
fi-quartz did break down, cristobalite rather than 
cordierite was the main product. Conversion of 
cristobalite and sapphirine to cordierite became 
half-complete only at 1250~ where the reaction 
suddenly became very rapid. By contrast, the for- 
marion of cordierite had reached the same stage in 
G362 (11.5t) at 1190~ and was rather more 
gradual. 

The behaviour of G354 (6.5t/5z) had many 
points of resemblance to G362 (11.50; however, 
there were also differences. The principal phase 
containing TiO2 and ZrO2 was a titania-rich 
TiO2 "ZrO2 solid solution that decomposed to give 
TiO2"ZrO2 and rutile at 1150 to 1200~ The 
~-quartz solid solution initially contained about 
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44% MgO + A12 O3, but lost this more quickly 
than the/3-quartz in G362 (11.St). Consequently, 
although the reaction to form cordierite occurred 
at a similar temperature, some cristobalite was also 
formed. 

The behaviour of G339 (4t/7.hz) was, in its 
later stages, intermediate between its neighbours 
G354 (6.5t/hz) and G313 (1 .gt/9.6z), but initially 
it was strikingly different because a large amount 
of a magnesian petalite was formed with only a 
small proportion of ~-quartz solid solution. In 
order to estimate the proportion of petalite it was 
assigned a MgO :A12 O3 :SiO2 composition of 1 : 1:3 ; 
for reasons given in the Appendix it seems most 
unlikely that it can contain less silica than this. The 
remaining composition was thus rich in magnesia 
and alumina, and the/~-quartz unit cell dimensions 
confirmed that it had the corresponding compo- 
sition of about 1:1:2 (46%SiQ) .  Because the 
X-ray pattern of /3-quartz was initially faint it 
seems probable that a significant proportion of the 
MgO and A1203 was combined with the TiO: and 
ZrO2, probably both before and after initial 
crystallization. A spinel solid solution formed at 
an early stage in G339 (4t/7.5z). The unit cell was 
initially 8.036 A but shifted to 8.060 A and to the 
normal value 8.083 A after the treatments at 1050 
and 1090 ~ C. The composition shifts implied by 
these unit cell variations have a negligible effect on 
Fig. 7c. Small but significant amounts of cristo- 
balite and cordierite were observed after heat- 
treatment to 1090~ when petalite had dis- 
appeared, and were probably decomposition 
products of petalite. The amount of/3-quartz, on 
the other hand, was found to have increased con- 
siderably at 1090~ and was probably the major 
decomposition product. 
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Figure 8 Dilatometric length changes of glasses in the 
series Tie 2 + ZrO 2 = 11.5 wt% during the transformation 
to cordierite. The length changes are based on the final 
length after heat treatment at 1280 ~ C for 1 h. 

1280 ~ C, followed by a hold of 1 h at that tempera- 
ture. The results are expressed as % expansion 
from the reference point of final length at 1280 ~ C, 
and demonstrate the considerable changes in 
density that occurred. It is immediately clear that 
in compositions G339 (4t/7.hz) and G313 (1.9t/ 
9.6z) a higher temperature was required to initiate 
conversion to cordierite than in G362 (11 .St) and 
G354 (6.5t/5z), a result which is entirely consistent 
with Fig. 7. 

3.5.  D i l a tomet r i c  length changes  
Because of the large deformations associated with 
the relative difficulty of nucleating the zirconia- 
containing compositions, the viscous contraction 
under the load of the contacting rod in the dilate- 
meter caused problems in monitoring true length 
changes during crystallization at normal heat 
treatment rates. To avoid this problem, dilatometric 
runs were performed on samples previously 
heated to at least 1050 ~ C so that viscous defor- 
mation was absent. Fig. 8 shows the length 
changes in samples of four compositions in the 
series t + z = 11.5 wt% obtained during heating at 
5 ~ C min -1 through the transformation range up to 

3.6. Properties of fully heat-treated 
materials 

The strength, density, expansion coefficient and 
overall glass-to-ceramic change in linear dimensions 
are recorded in Table II. The mean strengths of all 
products were in the range 180 to 208 MN m -2 for 
the sample size and surface finish used, except for 
those products which produced large amounts of 
cristobalite during heating and were subsequently 
weak and friable after full conversion to cordierite. 
The expansion coefficients were all in the range 
2.22 to 1.98 x 10-6K -1, the lower values being 
obtained in materials containing zirconia, or 
TiOz "ZrO2 as a final phase. 
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In every composition, the starting glass was 
denser than the final cordierite product. In the 
absence of viscous deformation during heat treat- 
ment there is therefore a net increase in linear 
dimensions from glass to ceramic of about 1.2 to 
1.3%. Compositions which were weak and friable 
after firing showed rather larger increases, indi- 
cating the presence of microcracks and porosity. 

