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EFFECTS OF ALKALI METAL DOPING AND
y-IRRADIATION ON THE CRYSTALLIZATION KINETICS
OF THE GLASS Ag/L,VO4

M. G. El-Shaarawy
Physics Department, Faculty of Science, Benha University, Benha, Egypt

Abstract

The crystallization kinetics of the y-irradiated and the unirradiated glass Ag,I,VO, was
studied dynamically by means of DTA, and isothermally via electrical conductivity measure-
ments. The influence of doping with alkali metal ions (Li*, Na*, K*, Rb* or Cs*) on the crystal-
lization process in the glass was also investigated. The results showed that the rate of crystal-
lization depends on the nature of the added metal ion and on the crystallization growth mecha-
nism. The latter is a two-dimensional process for both the pure and the alkali metal-doped
glasses. The effects of irradiation and additive ions on the crystallization process are dis-
cussed.
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Introduction

The crystallization kinetics of glassy materials has lately received a great deat
of attention for many scientific purposes [1—4]. This active interest is due, in
part, to the desire for a sound theoretical understanding of the mechanism of
crystal growth in different phases. Another aspect which makes the process of
crystallization of higher interest is the possibility of different technological ap-
plications for crystalline and non-crystalline materials.

The crystallization of amorphous material proceeds via processes of nuclea-
tion and the growth of the nuclei formed. The crystallization rate is suppressed
by reducing either or both of these processes. The crystallization process often
occurs during heating, but many factors lead to a marked enhancement of the
crystallization kinetics over that resulting from purely thermal effects [5]. Radia-
tion and doping effects are some of the factors which have not been intensively
investigated in glasses, except in the silicates (cf. [5, 6] and references therein).
For many years, it was believed that the kinetics of crystallization of glasses can
not be modified by doping, for the reason that in the amorphous state each atom

can have the number of neighbours required for all its valence electrons to form
bonds [5].
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The present work relates to a study of the parameters of the crystallization ki-
netics of the glass Ag;1,VOy and of the influence on these parameters of y-radia-
tion and of doping with alkali metal ions in place of Ag". This glass system has
attracted considerable interest due to its high ionic conductivity [7].

Experimental

Analar grade Agl, Ag,0, V,0s and alkali metal iodides (Lil, Nal, KI, Rbl and
Csl) were used to prepare Ag71, VO, and Mo s Ags 951a VO, (M=L1, Na, K, Rb and
Cs). All glass samples were prepared by the same method: appropriate quantities
of oxides and iodides were weighed and sealed in silica glass ampoules at 107
torr. The ampoules were heated at 700°C for 30 h and the melted materials were
then quenched in liquid nitrogen.

X-ray diffraction patterns of all the samples investigated were examined with
a Philips pw 2103/00 diffractometer, with a Ni-filtered and Cu-target source. The
glassy structure was confirmed for all quenched ingots.

The IR spectra of freshly prepared samples and of samples left in air for 7 d were
identical; no water band was present, indicating the stability of the glasses in air.

The glass Ag;14VO, was irradiated in air at room temperature, using a cCo
gamma cell for an absorbed dose of 40.1 Mrad.

The DTA of the samples investigated was performed with a Shimadzu DT-30
thermal analyser, on samples of about 7 mg, at a heating rate of S K min™".

Electrical conductivity measurements were made on pellets (diameter 7 mm
and thickness 2 mm), using the two-probe method. Details of the measurements
are given elsewhere [8].

Results and discussion

The DTA curves of y-irradiated and unirradiated samples of the glass
Ag;1,VO, are shown in Fig. 1. The doped glass samples exhibited similar DTA
behaviour: an cndothermic peak due to the glass transition is followed by an exo-
thermic peak due to crystallization. Both the glass transition temperatures (7)
and the temperatures (7;) at which the crystallizations start are given in Table 1
for the samples investigated. T, decreases in the following sequence.

Cs-doped sample > Li-doped sample > Rb-doped sample > K-doped sample
> undoped sample > Na-doped sample.

The value of T, was also found to be decreased by the irradiation process.

