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Kinetic data analyses on the crystallization behaviour of amorphous lead iron tungstate 
(PFW) were carried out. A low value of the glass transition/melting point ratio (0.52) and 
a high value of the frequency factor (2 x 1037s - I )  of the first crystallization exotherm may 
indicate a high degree of metastability of the prepared PFW in the amorphous state. The 
Avrami exponent was determined to be ~ 3.0, which suggests a bulk nucleation. The 
activation energy for crystallization was averaged to be 520 kJ mol 1 for the first exotherm. 
The validity of the estimated values of the Avrami exponent and the activation energy were 
confirmed by comparing with an independently obtained product of the two parameters. 

1. Introduction 
Glass formation is a matter of by-passing crystalliza- 
tion [1]. At cooling rates high enough to prevent the 
structural relaxation phenomena of crystallization, 
quenching of the melt results in a glass. Thus the 
prepared amorphous material is at a higher free en- 
ergy state compared with the corresponding crystal- 
line form and is thermodynamically metastable. On 
heating, amorphous materials will release their heat of 
crystallization as the amorphous structure transforms to 
the lower free energy modification of a crystalline state. 

The formation of the perovskite PFW structure 
from its constituent oxide components consists of 
a long and complex sequence of intermediate reac- 
tions I-2, 3]. Similarly the crystallization from an 
amorphous precursor is not a straightforward devel- 
opment. Metastable crystalline phases are initially for- 
med during the exothermic crystallization reactions 
and these are subsequently converted to a stable per- 
ovskite phase at higher temperatures [-4, 5]. 

Kinetic data analyses are usually utilized in the 
interpretation of the thermally stimulated process [6]. 
Two kinds of analysis methods (isothermal and 
nonisothermal) are frequently used. In the isothermal 
(or static) method, a specimen is first heated to the 
temperature of interest and then thermochemical data 
are collected as a function of elapsed time while a con- 
stant temperature is maintained. In the nonisothermal 
(or dynamic) method, reaction kinetics data are 
gathered as a function of temperature while the speci- 
men is heated (or cooled) at a constant rate through 
the temperature range of interest. 

In the present report, graphical data analyses on the 
crystallization kinetics of amorphous lead iron tung- 

0 0 2 ~ 2 4 6 1  �9 1996 Chapman & Hall 

state, Pb(Fe2/3Wl/3)O3(PFW), were carried out 1:0 
evaluate the kinetic parameters of the activation en- 
ergy, frequency factor, and Avrami exponent as well as 
the enthalpy change of crystallization and also to 
verify the validity of a two-thirds rule between the 
glass transition temperature (rg) and the melting or 
liquidus temperature (Tm). 

2. Kinetic data analysis 
The temperature dependence of the rate constant 
k can be expressed by an Arrhenius-type equation as 

k = v x e x p ( -  AE/RT), (1) 

where v, AE, R, and T are the frequency factor (or pre- 
exponential factor), crystallization activation energy, 
universal gas constant, and absolute temperature, re- 
spectively. When the sample is heated/cooled at a con- 
stant rate ~, the temperature at the time t can be given 
by T = T o + at, T o being the initial temperature. The 
rate constant can then be restated as 

k(t) = v x exp[- - AE/R(To + c~t)]. (2) 

Several approaches have been applied to the deter- 
mination of the activation energy and frequency factor 
by graphical methods. The first one, proposed by 
Kissinger [7, 8] and modified later by Bansal et al. 
[9, 10], is 

ln(a/T 2) = l n v -  ln(AE/R) - AE/RTp, (3) 

where T~ is the peak temperature of the crystallization 
exotherm. A plot of ln(~/Tp z) vs 1/Tp obtained 
at various heating rates would be linear with a slope 
of - AE/R and an intercept of [ln v - ln(AE/R)] on 
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the ordinate. Bansal et al. [9] also proposed an alter- 
native method of the form 

ln[~/(Tp - To) ] = lnv - AE/RTp,  (4) 

where an Arrhenius plot of l n [ ~ / ( T p -  To) ] would 
give a similar gradient of - AE/R with an intercept of 
Inv.  Ozawa [11] proposed a third equation of the 
form 

in ~ = constant - AE/RTe,  (5) 

where AE can obtained from an Arrhenius plot of in ~. 
Thus, there are three methods available for the analy- 
sis of the crystallization process. 

