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X-ray diffraction analysis at high temperature 
on two ceramic systems 

A. BENEDETTI ,  G. F A G H E R A Z Z I *  
Istituto di Chimica Fisica, Universitb Cb Foscari, D.D.2137, 30123 Venezia, Italy 

S. M E R I A N I  
Istituto di Chimica Applicata, Universitb, via Valerio 2, 34127 Trieste, Italy 

The/3-eucryptite//3-spodumene phase transition in glass fibres of a S iO2-AI203-L i20-  
MgO-ZnO-K20-P205 system and the crystallization of a ZrO2-CeO2 solid solution 
have been studied in situ, at high temperature, using a special home-made thermal attach- 
ment for X-ray powder vertical diffractometers. The/3-eucryptite//3-spodumene transition 
was observed in the temperature range between 865 and 930 ~ C. A significant unit cell 
shrinkage was observed for/3-eucryptite from which it is possible to conclude that the 
first crystallized phase is surely an eucryptite-silica solid solution. This agrees with the 
small thermal effect shown by DTA for this crystalline transition. With the same high 
temperature attachment the evolution of the average crystallite size, L 11 a, was followed 
as a function of the thermal treatment in a 0.84 ZRO2-0.16 CeO2 tetragonal structured 
solid solution. 

1. I n t r o d u c t i o n  
In this paper the importance of X-ray diffraction 
analyses in situ at high temperature for the eluci- 
dation of the crystallization process of ceramic 
materials is shown with reference to two different 
examples. 

A special home-made thermal attachment for 
X-ray powder vertical diffractometers was applied 
to study the following two ceramic systems: (i) 
glass fibres of composition (mol%): SiO2 62.85, 
A1203 10.75, Li20 16.30, MgO 4.53, ZnO 3.00, 
K20 1.29, P2Os 1.28; (ii) oxide mixture obtained 
by thermal treatment of a gel formed during the 
mixed hydrolysis of metallorganic compounds of 
formula: Ce(CsHTO2)3 �9 x H20 and Zr(CoH90)4. 

In the first case the /3-eucryptite//3-spodumene 
phase transition was followed and recorded. In 
the second case the X-ray line broadening was 
studied, as a function of the thermal treatment, 
with reference to a crystalline phase made of a 
tetragonal structured solid solution of the system: 
0.84 ZrO2-0.16 CeOz. 

2. Experimental details 
2.1. Samples preparation 
The glass chosen for the fibre production was 
obtained starting from pure chemical raw materials 
mixed in a platinum alloy crucible which was 
brought up to 1450~ and kept under a stirring 
action for two days. The fluid glass was poured 
and quenched to be broken down into small 
fragments. The latter were used to feed the fibre 
spinning apparatus described elsewhere [ 1 ]. Fibres 
with a mean diameter of about 15/am were made, 
They were checked under a polarizing microscope 
and found to be clear and homogeneous. 

For the preparation of the second material, the 
necessary amount of the metallorganic precursors, 
Ce(III)2-4-pentanedionate and Zr-tetra-n-butoxide, 
calculated on the basis of their actual cation con- 
centration, were dissolved in an anhydrous ethanol 
solution. This latter was heated at a simmering 
temperature in a round bottom, two-necked flask 
equipped with a stirrer and reflux condenser. The 
excess ethanol was distilled off and the viscous 
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brown liquid was added of a certain amount of  
water to ensure complete hydrolysis. Gelling could 
take place in a short time. The semi-solid mass was 
left to dry overnight on a metal pan at 180~ 

2.2. Differential thermal analysis 
Differential thermal analysis (DTA) was carried 
out with a Netzsch apparatus using the following 
experimental conditions: heating rate 10~ 
sensitivity, 0.05mV; sample weight, 200mg/ 
200 mg A1203; crucibles, platinum of 0.3 ml. 

2.3. High temperature X-ray attachment 
The description of the high temperature chamber, 
here employed, was published by Spinolo et al. 

[2] who are the originators. 
The furnace is driven by a Leeds and Northrup 

three action current-adjusting type (CAT) con- 
troller in connection with a silicon rectifier power 
unit. Two thermocouples are employed: the one 
leading to the control unit is positioned in the 
furnace close to the heating wire; the other is 
inserted in a hole drilled from the bottom of the 
metal block, constituted by nickel, up to about 
0.1 mm below the lower surface of the sample 
for the precise measurement of its temperature. 
The maximum temperature which the sample can 
reach is about 1000 ~ C with a total accuracy of the 
system equal to -+ 2~ The precision is much 
higher: as an example, a typical result of some 
twenty measurements during about 2h  near 
520 ~ C shows a standard deviation of 0.2 ~ C [2]. 