4. Discussion 
The results presented above show that varying the 
proportions of TiO2 and ZrO2 used to induce fine- 
grained crystallization had a marked effect on 
many aspects of the crystallization process and 
product properties. The aim of this section is 
primarily to explain the origin of the observed 
changes and the relationship between them. 

4.1. Deformat ion  
The deformation sustained by the specimen before 
it stiffens due to crystallization is a measure of the 
difficulty of nucleation and early crystal growth. 
In lithia-alumina-silica glasses, mixtures of TiO2 
and ZrO2 give more efficient nucleation than 
either TiO2 or ZrO2 alone [9, 10], whereas in the 
magnesia-alumina-silica system the deformation 
is least for TiO2 alone. The reason for this may be 
that the pseudo-brookite solid solution that 
develops when there is a substantial molar excess 
of TiO2 over ZrO2 has a dendritic structure [3] 
which is much more effective in stiffening the 
partly crystallized glass than the minute individual 
particles of ZrO~ or TiO2" ZrO2 solid solution that 
precipitate when significant amounts of ZrO2 are 
also present. The actual crystal size of the/3-quartz 
solid solutions or magnesian petalite that develop 
is of the order 0.5 to 2.0/2m for all compositions 
containing 11.5 wt% TiO2 + ZrO2. 

4.2. Occurrence of petalite 
Petalite develops to the greatest extent in the 
composition G339 (4t/7.5z). The reason for this is 
by no means obvious. Holmquist [17] showed 
that the development of petalite was enhanced in 
glasses of composition MgO.A1203.n SiO2 by 
increasing n. Thus in the present compositions, 
petalite would be expected to be favoured by the 
prior or simultaneous formation of a phase that 
removes some of the MgO and A1203 from the 
glass composition. However, although such a 
phase, pseudo-brookite with the composition 

MgO'A12Oa'3TiO2 does develop first in G362 
(11.50, no petalite is found in this material 
despite the fact that the residual glass has a 
composition close to 1:1:3 compared with the 
original 1:1:2.5 molar ratio MgO:A1203 :SiO2. 

Three tentative explanations can be given for 
the occurrence of petalite as a major phase in 
G339 (4t/7.5z). 

(a) Neilson [4], in his studies of MgO'A1203" 
3SIO2 with 10% ZrO2 describes the separation of a 
ZrO2-rich amorphous phase prior to crystalli- 
zation. It is possible that when TiO2 is also present 
this amorphous phase is particularly rich in MgO 
and A1203, perhaps especially in A1203, to the 
extent that the residual glass phase composition is 
shifted to that favourable for petalite. 

(b) It is possible that the phase TiO2"ZrO2 
provides favoured sites for the nucleation of peta- 
lite. 

(c) Solid solution of ZrO2 and/or TiO2 in peta- 
lite or/~-quartz may lead to preferences for one or 
other of these to grow as major phases, dependent 
on the TiO2 and ZrO2 concentrations. 

On these suggested explanations, (a) is almost 
an essential condition for petalite formation, with 
(b) or (c) as alternative additional stimuli. An 
examination of the microstructure of G339 
(4t/7.5z) after heat treatment to 880~ shows 
only dendritic structures of the petalite phase (Fig. 
9a). In the surrounding glassy matrix there is no 
evidence of crystalline material of particle size 
greater than 5 nm, but within the dendrites there is 
a uniform distribution of dark particles which may 
well be a zirconia-rich phase that has become 
trapped during dendrite growth and that produces 
the weak, diffuse lines in the X-ray powder pattern. 
The poor nucleation efficiency of petalite, with a 
mean spacing of perhaps 1.5 to 2.0 #m between 
nucleating centres (Fig. 9b) suggests that it is not 
associated with the previous growth of a dendritic 
zirconia-rich phase in the same manner that 
pseudo-brookite precedes the growth of/3-quartz 
in G362 (11.50. 