The Avrami exponent (n) is a dimensionless con- 
stant, which is associated with the crystal nucleation 
mode. For an estimation of the Avrami exponent, 
Matusita and Sakka [12] proposed a following ex- 
pression 

ln[ - ln(1 - x)] = - n x In ~ + constant, (6) 

where x is the volume fraction crystallized. A plot of 
ln[ - ln(1 - x)] vs in ~ would be a straight line, from 
which n can be determined. Meanwhile, Augis and 
Bennett [13] proposed another equation of the form 

n = [ 2 . 5 / A T F w , J . [ T ~ / ( A E / R ) ] ,  (7) 

where ATFwHM is the full width of the crystallization 
exotherm at a half maximum height. 

Piloyan et al. [14] proposed an estimation method 
for determining the activation energy from a single 
run of differential scanning calorimetry (DSC). The 
value obtained is actually a product of an Avrami 
exponent and the activation energy (i.e., nAE), this 
point is discussed by Bansal et al. [15] The Piloyan 
method is expressed as 

in 2 = cons tan t -  nAE/RT,  (8) 

where ~ is the height of the exotherm measured from 
the baseline. The product of nAE can then be obtained 
from the slope of an Arrhenius plot of In 2. 

3. Experimental procedure 
Amorphous PFW was prepared in the form of thin 
( ~ 20 gm) flakes by a twin-roller quenching method 
at a cooling rate of ~ 106 K s- ~, details of which were 
reported previously [4, 16]. Information on the phase 
development and microstructural evolution during 
crystallization can be found elsewhere [4, 5]. The 
flakes were crushed, ground, and the crystallization 
behaviour was investigated by thermochemical tech- 
niques using a DSC interfaced with a computerized 
data acquisition and manipulation system. A series of 
nonisothermal DSC runs were carried out over 
a range of heating rates (2.5-80 ~ min-1) in order to 
collect crystallization information. In addition, 
isothermal DSC runs were also tried to allow com- 
parison of the results. All of the DSC runs were 
performed under flowing oxygen. Analysis of the 
gathered kinetic data were performed, using the 
various procedures described in section 2, thus 
allowing insights into the crystallization behaviour. 
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Figure 1 DSC thermogram of as-quenched PFW. 
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4. Results and discussion 
A typical DSC result (ct = 10~ rain 1) is given in 
Fig. 1. Transition temperatures were read to the near- 
est 5 ~ at the extrapolated onset point for each peak. 
The specimen underwent the broad endothermic reac- 
tion of glass transition starting at 350 ~ followed by 
the sharp exotherm of crystallization at 395 ~ The 
two broad exothermic peaks around 500-550 ~ range 
were not clearly resolved and hence will hereafter be 
treated as one exotherm. 

For ordinary glasses containing network-forming 
cations, the ratio of the glass transition temperature 
(Tg) to the melting or liquidus temperature (Tm) is 
typically 2/3 and is called the two-thirds rule [17, 18], 
where temperatures are in absolute degrees. Nassau 
etal. prepared quenched glasses in the system 
LiaO-RO3 (R = W, Mo) [19], La2(SO4)3 - LizSO4 
[20], and three compositions (2212, 4334, and 2223) of 
the (Bi, St, Ca, Cu)Ox superconductor [21]. Using 
their data, the calculated Tg/Tm ratios fell in the range 
0.60-0.68 and closely followed the rule. Tatsumisago 
et al. [22] prepared amorphous materials in the sys- 
tem of RaO-WO3 (R = Li, Na, K) and reported the 
ratios of 0.58-0.68, which also approximate to the 
rule. On the other hand, significant deviations (with 
ratios of 0.47-0.54) for glasses of 70Li3BO3' 
30(Li4GeO4, Li4SiO4, Li3PO4, LizWO4, and 
LizSO4) produced by the twin-roller quenching 
method have been reported [23]. Other cases of viola- 
tion include quenched glasses of Li20-SiO2 (Tg[24], 
(Tm[25]) and quenched KF.  LiF '  AI20 3 �9 3SIO2 [26] 
with calculated ratios of 0.44-0.51 and 0.44-0.46, re- 
spectively. Of the two compositions of 70 and 
83.3 tool % LizO in the system Li20-A1203 [27], the 
first composition observed the rule (Tg/Tm = 0.62), 
whereas the ratio of the second composition was sig- 
nificantly different (0.53). 