A thermal analysis technique such as DTA provides a convenicnt means of
obtaining information on the transformation kinetics of a glass. Several methods
[9] have been employed for the calculation of kinetic paramters from both iso-
thermal and non-isothermal data. In the present study, the kinetic parameters
were obtained by the method of Marrota et al. [10] which is one of the simplest

J. Thermal Anal, 53, 1998



EL-SHAARAWY: CRYSTALLIZATION KINETICS 249

£y
/ \\
I’ \\
/
4 e o
Exo ’ ~-
A g
’
| .
7
—_ r'd
rd
| o
--
\/ -
Endo Pid
’I
'I
] I [
300 320 340 360
Temperature /K

Kig. 1 DTA curves for the y-irradiated (----) and the unirradiated (—) glass Ag,I,VO,

Table 1 Glass trasition (Tg) and crystallization (7)) temperatures of the glasses investigated

Glass composition T/K TJ/K
Ag1, VO, 328 355
y-irrad. Ag,[,VO, 324 351
Lij 05Ags951aVO, 326 366
Nay 5Ag0s1,VO, 331 354
Ko.0sAL0051,VO, 331 359
Rbg sA L 051, VO, 328 364
Csy0sALe 051, VO, 332 367

methods used for non-isothermal data at a single heating rate. This method is
based on the use of the two inflection temperatures (Ty and Tt,) determined on a
single derivative DTA (DDTA) curve (Fig. 2). The relationship between the crys-
tallization activation energy (F) and the temperatures of the two inflection points
Tt; and Ty in the DDTA curve has the following form [10]:

E/R(1/Te1~1/T2)=1.92/n (1)

The activation energy values of the crystallization process for the glasses in-
vestigated are given in Table 2, as estimated for a one-, two- or three-dimensional
crystallization process, i.e. for n=1, 2 or 3, respectively.

To examine the kinetic parameters obtained from the thermal analysis method
and also to determine the dimensionality of the crystallization process, the kinet-
ics was studied under isothermal annealing by measuring the electrical conduc-
tivity of the sample as a function of time at temperatures (333, 343, 353 and
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Fig. 2 DTA and DDTA curves for erystallization of the glass Lij ,cAg, ,l, VO,

363 K) higher than 7T,. At each annealing temperature, the conductivity of the
glasses investigated decreased with increase of the annealing time. Such behav-
iour was observed by Hariharan and Kaushik [7] for similar oxide glasses. Fig-
ure 3 shows a typical plot for the effect of the annealing time on the electrical
conductivity measured at 343 K for Ag;14VOy. This behaviour can be explained
on the basis of the increase occurring in the size of the crystallites formed in the
glass during annealing. The kinetic parameters were obtained by applying the

Table 2 Crystallization activation energies (E) of the investigated glasses as estimated from
DDTA for different values of the reaction mode (n)

Crystallization order (n) 1 2 3
Composition Elev

Ag,1,VO, 1.7 0.9 0.4
Y-irrad, Ag;1,VO, 1.6 0.8 0.4
Liy 4sAg6 951, VO, 1.8 0.9 0.5
Nag sAg6 951 VO, 1.2 0.6 0.3
K, 05A%6 051 VO, 1.8 0.9 0.4
Rby, 0sAZ4 551, VO, 2.0 1.0 0.5
CsygsALe 0514 VO, 2.0 1.0 0.5
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Fig. 3 Time dependence of conductivity during the glass-crystalline transformation of
Ag. 1, VO, at 343 K (a); Plot of In(-1n®) vs. Inr for the results of Fig. 3 (b)

empirical relation previously used by Kotkata et al. for chalcogenide semicon-
ductors, (cf. [11] and references therein).

0 = (Inc, — Inc)/(Inc. — Ins,) (2)

where 0 is the amount of material left uncrystallized at time ¢. The terms G,, &
and o, are the conductivities at the beginning, at time r and at the end of the crys-
tallization process, respectively. The Avrami equation [12] relates the amount of
uncrystallized material 6 with the annealing time r:

0=exp (—kt") (3)

The parameter k is a temperature-dependent rate constant, and » is a parame-
ter which depends on the nucleation and growth modes. The values of nand k£ can

be obtained by plotting In(-In®) vs. ¢ (Fig. 3b) according to the logarithmic form
of Eq. (3).

In(—InB)=Ink + nlnt 4)

Atevery annealing temperature, the plot of In(~1n6) vs. Ins was a straight line
with slope n. The values of n and k at the investigated annealing temperatures are
given in Table 3. The mean value of » is close to 2 indicating that the crystal-
lization in the investigated glassy samples involves two-dimensional growth.
The activation energy values for crystal growth were calculated from the tem-
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perature dependence of the rate constants by using the Arrhenius equation [13],
and are also given in Table 3. From Tables 2 and 3, it can be seen that the activa-
tion energies for the two-dimensional growth process calculated via the thermal
technique largely coincide with those determined from conductivity measure-
ments.

