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Isothermal devitrification of an oxynitride LAS
glass composition monitored by X-ray powder
diffraction
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The crystallisation of a Li0.6Al0.1Si0.6O1.575N0.05 glass matrix has been studied by means of
X-ray powder diffraction at 730◦C. Data diffraction and EDS analysis have shown the
simultaneous formation of two crystalline phases Li2SiO3 and Li0.6Al0.6Si2.4O6 (so-called
virgilite) with no evidence for the presence of nitrogen in these phases. The Avrami
exponent has been determined for each phase from several time-dependent X-ray
diffraction studies. The values of the Avrami exponent, close to 2.25, suggest that
crystallisation is tri-dimensional and controlled by a diffusion process with a decreasing
nucleation rate at 730◦C. With respect to the aluminium-containing phase, a long time heat
treatment at this temperature has not revealed a phase transition from the metastable
hexagonal symmetry to the stable tetragonal one. The XRD correlation length values, from
the Scherrer equation, are close to 450 Å. Furthermore, SEM micrographs have confirmed
the volume crystallization of this glass composition and the approximate linear dimension
of the regions of diffracting materials. C© 2003 Kluwer Academic Publishers

1. Introduction
Structural transformations like glass crystallisation af-
fect materials stiffness and generally enhance the me-
chanical characteristics of the materials. Likewise, it
is well known that partial replacement of oxygen by
nitrogen in a lithium containing aluminosilicate glass
increases hardness, viscosity, glass transition tempera-
ture and elastic moduli [1]. In addition, the subsequent
crystallization of oxynitride glass ceramics has been
shown to further enhance the properties of these ma-
terials [2]. Differential Scanning Calorimetry (DSC)
and Differential Thermal Analysis (DTA) are the usual
and convenient means of investigations for this first
order phase transformation involving both nucleation
and growth. Different analytical methods have been de-
veloped and studies can be performed from isothermal
or non-isothermal experiments. Nevertheless, when the
temperature range for crystallisation is located beyond
600◦C, only non-isothermal studies are well suited.

Concerning the solid-state transformations occurring
in crystalline materials, extensive investigations based
on neutron powder diffraction or X-ray diffraction us-
ing synchrotron radiations have been reported in the
literature [3–6]. Despite the lower intensity obtained
with a conventional X-ray source, the use of powder
diffraction in laboratory has became a relevant tool
for the characterisation of structural or microstruc-
tural changes in materials [7]. Nevertheless, no system-
atic investigations on the devitrification phenomenon
studied from this way have been undertaken previ-

ously, except for the study of a phase transformation
in SrAl2Si2O8 glass [8]. In this specific field, the tem-
perature and time-dependent X-ray diffraction could
be viewed as a most valuable technique that completes
more conventional methods such as DSC or DTA [9].

Consequently, the aim of this paper is to study, from
a time-dependent X-ray diffraction analysis, the crys-
tallization behaviour of an oxynitride glass composi-
tion described by Li0.6Al0.1Si0.6O1.575N0.05. This can
be useful for the designing of glass ceramic in order to
combine strength, toughness and the potential for high
temperature oxidation resistance.

2. Analytical method
The Avrami’s law applies well to isothermal devitrifi-
cation studies of glasses [10]. This law may be written
as:

x = 1 − exp[−ktn] (1)

where x is the volume fraction crystallised after time
t , n is the Avrami’s exponent and k is defined as the
apparent reaction rate, which is usually assigned an
Arrhenian temperature dependence:

k = k0 exp(−E/RT ) (2)

where E is the activation energy describing the overall
crystallisation process.
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After rearrangement of Equation 1, one obtains:

ln[−ln(1 − x)] = ln k + n ln t (3)

Relation (3) gives directly the values of n by plotting
ln[−ln(1 − x)] versus ln t .

Consequently, the Avrami exponent can be deter-
mined from experimental values of the crystallized vol-
ume fraction. Theoretically, the x value at a time t can
be obtained from I(hkl), the diffracted intensity of hkl
reflections at the same time. I(hkl) is given by the well-
known equation:

I (hkl) = mL F2(hkl)V p(hkl) (4)

where m is the multiplicity factor, L the Lorentz-
polarisation factor, F(hkl) the structure factor for a re-
flection hkl, V the effective diffracting volume of the
sample and p the preferred orientation factor for the
reflection hkl. In principle, the p factor value should
be constant during the transformation. In practice, over
one independent diffraction line is considered in the
analysis. In addition, to avoid dramatic changes in
diffraction lines intensities leading to subsequent ab-
normal variation of the transformed volume fractions,
a careful preparation of the starting powder is needed by
checking that the crystallites are randomly oriented in
the sample. Nevertheless, if the x value for the quenched
glass sample can be obviously estimated to zero, we
must take care to the determination of x value for an infi-
nite heating time (x∝). The devitrification is never com-
plete, it always remains a residual glassy phase which is
not a diffracting material. However, the corresponding
volume fraction could be estimated from background
measurements to be less than a few per cent. Thus, the x
value will be considered as 1.0 and the volume fraction
expected to be crystallized at time t will be defined by
the ratio (Equation 5) of the integrated intensity of a
diffraction line at time t over the maximum of the inte-
grated intensity reached by the same diffraction line:

xt = I (hkl)t

I (hkl)∞
(5)