For amorphous PFW, the glass transition temper- 
ature and melting point were 350 and 935 ~ [4, 16], 
respectively. The ratio between the temperatures is 
0.52 and this deviates significantly from the two-thirds 
rule. The reason why some amorphous materials obey 
the rule and others (including amorphous PFW) do 
not is currently not clear. However, it is currently 
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Figure 2 Variations in the (a) first and (b) second crystallization 
exotherm as a function of heating rates. Note that scales in abscissa 
and ordinate are different. 
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Figure 3 Heating rate dependence of crystallization temperature. 

believed to be associated with the chemical composi- 
tion (e.g., presence of network former ions) as well as 
the specimen preparation method (e.g., quenching 
rate), leading to different degrees of metastability. 

In order to observe the evolution of the crystalliza- 
tion exotherms, a series of DSC runs (at heating rates 
of 2.5, 5, 10, 20, 30, 40, 60, and 80~ - I )  were 
carried out across the temperature range of the two 
crystallization exotherms of Fig. 1. Fig. 2 illustrates 
the effect of the heating rate on the crystallization 
exotherms, which shift to higher temperatures with an 
increase in the heating rates. In Fig. 2b, peak height 
reversal is noticeable at heating rates between 5 and 
10 ~ min - 1. Measured values of the enthalpy change 
of the two crystallization exotherms were averaged to 
be 12.7 and 9.5 J g-1, respectively. The peak temper- 
atures of crystallization, denoted by tick marks, are 
plotted against heating rates (Fig. 3), where the peak 
temperatures of the first exotherm (Tp1) do not change 
as much as those of the second exotherm (Tp~ i and 
Tp, ~, of two sub-peaks). 

The volume fraction crystallized (x) was estimated 
from the ratio between the partial area of the 
exotherm up to the temperature and the total area of 
the exotherm above the baseline E28, 29]. This con- 
cept was applied to the first exotherm and the results 
are illustrated in Fig. 4, where values of x at the peak 
temperature (Xp) are marked by open circles. The 
value of x decreased gradually with increasing heating 
rates, with the exception of 2.5 ~ rain- 1, and all of the 
curves showed the general tendency of a well- 
developed sigmoidal shape. 

Using the procedures outlined in section 2, 
ln [~ / r2 ] ,  ln[~/ ( rp- -To)] ,  and ln~ were plotted 
against 1/Tp for the first crystallization process (Fig. 5) 
and similar activation energy values of 520, 505, and 
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Figure 5 Arrhenius plots of ln[-~/T~], lnE~/(Tp - T J ,  and In ~ of 
the first crystallization exotherm. 

530kJmo1-1 were obtained by the three different 
methods. Fig. 6 illustrates the Arrhenius plots of 
in Eo~/T~ ] for the first and second exotherms. By using 
Equations 3-5, it was possible to obtain the activation 
energy and frequency factor of the individual crystalli- 
zation processes and these are listed in Table 1. Aver- 
age values of the crystallization activation energies 
were 520, 260, and 310 kJ mol- 1, which are equivalent 
to 5.4, 2.7, and 3.2 eV, respectively. Meanwhile, the 
crystallization activation energy of amorphous 
LiNbO3 (prepared by rapid quenching) was reported 
to be 2.47 2.7 eV E30, 31]. The activation energies of 
the second exotherm (2.7-3.2 eV) of amorphous PFW 
fall in the same range as that of LiNbO3 (2.5-2.7 eV), 
though somewhat higher, while that of the first crys- 
tallization process (5.4 eV) is twice as high. 