Figure 4 shows the X-ray diffraction (XRD) patterns of rapidly quenched, ir-
radiation and anncaled glassy samples (at 363 K for 6 h). In the quenching casc,
XRD (Fig. 4a) confirms the amorphous nature of the materials obtained, while
for the irradiated and other annealed glass samples, the observed patterns sug-
gested the formation of onyl Ag;14VO, crystals (indicated by major peaks at
28=23.6,25.1,32.2 and 40° [7]).

Table 3 Kinetic parameters s, k and E for crystallization of the investigated glasses, as calculated
from isothermal conductivity measurements with the Avrami equation

Annealing temperature/K
7 333 343 353 363
Composition n —Ink n —Ink n ~Ink n -lnk EleV
Ag,1,VO, 2.0 1.9 2.0 1.1 2.0 0.3 2.0 0.4 0.8
v-irrad. Ag,1,VO, 1.9 1.8 1.9 1.1 2.1 0.3 2.0 0.3 0.8
Li, 0sA86 9514 YO, 2.0 2.2 2.0 1.3 2.0 04 2.1 0.4 0.9
Nay sAZq 051, VO, 2.0 1.5 1.9 0.8 1.9 0.2 2.0 04 0.7
Ko sA864514, VO, 2.0 2.0 2.0 1.1 2.0 03 2.0 0s 0.8
Rb, (sALq o514 VO, 21 21 21 12 20 03 20 035 09
Csy 0sAZq 051, VO, 2.1 2.3 2.0 1.4 2.0 0.4 2.0 04 1.0

Our results reveal that, while the dopant alkali metal ions have no effect on the
crystallization mechanism (two-dimensional, Table 3) and no detectable effect
on the crystalline structure of pure Ag;14VOs, they do influence the rate of crys-
tallization, in the following sequence:

kna>kag>kx>kro>kLi>kes

where kag is the crystallization rate for the pure glass and kna, ki, kLi, kv and kcs
are those for the glass doped with Na*, K*, Li", Rb" and Cs", respectively. This
means that the introduction of alkali metal ions (except Na") leads to a decrease
in the rate of crystallization.

Figure 5 shows a plot of ky/k, vs. the ionic ratio Ry/Ra,, where ky is the rate
constant for the alkali metal-doped glass and k., is that for the pure glass, Rq1s the
radius of the dopant ion and R, is the radius of Ag”. It can be seen that the rate of
crystallization decreases with increase in the radius of the monovalent cation
(Ag" or alkali metal ion), except in the case of Li".
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Fig. 4 XRD patterns of: (a) unannealed Ag7I4VO4; (b) y-irradiated Ag,I,VO,; (¢) Ag I, VO, an-
nealed at 363 K for 6 h and (d) Na,, ,;Ag,1,VO, annealed at 363 K for 6 h
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Fig. 5 Plot of K,/K, at 343 K vs. the ionic radius ratio R/R,,,

All the above results indicate that the alkali metal dopants influence the rate
of crystallization in the glass system investigated. It is well known that Ag"” has
the highest frequency (number of jumps per sec) of all the ions present in the
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glass Ag714VOy [7]. Thus, if the rate of crystallization in Ag;14VO, depends on
the diffusion of Ag" in the glass, it may be expected that the partial replacement
of Ag" by a larger alkali metal cation will cause a decrease in the rate of crystal-
lization, as found in the present system, except for the Li"-doped glass. The ab-
normal behaviour of Li* may be attributed to the higher reactivity of Li" as com-
pared with that for the other alkali metal ions, which may lead to the formation
of small concentrations of other materials or phases which could not be detected
by X-ray diffraction. These materials or phases may cause a decrease in the rate
of diffusion of cations and hence the rate of crystallization of the glass Ag;1,VO,.

Conclusions

The following conclusions can be drawn from this study:

1) The partial substitution of Ag* by doping with alkali metal ions causes a de-
crease in the rate of crystallization (except in the case of Na").

2) The pure and the alkali metal-doped samples crystallize by a two-dimen-
sional process.

3) A v-irradiation dose of 40.1 Mrad has a slight effect on the crystallization
process.

4) The main phase formed on heat treatment is Ag;1,VO,.

5) The rate of crystallization decreases with increasing in the radius of the al-
kali metal ions (except in the case of Li"). This may be due to the effect of the rate
of diffusion of the alkali metal ion on the crystallization rate.
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