At 1000 ~ C, the appearance of an alumina-rich 
spinel in G339 (4t/7.hz) before the exsolution of 
the silica-poor /3-quartz commences suggests that 
the composition of the petalite phase is corre- 
spondingly both silica- and slightly magnesia-rich 
compared with the molar ratio MgO:A1203: 
2.5SiO2. The early formation of spinel suggests 
that excess MgO and A1203 are indeed metastably 
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Figure 9 Magnesian petalite den- 
drites produced in 0339 (4t/7.5z) 
(a) after heat treatment to 880 ~ C 
only, (b) after heat treatment to 
1000 ~ Such dendrites are 
spaced about 1.5 to 2 ~m apart. 

associated with the TiO2 "ZrO2 phase upon initial 
crystallization but are soon exsolved to a meta- 
stable spinel solid solution (Fig. 7c). 

In the compositions in which petalite was 
found in this work, it was decreasing in concen- 
tration at I050~ at the heating rate used, and 
had disappeared by l l00~  It appears that in 
0339 (4t/7.5z) at least, it decomposes partly to 
cristobalite and cordierite, but mainly to/3-quartz 
solid solution. Since the decomposition takes place 
at the same time as the start of the exsolution of 
~-quartz, it is not possible to determine whether 
spinel is also a decomposition product. 

4.3, Exsolution of magnesia and alumina 
from/3-quartz solid solution 

The ~-quartz solid solution in 0362 (11.5t) 
originally contained less MgO and A12 03 than that 
in compositions containing ZrO2 in substitution 
for TiO2. At temperatures above 1080~ the 
slower rate of exsolution from the /3-quartz in 
G362 causes it to have a relatively high content of 
MgO and A12 03. As will be seen, this has important 
consequences at a later stage. No satisfactory 
explanation for the differences in rate exist at 
present, though it is interesting to note the equally 
mystifying differences in rate of exsolution for the 
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Figure 10 Cracks generated in 
G313 (1.9t/7.5z) after heating the 
glass to 1280~ and holding for 
1 h, (a) electron shadowgraph of a 
section about 1 t~rn thick and (b) 
scanning electron micrograph of a 
fracture surface. 

near surface and interior regions of both TiO2- and 
ZrO2-containing materials [3, 8, 18], and the 
absence of exsolution in compostions comprising 
MgO, A12 03 and SiO2 only. 

4.4. Formation of cristobalite and 
cordierite 

Examination of Figs. 6 and 7 shows that cristo- 
balite develops to the greatest degree in those 
compositions in which the exsolution of magnesia 
and alumina proceeds to the greatest extent. When 
the ~-quartz solid solution approaches pure SiO2 
in composition it becomes unstable, and at about 
1220 ~ C is converted to cristobalite. This occurs in 
compositions G339 (4t/7.5z) and G313 (1.9t/9.6z). 
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For G362 (11.5t)not only is the exsolution slower, 
as discussed above, but it is also interrupted by the 
conversion to cordierite, and cristobalite does not 
form. For G354 (6.5t/5z) the exsolution was not 
significantly slower than for the compositions 
richer in ZrO2 but the early formation of cordierite 
competes with that of cristobalite which is there- 
fore produced in relatively small amounts. 

However, with a more rapid heating schedule 
than the 5 ~ C min -1 normally used, for example at 
100 ~ C min -1 used in unpublished studies, in both 
G362 (11.5t) and more especially G354 (6.5t/5z), 
high levels of cristobalite are found. Presumably 
this results from the influence heating rate has on 
the relative rates of exsolution from/3-quartz, and 
back-reaction of/3-quartz solid solution with the 
exsolved phases to form cordierite. If  this is the 
case, it implies that cordierite formation is the 
more complex process of the two, requiring longer 
times at lower temperatures. 