The frequency factors of the two crystallization 
exotherms were ~ 1037 and ~ 1015-17s t, respec- 
tively (Table 1). The value of amorphous KNbO3, 
prepared by twin-roller quenching, was reported to be 
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peaks. 

T A B L E  I Activation energy, frequency factor, and Avrami 
exponent 

AE v n 
(kJmo1-1) (s 1) 

520 a 505 b 530 ~ 3 x 1038,a 1 x 1036,b 3.1 e 
(520) d (2 • 1037) d 
260 260 270 3 x 1 0  is 9x1013 
(260) (5 x 10 .4) 
310 310 320 l x1018  3x1016 
(310) (2 x 1017) 

Peak 1 

Peak 2 1 

Peak 2-2 

a: by the Kissinger method of Equat ion 3 
b: by the Bansal method of Equat ion 4 
c: by the Ozawa method of Equat ion 5 
d: average value 
e: by the Matus i ta -Sakka  method of Equat ion 6 

1043S t for its second crystallization exotherm 
[32], while those of amorphous LiNbO3 were cal- 
culated with reported data [31] by using the Kissinger 
method (Equation 3) and were ~ 1013 and ~ 1014 s-1 
for the two crystallization peaks. Meanwhile, the fre- 
quency factors of amorphous PbTiOa showed 
a strong dependency on the preparation method: i.e., 

1015 s -1 (by sol-gel method), ~ 1018 s -1 (by cop- 
recipitation), and ~ 1037 s - 1  (by rapid solidification 
using the twin-roller quenching technique) [33]. 
Among these, amorphous PFW (first exotherrn), 
amorphous KNbO3 (second exotherm), and amorph- 
ous PbTiO3 (prepared by rapid solidification) show 
unusually high values of the frequency factor. Such 
high values seem to be an indication of the high degree 
of metastability and may probably be related to the 
instantaneous crystallization tendency of amorphous 
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Figure  8 Piloyan plot of In Yc vs l I T  at different heating rates. 

TAB LE I I Kinetic parameters of the first crystallization exotherm 

7. A T z w ~  ~ n b n A E  ~ 

(~ min- 1) (~ (kJ mol- 1) 

2.5 5.7 3.1 1820 
5 4.9 3.6 1600 

I0 4.6 3.9 1720 
20 6.0 3.0 1630 
30 5.7 3.2 1640 
40 6.5 2.8 1550 
60 7.5 2.5 1500 
80 8.9 2.t 1330 

Average 3.0 1600 

a: read from Fig. 2a. 
b: by the Augis-Bennett method of Equation 7. 
c: by the Piloyan method of Equation 8. 

PFW on heating, which can be observed in Fig. 3 
where a small temperature shift ( ~ 25 ~ in the first 
exotherm with increasing heating rate can be seen. 

A Matusita-Sakka plot ofln[ - ln(1 - x)] vs in ~ is 
given in Fig. 7, where the plots are nonlinear, as op- 
posed to the authors' claim of linearity of Equation 6. 
However, their plots [12, 34] were not straight either, 
so the validity of Equation 6 might need to be 
reexamined. Due to the curvature of Fig. 7, values of 
the slope depend on the position of the measurement. 
By considering the validity of Equation 8 in the range 
of x ~< 0.2 [15], the lower part of the curves seems 
more suited for the estimation of the Avrami expo- 
nent. The results obtained are: 2.2 (395 ~ 2.6 (400), 
3.1 (405), 3.2 (410), 3.0 (415), 2.3 (420), 1.6 (425), and 1.3 
(430). Amongst these values, only the three (3.1, 3.2, 
and 3.0 at 405, 410, and 415 ~ respectively) satisfy the 
requirement (x ~< 20%) and the Avrami exponent was 
taken as a mean value of 3.1 (Table 1). 