A Philips vertical diffractometer, the CuKe Ni- 
filtered radiation and a scintillation detector with 
pulse-height discrimination were used. The cali- 
bration of the 20 angular position was performed 
using a standard ZnO powder sample at the same 
experimental conditions. The alignment of the 
sample holder placed inside the chamber lid is 
easy and well repeatable in case of  sample change. 

In the study of /3-eucryptite//3-spodumene 
transition the X-ray diagrams were recorded in 
the 20 range between 14 and 30 ~ using a scanning 
speed of 1 ~ min -t. For the X-ray line broadening 
analysis of the zirconia-ceria solid solution only 
the 1 1 1 peak could be investigated. In this case a 
speed of 0.25 ~ rain -1 was employed. 

3. Results and discussion 
3.1. (3 lass-ceramic fibres 
At first, the thermal evolution, i.e. the devitrifi- 
cation of the glass fibres was investigated by means 
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Figure l Differential thermal analysis (DTA) curve of 
glass fibres. The Greek symbols correspond to the crys- 
talline phases reported in Fig. 2. 

of DTA and XRD (X-ray diffraction) standard 
equipments. The fibres were suitably powdered. 

Fig. 1 shows the DTA curve of the glass fibres. 
It is characterized by a small endothermic effect 
at about 560 ~ C, which is due to the glass tran- 
sition and identified as the Tg temperature. This 
effect is followed by a strong exothermic peak at 
about 680~ due to the primary phase crys- 
tallization. Another small exothermic peak has 
been found at 900 ~ C, before the endothermic 
sequence at 975 ~ C. 

Three points, reported in Fig. 1 as 1, 2 and 3, 
have been chosen to check for phase crystallization 
or reaction in this glass. As shown in Fig. 2, the 
phases found at the temperatures reported in the 
DTA trace, are Li2MgSiO4, LiA1SiO4 03-eucryptite) 
and LiA1Si206 (13-spodumene). 

Beta-eucryptite is the primary phase found at 
about 680~ With the present methods the 
Li-Mg-silicate has been detected at about the 
same temperature range. Its presence is based on 
diffraction peaks of weak intensity and of not very 
precise position. Upon further heating, between 
870 and 925 ~ C, the 13-eucryptite phase transforms 
to a 15-spodumene structure. The following endo- 
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Figure 2 X-ray diffraction patterns of the fibres, after 
heating and quenching at the temperatures corresponding 
to the numbers indicated in the DTA curve of Fig. 1. 

thermic peaks are probably due to the decom- 
posi t ion of  the newly-formed phases or the soft- 

ening of  the remaining glass, because at 975 ~ C the 
fibres are aggregated together.  The formation of  
these crystalline phases is in agreement with pre- 
vious observations on similar glass compositions 
which had been brought to devitrification, like the 

ones reported by  Doherty et al. [3]. In the com- 
posit ion of  this latter system TiO2 (4.75 wt%) was 
present also, and the r 
transit ion took  place between 975 and 1025 ~ C, 
i.e. at a temperature higher by  100 ~ C than the one 
observed in the present system. 

Since in several mass glassy systems (as 
opposed to fibre glassy systems) the ~-eucryptite/ 
/3-spodumene transit ion was found to be very fast, 
as noted by  Skinner and Evans [4] as well as by 
Doherty et aL [3], in this work we planned to 
follow the above mentioned transition by using 
the previously described high temperature 
chamber. In fact, it  was not  possible to obtain by 
quenching a XRD pat tern in which both 
/3-eucryptite and 13-spodumene were present 
together.  

Fig. 3 shows some meaningful XRD patterns 
directly obtained at high temperature within the 
865 to 930~ temperature range. Each diffracto- 
gram started after an isothermal stage of  1 h at 
each temperature investigated, except for the one 
which was recorded at 880~ after 10min.  The 
wt % of  t3-eucryptite and 13-spodumene were calcu- 
lated as a function of  temperature averaging two 
sets of  complementary experimental  data directly 
obtained from the relative X-ray intensities of  
(10 0) t3-eucryptite and (10 2)/3-spodumene reflec- 
tions, respectively. In all the present XRD diagrams 
the intensity of  the strongest peak appears nearly 

constant ,  independently on the temperature 
investigated. This fact shows that  the X-ray inten- 
sities can be directly compared to each other in all 

the patterns investigated if we assume that the 
effect of  temperature on XRD intensity is negligible 

in the present study (ATmaximum = 65~ and 
that  no preferred crystal orientation is present. 