The role of the nucleant also has to be included 
in the discussion. Whereas in compositions G362 
(11.5t) and G354 (6.5t/5z) there is sufficient TiO2 
to cause pseudo-brookite to be an initial phase, in 
G339 (4t/7.5z) and in G313 (1.9t/9.6z) pseudo- 
brookite is not present. This phase is not stable in 
the presence of /~-quartz solid solution, whereas 
TiO2-ZrO2 and ZrO2 are, and it may play a 
supplementary role in the overall conversion pro- 
cess when it decomposes to form rutile and spinel. 

The practical consequences of the formation of 
cristobalite in glass-ceramics of this type are two- 
fold. Firstly, if products containing large amounts 



of cristobalite are cooled from within the range 
1200 to 1250~ to room temperature, they crack 
spontaneously during the final stages of cooling. 
This appears to result from strain generated by the 
marked volume contraction of cristobalite on con- 
version from the /3-phase to the a-phase at about 
250 ~ C. Secondly, if cristobalite is removed by 
heat treating for a sufficient duration at 1280~ 
(at least 1 h) to complete the conversion to 
cordierite, compositions G339 (4t/7.5z), G371 
(6.5t/6.Sz) and G313 (l.9t/9.6z) are found to 
suffer from gross cracking as well as being weak 
and friable. Microstructural examination shows 
them to be full of voids and cracks (Fig. 10). 
These cracks probably develop due to the sudden 
increase in volume that occurs when the silica rich 
/3-quartz (cold density about 2.55 Mg m -3) converts 
to t3-cristobalite of rather lower density (about 
2.16 Mg m -3). In terms of the dilatometric length 
changes of samples on heating through the trans- 
formation range (Fig. 8), G362 (11.5t) and G354 
(6.5t/5z) were found to convert fairly smoothly to 
cordierite commencing in the range 1150 to 
1170 ~ C. On the other hand G339 (4t/7.5z) and 
G313 (1.9t/9.6z) exhibited rather larger changes in 
length associated with the greater extent of 
exsolution and the onset of conversion to cristo- 
balite in the range 1180 to 1200 ~ C. Initial rapid 
jumps in lengths were found, followed by a level- 
ling off and then a steady increase up to 1280 ~ C. 
The initial jump correlates with the formation of 
large amounts of cristobalite as detected by its 
X-ray pattern, with the kink in thermal expansion 
behaviour of samples quenched during heat treat- 
ment, and also with a sharp exothermic feature in 
the DTA traces. In localized regions where con- 
version to cristobalite occurs, inhomogeneous 
volume changes lead to high local strains and result 
in crack production when plastic flow is insuf- 
ficient to allow stress relief. Furthermore, if a 
block of material is not held within a narrow band 
of temperature, sudden increases in volume of one 
part of the block which is hotter than the re- 
mainder can impose long range thermal stresses 
which lead to gross cracking. Temperature, and 
hence conversion uniformity is therefore essential 
for the successful production of all cordierite 
glass-ceramics with little or no residual glass 
phase, and this poses a limit on block thickness 
because of the problems of removing exothermic 
heat fast enough to avoid rapid rises of tempera- 
ture. 

5. Summary and conclusions 
(1) The relatively poor nucleation efficiency of 
TiO2 in glasses of composition of that of cordierite 
(MgO. A12 O 3" 2.5SIO2 ) is not improved by substi- 
tution of ZrO2 for TiO2 on a weight basis. 

(2) Magnesian petalite is a major metastable 
phase during the initial crystallization in compo- 
sitions in which both TiO2 and ZrO2 are present, 
with the greatest observed amount produced at a 
molar ratio TiO2 :ZrO2 of about 1:1. Its formation 
depends on the prior phase separation of the glass, 
and once present affects the sequence of produc- 
tion of other phases. It decomposes to a mixture 
of /%quartz solid solution, cristobalite and 
cordierite at about 1050 ~ C during 5 ~ C rain -1 heat 
treatment. 

(3) The deformation that may be sustained by 
an article during heat treatment is related to the 
difficulty of nucleation of crystalline phases, is 
least for compositions containing TiO~ only, and 
decreases with increasing TiO2 content. Micro- 
structural and X-ray studies show that deformation 
is reduced if a dendritic pseudo-brookite phase is 
formed first. 