The widths of the exotherm at a half maximum 
(ATvwHM) of the first crystallization process, obtained 
from the DSC data of Fig. 2a, are listed in Table II. 
The Avrami exponents were determined by using the 
Augis-Bennett method of Equation 7 and are also 
listed. The average value of the Avrami exponent is 3.0 

and is in good agreement with the 3.1 obtained by the 
Matusita-Sakka method in the previous paragraph. 
An Avrami exponent of ~ 3.0 suggests bulk nuclea- 
tion within the amorphous matrix on crystallization, 
which was confirmed in the microstructure observa- 
tion [4, 5]. 

A Piloyan plot is given in Fig. 8 for the values of 
2 up to the peak temperature. Due to the validity of 
Equation 8 at x ~ 0.2, slopes were read as the average 
value in the range of 5 ~< x --%< 20% and nAE products 
obtained from the slopes are listed in Table II. Since 
both the activation energy (520kJmo1-1) and the 
Avrami exponent (3.1 by Matusita-Sakka method and 
3.0 by Augis-Bennett method) were previously ob- 
tained independently, their validity can now be 
checked by the result of the Piloyan method. The 
product of nAE is 1560 or 1610 kJ tool- 1 (depending 
on the method of the Avrami exponent determination) 
and is iri excellent agreement with the independent 
data of 1600kJmo1-1 obtained by the Piloyan 
method. Hence, the appropriateness of the determined 
values of the Avrami exponent and the activation 
energy was confirmed. 

Isothermal DSC runs were tried at the temperature 
of the first crystallization exotherm. After the scan, the 
specimen was tested again using nonisothermal DSC 
to check if any crystallization reactions had occurred 
during the isothermal run. For isothermal conditions 
up to 370 ~ no crystallization was detected. Above 
380~ however, isothermal crystallization was so 
rapid ( <  20s) that it was almost impossible to 
distinguish the crystallization exotherm from the 
initial temperature rise (caused by a momentary 
temperature overshoot in the equipment). The 
instantaneous crystallization behaviour, which made 
the isothermal run very difficult, is currently believed 
to be due to the high degree of metastability inherent 
to the amorphous PFW. An extremely high quenching 
rate, as mentioned previously, is necessary to prepare 
PFW in the amorphous state without any help of 
network-forming cations, and this might have 
introduced an appreciable degree of metastabitity to 
the structure. 
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5. Summary 
An amorphous PFW specimen was examined by us- 
ing nonisothermal DSC techniques. The calculated 
ratio between the glass transition temperature and the 
melting point was 0.52, which was significantly differ- 
ent from the two-thirds rule. Kinetic data analyses on 
the crystallization behaviour were performed. The en- 
thalpy changes of crystallization were averaged to be 
12.7 and 9.5 J g -  1 for the two exotherms. Through the 
use of Kissinger, Bansal, and Ozawa plots, the activa- 
tion energy and frequency factor were determined to 
be 520kJmo1-1 and 2 x 1 0 3 7 s  -1 for the first 
exotherm, and 260-310 kJmol -  i and 1015 - 17 s -  1 for 
the second exotherm of the two sub-peaks. The unusu- 
ally high value of frequency factor of the first stage of 
crystallization may indicate a highly metastable state 
of the amorphous PFW. 

Through the use of the Matusita-Sakka method the 
Avrami exponent was determined to be 3.1, as com- 
pared with a value of 3.0 which was obtained by the 
Augis-Bennett method. The behaviour of the bulk 
nucleation, observed in the microstructural develop- 
ment, supported the validity of calculated value of 

3.0. The value of nAE was determined to be 
1600kJmo1-1 from the Piloyan method whilst 
1560-1610 kJmol ~ 1 was obtained from the indepen- 
dently determined Avrami exponent and activation 
energy. The excellent agreement between them con- 
firmed the validity of the Avrami exponent and the 
activation energy, obtained in the current study. 
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