T A B L E I Percentages (wt%) of t3-eucryptite and 13-spodumene and related unit cell parameters, as functions of the 
thermal treatment 

Temperature 13-eucryptite /3-spodumene /3-eucryptite #-spodumene 
investigated (wt%) (wt%) unit cell parameters unit cell parameters 
(~ C) +- 2 -+ 5 +- 5 ao (rim) c o (nm) ao (nm) co (nm) 

+_ 0.002 +- 0.002 +- 0.002 _+ 0.002 

865 (1 h) 100 0 0.517 1.093 - - 
880 (1 h) 47 53 0.517 1.093 0.750 0.915 
900 (1 h) 20 80 n.d.* n.d. 0.750 0.915 
910 (1 h) 15 85 n.d. n.d. 0.750 0.915 
930 (1 h) 0 100 - - 0.750 0.915 
880 (10 rain) 64 36 0.517 1.093 0.750 0.915 
Quenching from 750 ~ C 100 0 0.521 1.094 - - 
Quenching from 925 ~ C 0 100 - - 0.744 0.914 

*n.d. - no data. 
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Figure 3 X-ray diffract ion pa t te rns  of  slightly powdered  glass fibres, taken in situ by means  o f  the high t empera tu re  
a t t achment ,  wi th in  the  865 to 930 ~ C range. 

The so-obtained percentages are reported in 
Table I, where the unit cell parameters are also 
indicated. Fig. 4 shows both the trend 6f the 
amount of variation of the two phases in,%lved, 
as a function of the temperature investigat6d, and 
the trend of increasing ~-spodumene content 
during the isothermal stage at 880 ~ C, as a func- 
tion of time. 

The hexagonal unit cell edges of  pure 
t3-eucryptite (space group C622) are reported in 
the literature to be equal to ao = 0.527nm and 
c o = l . 1 2 5 n m  [5] or to ao=0.5245nm and 
co = 1.120rim [6], whereas the pure/3-spodumene 
tetragonal unit cell (space group P%2~2) is quoted 
as follows: ao = 0.7533 rim, Co = 0.9154nm [4] or 
ao = 0.7541 nm, Co = 0.9156 nm [7]. As indicated 
in Table I, the unit cell directly found at high tem- 
perature for/3-eucryptite is somewhat lower than 
that reported in the literature, especially for the Co 
parameter, whereas the /3-spodumene unit cell 
data turn out to be much closer to the values 
related to the stoichiometric compound. The unit 
celt shrinkages, here calculated for both the crys- 

talline phases under investigation, point out that 
the first crystallized phase is surely an eucrypti te-  
silica solid solution based on the /~-eucryptite 
hexagonal structure and that the second phase is 
probably a solid solution of /3-spodumene with 
silica, having a tetragonal structure, This agrees 
with the structure data reported by Roy [8], 
Skinner and Evans [4] and Keat [9]. Moreover, a 
previous paper by Hatch [10] showed, in a phase 
equilibrium study of lithia-alumina-silica sys- 
tem, the presence of ~-eucryptite as well as of 
~3-spodumene solid solutions with silica. 

Thus, it is possible to conclude that the crys- 
tallization of the glassy phase of composition 
intermediate between pure eucryptite and pure 
spodumene starts firstly with a hexagonal 
~3-eucryptite like structure (solid solution), to 
be subsequently transformed, at an adequate tem- 
perature, to a tetragonal/3-spodumene structure. 
This observation also agrees well with the existence 
of solid solutions between ~-eucryptite and 
/3-spodumene, as shown by Hatch [10] and by 
Roy et  al. [ 11 ]. 
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Figure 4 Variation of the wt% amount of 3-eucryptite and 
3-spodumene as a function of temperature and time. 

The possibility of  replacing one aluminium plus 
one lithium atom by one silicon atom is well 
known in the tetragonal 3-spodumene structure 
until the pure tetragonal silica, named keatite [9], 
is obtained. Beta-spodumene can be considered as 
a stuffed silica structure where lithium atoms 
progressively fill the available interstices. In the 
present glass-ceramic system we have shown that 
the phase inversion goes from a compound richer 
in lithium and aluminium, such as 3-eucryptite, 
towards a compound less rich in lithium and alu- 
minium, such as 3-spodumene. The structures of  
these two compounds are similar which is shown 
by the angular closeness of  some peaks in their 
X-ray patterns (for example the strongest peak 
is practically coincident in the solid solutions). 
As a result of  these structure investigations, it can 
be easily explained that the heat involved in this 
transition is rather small, as shown by the second 
DTA exothermic peak in the curve of  Fig. 1, 
owing to the fact that extended movements of  
ions are not required to occur, changing from one 
structure to the other. 
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3.2. ZrOz-Ce02 solid solution prepared 
from metalloTganic precursors 

As an illustration of  the whole set of  measure- 
ments, Fig. 5 shows four diffractograms of  the 
zirconia-ceria tetragonal solid solution recorded 
at 460, 620, 776 and 944 ~ C, respectively, after 
two hours at each temperature investigated, in 
order to be close to the thermodynamic equi- 
librium of  the system. 