(4) The exsolution of spinel, and later sapphir- 
ine, from the /3-quartz solid solution occurs at a 
rate dependent on the amount and type of 
nucleating agent added. The crystallographic unit 
cell dimensions ofthe~-quartz change progressively 
as exsolution proceeds, and the trend conforms 
with the pattern found in previous work on un- 
nucleated systems. 

(5)The absence of pseudo-brookite as a 
nucleating phase in higher ZrO2 compositions 
increases the temperature at which conversion to 
cordierite occurs with the result that the/3-quartz 
solid solution exsolves further and converts to 
cristobalite. Cordierite forms only at temperatures 
above 1220 ~ C, instead of around 1150 ~ C when 
pseudo-brookite is present. 

(6)The appearance of cristobalite in large 
quantities is deleterious to the formation of a 
strong cordierite product after full conversion to 
the stable phases. The sudden increase in volume 
associated with the transformation of /3-quartz 
solid solution to cristobalite leads to the formation 
of cracks on a fine scale, and to gross cracking in 
sections more than a few mm thick due to the fact 
that temperature homogeneity is never achieved in 
a violent exothermic situation. 
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Appendix 
Phase characterization 
Because of the complex nature of the phase assem- 
blages developing in the glass-ceramics and the 
common occurrence of solid solutions and ill- 
defined phases, those phases occurring in the 
products are listed below with a description of 
relevant characteristics. 

ZrO2 
In materials heated to above 1000 ~ C, ZrO2 can be 
identified as the tetragonal form. At lower tem- 
peratures the diffraction pattern is very diffuse 
due to the small particle size, and a distinction 
between cubic and tetragonal forms cannot be 
made. This has been noted by Dusil and Cervinka 
[5] who pointed out the similar diffraction 
patterns of tetragonal zirconia and cubic ZrO-MgO 
solid solutions. BeaU and Duke [19] suggest that 
alumina may metastably be present in solid 
solution, a possibility supported by the fact that at 
about 1900 ~ C, ZrO2 takes up to 7% A1203 into 
stable solid solution [20]. At temperatures above 
about 1200 ~ C where the tetragonal or cubic phase 
of ZrO2 is stable, TiO2 enters ZrO2 in solid 
solution up to 20mo1% [21]. Metastable solid 
solutions are thus likely at lower temperatures. 

Ti02 "Zr02 
This phase has a diffraction pattern similar to 
ZrO2, but is in fact distinct, with a range of solid 
solution for TiO2 [22]. However, in the early 
stages of development, diffraction patterns of 
materials with compositions including both TiO2 
and ZrO2 cannot be unambiguously assigned to 
TiO2 "ZrO2 or to ZrO2, due presumably to the 
very fine particle size. 

Ti02 
Rutile with a normal diffraction pattern is the 
only TiO2 phase identified. 

Pseudo-brooki te  solid solut ions 
In the MgO-A12 Oa-TiOa system, pseudo-brookite 
has a range of existence along the composition 
limits A12TiOs to MgTi2Os. The phase is stable 
only above a temperature which varies from 
1262 ~ C to about 1000 ~ C along this composition 
join [23]. The composition can be determined by 
X-ray diffraction with the aid of standards. 

Spinel 
The composition has a stoichiometry close to 
MgA1204 based on unit cell dimensions, except 
where mentioned in the text. An extensive range 
of solid solutions with A12Oa and/or TiO2 exists 
at high temperatures and also probably metastably 
at low temperatures. SiO2 may also enter solid 
solution, and recent information confirms this 
[24]. 

Sapphirine 
This phase has a composition approximating to 
Mg2A14SiO10 but natural and synthetic crystals 
are usually richer in alumina than this with 2A1 
replacing Mg + Si. In the glass-ceramics it forms 
as an exsolution product of ~-quartz solid solution 
at a later stage than spinel, which it replaces. The 
exact composition of the sapphirine that developed 
in the present work is unknown but to simplify 
consideration of the crystal phase development, 
the composition Mg2 A14 SiOlo was assumed in the 
calculation of Fig. 7. 