3. Experimental
3.1. Glass synthesis and thermal treatment
Starting materials were commercial products Al2O3
(Johnson Matthey) SiO2 (Quartz et Silice) and Li2SiO3
(Aldrich). A single piece of glass (≈50 g) has been pre-
pared by melting up to 1300◦C the powders inside of a
molybdenum crucible under a nitrogen atmosphere to
prevent oxidation. Then, the melt has been poured into a
molybdenum mould at room temperature. In this work,
the overall crystallisation process of the quenched glass
was not influenced by the impurity content of the start-
ing materials (less than 0.5%). Some physical charac-
teristics of this glass composition (from Ref. [1]) are
summarized in Table I.

All the glass samples used in these isothermal stud-
ies were bulk specimens (weight: 500 mg ± 10 mg)
from the single piece of glass. The isothermal study
was performed at 730◦C during various times. Tem-
perature was measured by means of a chromel-alumel

TABLE I Physical characteristics of the quenched glass

N content ρ E α · 107 Hv Tg

(atomic %) (g·cm−3) (GPa) (◦C−1) ν (MPa) (◦C)

3.07 2.42 90 105 0.23 5100 500

Experimental density (ρ), Young modulus (E), Thermal expansion coef-
ficient (α), Poisson’s ratio (ν), Vickers microhardness (Hv), Glass tran-
sition at 10 K/min (Tg).

thermocouple in contact with the bulk sample inside
an inert platinum crucible. The temperature of the bulk
sample can be considered as homogeneous after one
minute at the working temperature, so we can assume
that no crystallisation occurs during this short time.

3.2. X-ray diffraction analysis
The crystalline phases obtained after the heat treatment
were identified by X-ray powder diffraction. Data were
collected with a PHILIPS diffractometer, using Cu Kα

radiation [λ(Kα1) = 1.5406 Å, λ(Kα2) = 1.5444 Å]
and the Bragg Brentano optics. Phases were identified
by interrogation of the ICDD PDF-2 database incor-
porated in the program SEARCH/MATCH available in
the PC software package X’PERT supplied by Philips.
In order to minimise the diffraction lines broadening,
the heated bulk samples were grounded and sifted to se-
lect a single granulometry class in the range from 20 to
50 µm. As the diffraction line intensity is a function of
the crystallized volume fraction, the weight of the ana-
lyzed powder samples must remain the same. Because
of the relatively slow rate of the devitrification, short
heating times yield to particularly low x values. Then,
in this slow transformation, high quality data were re-
quired and were collected ex situ with a scintillator de-
tector. Finally, to ensure satisfactory counting statistics,
the diffraction patterns were scanned with a step length
of 0.04◦ (2θ ) and a counting time of 20 s · step−1. Inte-
grated intensities were extracted from selected diffrac-
tion lines by using the program PROFIT supplied by
Philips.

4. Results and discussion
4.1. Phase identification
The presence of several components in the glass pro-
vides a possibility of forming a large number of crys-
talline species. Moreover, the nature of the crystalline
phases is mainly influenced by the heat treatment and
the grain size of the initial specimens. Thus, the dif-
ferent phases that were present in the bulk samples
after the isothermal experiment have been clearly iden-
tified. Fig. 1 represents a typical XRD pattern obtained
for a glass sample previously heated up to 800◦C in
the DTA apparatus and then cooled down to room
temperature.

The diffraction patterns show the simultaneous pres-
ence of Li2SiO3 (PDF2 file No. 29-0828) and another
phase identified as Li0.6Al0.6Si2.4O6 (PDF 2 file No.
31-0707), a mineral so called virgilite with a hexagonal
symmetry. Until now, this last has been only ob-
served in a volcanic glass of unusual composition from
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Figure 1 Phase identification (*) Li2SiO3 (+) Li0.6Al0.6Si2.4O6.

Macusani, Peru [11]. This mineral is the only known
naturally occurring member of the β-quartz solid solu-
tion between LiAlSi2O6 and SiO2. In addition, an EDS
analysis has confirmed there was no evidence for the
presence of nitrogen in the different crystalline phases.
Besides, a long time heat treatment at 730◦C has not
revealed a phase transition from the hexagonal symme-
try to the tetragonal one (PDF 2 file No. 21-503) for the
aluminium-containing phase. This was mentioned in a
previous study performed on a pure oxide glass with
the same cationic composition [12].