The average crystallite size, measured perpen- 
dicularly to the (11 1) reflecting planes, Ll11, has 
been obtained by applying the well known 
Scherrer Equation: 

K X  

Ll l l  3cos0111 

where 3 is the "pure" or corrected line width (or 
breadth), X is the wave-length o f  the CuKe radi- 
ation and K is a constant which is close to 0.9 
when/3 is measured as half-maximum width (31/2), 
whereas it is close to 1.1 when the integral breadth 
(3i) is used. In both cases the K values refer to 
octahedrally shaped crystallites [ 12]. 

Since the observed (non corrected) X-ray line 
widths are large enough and the Kc~ doublet separ- 
ation small enough so that the doublet correction 
can be neglected, only the correction for instru- 
mental broadening has been carried out, using the 
narrow X-ray reflections of  a polycrystalline ZnO 
standard specimen irradiated on the same exper- 
imental conditions used for the solid solution 
samples. The X-ray 111 line profile, due to the 
sample heated at 944 ~ C, was found to be very 
close to a Lorentzian square (or modified) func- 
tion. In fact, from a least square calculation, 
based on a set of  about thirty experimental points, 
the observed profile was fitted well with a Pearson 
VII analytical function [13] having an exponent 
value close to 2. For this kind of  profiles a cor- 
rection curve reported by Tekiz and Legrand [14] 
is very suitable, so it has been employed here. 

In Fig. 6 it is possible to see the trends of  L111 
obtained either from 31/2 or 3i as functions of  the 
temperature investigated. The two trends are 
similar to each other, showing that, starting from 
about 650 to 750~ the crystal growth is 
enhanced as a function of  the temperature, with 
respect to the linear increase shown in the range 
between 219 and 650 ~ C. A question can arise in 
connection with a possible influence of  the thermal 
diffusion scattering (TDS) upon the X-ray line 
breadths [15]. In order to evaluate experimentally 
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Figure 5 X-ray 111 reflection of the zirconia ceria solid solution recorded at various temperatures. In the last diffrac- 
togram the 0 0 2-20  0 tetragonal doublet is evident. 
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Figure 6 Trends of the L1 ~ ~ crystaUite sizes, obtained 
from either half-maximum or integral width, as functions 
of the temperature, for the zirconia-ceria solid solution. 
The relative error is indicated in Fig. 7 (_+ 1 nm). 

this effect we have examined at room temperature 

the sample after having quenched it from 944~ 
A slight decrease has been noted in the order of 

about 10%, for either ~1/2 or r corresponding to 
a slight increase in crystallite size, as shown in Fig. 

6. Therefore, it is possible to conclude that system- 

atic errors introduced by TDS are tolerable for the 
purpose of this research work, in the temperature 

range here investigated, taking also into account 
that the material examined has a very high melting 
point (about 2700 ~ C). In Fig. 7 a kinetic curve for 

the L11, growth at 944 ~ C is displayed. 
In Fig. 8 the trend for the d l ~  interplanar dis- 

tance increase, as a function of temperature, is 

shown. For comparison purposes, the dll~ values 

of pure tetragonal zirconia and pure cubic ceria 
are equal to 0.2957 nm [16] and 0 .3124nm [17], 
respectively. Also for this parameter a significant 

enhancement can be noted after 600 to 650 ~ C. 
From these data an average thermal expansion 
coefficient, c~, of about 10 x 10-6(K -1) was 

obtained for temperatures in the range 600 to 
900 ~ C. 

All the present observations agree with the 
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results recently reported by Meriani and Sorard 

[18] who showed that the reactivity of the "as 

gelled" precursors was very high, while the sintering 
ability was poor. A better sinterability was pre- 
sented by "calcined-gel" precursors for which a 
firing treatment at about 550~ assured a com- 

plete carbon burn out and delivered a bright 

yellow powder which could be pressed down into 

pellets of about the same green density obtainable 

by an oxides mixture made up in a conventional 
way. The higher sintering ability shown by the 
"calcined-gel" oxides can be paralleled with the 
present structural data which show that, at tem- 
peratures higher than 600 to 650 ~ C, the crystal 
growth and the crystal thermal expansion of the 
zirconia-ceria solid solution become meaning- 
fully higher than those presented at lower tem- 
peratures. 
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