/~- or high- quartz solid solution (sometimes 
undesirably named #-cordierite) 
The /3-quartz SiO2 structure can take MgA1204 
into metastable solid solution over a wide range of 
composition and at least up to MgO-A12 03" 2SiO2. 
The A13§ ions normally occupy silicon sites and 
the Mg 2+ ions interstitial sites. Only when there is 
a deficiency of other suitable ions will A13§ ions 
occupy interstitial sites [25]. Schreyer and Schairer 
[13] found that the unit cell dimensions of MgO. 
A12 03 "nSiO2 solid solutions were linearly depen- 
dent on the weight proportion of SiO2, but subse- 
quent studies [14, 15] showed that ordered super- 
structures formed with prolonged heat treatment 
of the silica-poor compositions and caused some 
variation in the dimensions of the basic unit cell. 
Superstructure lines were not observed in the 
nucleated materials of the present study. 

(x-quartz 
When the silica content of the /~-quartz solid 
solution is greater than about 85% the structure 
converts to a-quartz on cooling. The transition as 
indicated by dilatometric studies becomes sharper 
and moves to higher temperatures as the silica 
content of the phase increases. However the 
transition temperature is not solely dependent 
on composition, it is also a function of grain size. 
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Magnesian pe ta l i te  
Schreyer and Schairer [13] discovered that a 
phase with an X-ray diffraction pattern akin both 
to the natural mineral petalite, Li20"A1203" 
8SIO2, and to synthetic lithium disilicate Li20" 

2SIO2, which have similar structures [26], could 
develop in heat-treated MgO-A12 O3-SIO2 glasses. 
The Composition was thought to lie within the 
triangle bounded by the molar MgO:A1203:SiO2 
ratios of 1:0:2, 1:1:8, 1:1:3. However, it could 
not be grown from glasses on the edges or corners 
of this triangle. Subsequently, Holmquist [17] 
found that this phase, which was characterized in 
his products by two strong lines at about 3.74 and 
3.66 A, was developed in a glass of composition 
MgO'A1203"3SiO2 + 10wt% ZrO2 by long 
periods of treatment at relatively low temperatures, 
and more strongly when the MgO:AI203:SiO2 
ratio was changed to l:1:4.3. Dusil and Cervinka 
[5] obtained similar results in a glass of  MgO: 
A1203:SiO 2 ratio of 1:0.4:2.8. In the present 
work, the composition assumed for the petalite-like 
phase is 1:1:3. Any significantly higher silica 
content would be inconsistent with the overall 
composition and that of  the other phases present, 
and a lower silica content would be inconsistent 
with the fact that petalite is generated most easily 
in compositions richer rather than poorer in silica. 

The X-ray 'd-spacings' observed correlate well 
with those of Holmquist except that there is a 
general shift to lower values. The results (in A 
units) listed below were obtained for G339 
(4t/7.5z) heated to 1000 ~ C. 

7.10row, 3.72vs, 3.62s, 3.54w, 2.63wd, 2.54w, 
2.47w, 2.360w, 2.245w, 2.041mw, 1.920mw, 
1.715 w, 1.618w. 

s = strong, m = medium, w = weak, v = very, 
d = diffuse. 

The line at 2.47 • may have been shifted by a 
neighbouring spinel line. 

Cristobalite 
Cristobalite develops during heat treatment of 
ZrO2-containing compositions at about 1200~ 
It is assumed to be pure SiO2 and its relative 
proportion can be estimated from the magnitude 
of the change in expansion coefficient consequent 
upon the a, /3 inversion at about 250 ~ C. Cristo- 
balite is metastable relative to /~-quartz below 
about 1130 ~ C. Thus, if it is formed at lower tern- 

peratures,it probably derived from another source. 
Tridymite is said to be the stable Si02 phase in 
this temperature region but it has not been 
observed in the present work. 

Cordierite 
The anhydrous form of cordierite stable below 
1440~ C is the low (orthorhombic) one. Between 
1440~ and the incongruent melting point of 
1455~ a high (hexagonal) form is the stable 
phase. Its composition is nominally MgO-A12 03" 
2.5SIO2 with a limited solid solution range in 
which Mg2++ Si 4+ replaces 2A13+. A metastable 
hexagonal form is found by X-ray diffraction in 
the glass-ceramics of this study, but it is possible 
that in fact the product really comprises micro- 
domains of low cordierite assembled to give 
apparently hexagonal symmetry [27, 28]. 
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