4.2. Isothermal study at 730◦C
Fig. 2 represents the crystallized volume fraction at
730◦C as a function of time logarithm, for both the
silicate (LS) and aluminosilicate (LAS) phases. The
x values have been determined from several diffrac-
tion lines. With regard to the time dependence, there is
no difference between the two crystalline phases and
the devitrification can be considered as achieved after
90 min. Collected patterns have revealed an important
diffraction line broadening especially for short heating
time, but no preferred orientation effect were present
as shown in Fig. 3a and b. Regarding the time depen-
dence, the LS and LAS crystallized volume fractions
obtained from different diffraction lines do not exhibit
any difference.

Fig. 4a and b show the plot of Ln(−Ln(1−x)) ver-
sus Ln(t), at 730◦C, for the LS and LAS phases, re-
spectively. After least-squares treatments, the slopes
of these straight lines allow the determination of the
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Figure 2 Crystallized volume fraction for both the LS and LAS phases
as a function of time logarithm.
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Figure 3 (a) Crystallized volume fraction as a function of time logarithm
from diffraction lines of the LS phase. (b) Crystallized volume fraction
as a function of time logarithm from diffraction lines of the LAS phase.
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Figure 4 (a) Determination of the Avrami exponent from diffraction
lines of the LS phase. (b) Determination of the Avrami exponent from
diffraction lines of the LAS phase.

Avrami exponent. Table II summarizes the different
values obtained from the LS powder diffraction data
of three diffraction lines [(020), (111) and (130)] with
the respective relative intensities 100%, 65% and 65%.
There is a slight discrepancy between the calculated n
values (from 2.18 to 2.22). Likewise, Table II gives this
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T ABL E I I Determination of the Avrami exponent from data diffrac-
tion of the LS and LAS phases

Crystalline Diffraction Relative
phase line intensity n ± � <n>

Li2SiO3 (020) 100 2.22 ± 0.04 2.21
(111) 65 2.22 ± 0.09
(130) 65 2.18 ± 0.04

Li0.6Al0.6Si2.4O6 (100) 13 2.14 ± 0.05 2.24
(101) 100 2.33 ± 0.05
(110) 6 2.25 ± 0.13

parameter determined from the LAS powder diffraction
data. Three diffraction lines have also been selected,
(101), (100) and (110), with the corresponding rela-
tive intensities 100%, 13% and 6%. The corresponding
values found for the Avrami exponent corroborate the
previous result relating to the growth of the LS phase.
Considering the glass devitrification, the growing of
the two crystalline phases is simultaneous. Further-
more, in accordance with a previous work performed
by Christian [13], the values of the Avrami expo-
nent are also indicative of a tri-dimensional crystalli-
sation controlled by a diffusion process with a de-
creasing nucleation rate at 730◦C. In addition, several
SEM micrographs of a bulk glass (JEOL field emission
SEM model JSM 6301F), crystallized at 730◦C during
20 minutes, have been done. Fig. 5a shows, inside of

(a)

(b)

Figure 5 (a) SEM micrograph of a crystallized grain in the bulk sample
showing the general feature of internal crystallization. (b) SEM micro-
graph of the interface between the grain and the residual glassy phase.

the bulk sample, a typical grain with a hexagonal shape.
The size of this grain is close to 60 µm. Besides, Fig. 5b
shows, at a higher magnitude, the interface between
this grain and what is considered as the residual glassy
phase. As one can see, the so-called glassy phase re-
veals the presence of small particles, with an approach-
ing size value of 600 Å. These particles seem to move
in the direction of the grain in order to enhance its size.
Moreover, assuming the Scherrer equation, the corre-
lation length can be linked to diffraction line profile
by:

D = kλ

β cos θ
(6)

where D is a linear dimension in Å, k is a constant
(∼0.9), λ is the wavelength of the scattering radiation,
β is the half-width of the diffraction line (in radians)
and θ is the Bragg angle. Typical values for D, from dif-
ferent integrated intensities, are close to 450 Å. These
values have the same order of magnitude than those
ones determined for the crystallite size from SEM data.
Consequently, it can be assumed that the small parti-
cles shown in Fig. 5b are regions of typical coherently
diffracting materials.

5. Conclusion
This study of a Li0.6Al0.1Si0.6O1.575N0.05 glass crys-
tallisation has shown that X-ray powder diffraction can
be considered as a relevant tool for the determination
of the kinetic parameters of the Avrami’s law applied
to this first order phase transformation. Confronted to
DTA experiments, XRD can lead to a better understand-
ing of the phenomenon and sheds light on the limits
of thermal analysis in regard to glass devitrification
involving nucleation and growth of several different
crystalline phases. Furthermore, XRD should be able
to supply a lot of information about all the structural
and microstructural changes by studying the diffrac-
tion line profile. In this way, XRD experiments have
allowed to consider the small crystallites observed in
SEM micrographs as regions of coherently diffracting
materials.
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