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Abstract

A kinetics study on PbGeO3 solid–solid phase transition was realised by means of differential scanning calorimetry and time-resolved
X-ray powder diffraction. Isothermal and non-isothermal Johnson–Mehl–Avrami equations were applied to obtain both the activation energy
E and the Avrami coefficientn.The latter parameter has been related to morphological evidences collected by scanning electron microscopy.
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he limits of the applied theory, i.e., the Arrhenian behaviour of the growth rate and a steady-state nucleation rate, are finally di
erms of recent theoretical developments.
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. Introduction

xPbO(1− x)GeO2 glasses received attention because of
heir promising optical applications when doped with rare
arths[1,2]. Both the glass forming region and the phase equi-

ibria of thexPbO(1− x)GeO2 system have been recently in-
estigated by our group in the 0.00≤ x≤ 0.50 range. In such a
ompositional range, homogeneous glass is obtained only for
> 0.25 because of the segregation of nanocrystalline GeO2

or lower Pb content[3]. The phase equilibria study start-
ng from glassy materials resulted difficult since the devitri-
cation process led to the formation of several metastable
hases[4]. For instance, devitrification of thex= 0.50
lass produced monoclinic lead metagermanate PbGeO3

5] via the formation of a metastable phase, unknown in
iterature.

An isothermal and non-isothermal kinetic study on the for-
ation of the metastable phase from devitrification of glassy

∗ Corresponding author.
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lead metagermanate was lately reported by our group[6]. Be-
sides an activation energy value of about 320 kJ mol−1, that is
reasonably consistent with the devitrification of a numbe
oxide glasses, an Avrami coefficientn≈ 1.3 was found. An
attempt to relate such a coefficient to morphological evid
from secondary electron imagery collected by scanning
tron microscopy (SEM) did not give encouraging results

A non-integer Avrami coefficient for the devitrificati
of Se0.7Ge0.2Sb0.1 glasses was also reported by Afify et
[7], who accounted for the value ofn= 1.5 as an overlappin
of two mechanisms withn= 1 andn= 2. Even in the cas
of glassy PbGeO3, recent preliminary measurements po
to a similar interpretation. In fact, X-ray diffraction patte
collected on samples heat-treated at a temperature just
the crystallisation peak highlighted the presence of bot
unknown and the monoclinic PbGeO3 phases.

The present paper focused on the kinetics of
solid–solid transition between the metastable and the m
clinic PbGeO3 phases. The activation energy (Ea) and the
Avrami coefficient (n) were determined by both isoth
mal and non-isothermal methods by differential scan
040-6031/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2005.02.036
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calorimetry (DSC) and time-resolved X-ray powder diffrac-
tion (XRPD).

As reported in our previous paper[6], several mathemati-
cal approaches regarding the DSC and TGA data analysis of
non-isothermal reaction kinetics are accessible in literature.
Although based on the same formal theory, great differences
in assumptions can lead to incongruous results[8–11].

2. Experimental

2.1. Sample preparation

Pure metastable PbGeO3 cannot be produced by devitrifi-
cation of glassy lead metagermanate. Therefore, single crys-
tals of the metastable phase were produced by mixing stoi-
chiometric amounts of PbO (>99.9%) and GeO2 (99.998%),
and thermally treating the mixture in an electric furnace ac-
cording to the following procedure: (I) heating to 1100◦C
at 250◦C/h; (II) holding this temperature for 1 h; (III) cool-
ing down to 700◦C at 100◦C/h; (IV) cooling down to room
temperature by switching off the furnace.

2.2. Measurements

DSC measurements were performed in a 2910 DSC (TA
I sam-
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Avrami [15–17], similarly developed by Kolomogoroff[18]
and later by Erofeev and Mitzkevich[19]. The basic form
describes the evolution of the volume transformed fractionα

as a function of timet:

α = 1 − exp

[
−g

∫ t

0
Iv

(∫ t

t′
u dτ

)m

dt′
]

(1)

whereg is a geometric factor,Iv the nucleation frequency per
unit volume,u the crystal growth rate andmis a dimensionless
exponent related to the morphology of the crystal growth. It
is commonly accepted that, according to the mechanisms of
growth, the exponentmcan be an integer or a half integer: (I)
for interface-controlled growth it assumes the values of 1, 2,
3 for one-, two-, and three-dimensional growth, respectively,
(II) for diffusion-controlled growth whereu decreases with
t−1/2, it assumes the values of 1/2, 1, 3/2 for the respective
dimensionalities of growth[15–17].

Crystallisation and reaction kinetics at a constant tem-
perature are generally expressed by the well known
Johnson–Mehl–Avrami (JMA) equation:

− ln(1 − α) = (kt)n (2)

wheren=m+ 1 andk is the rate constant which includes
nucleation and growth. Within a narrow temperature range,
the temperature dependence ofk is considered to be described
by the Arrhenius equation:
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v e
nstruments), fitted with a standard DSC cell. Powdered
les (∼50 mg) were introduced in silver pans, and run at
, 10, 15, and 20◦C/min, between 500 and 650◦C, under ni

rogen purge. Isothermal data were collected at tempera
anging between 555◦C and 570◦C, on similar amounts o
owders under nitrogen.

Secondary electron imagery of fractured surface wa
ained with a JEOL JXA 840A scanning electron microsc
t an accelerating voltage of 20 kV.

Temperature scanning XRPD experiments were don
he GILDA beamline at the European Synchrotron Radia
acility (ESRF, Grenoble, France) with a Debye–Scherre
erimental geometry. Samples were put in quartz capill
Ø = 0.3 mm), which, in turn, were mounted on a rotating
em. The wavelength was 0.688043Å. All diffraction patterns
ere collected by an image plate (IP,Fuji 200 mm× 400 mm)
ith a sample to detector distance of 274.12 mm. For a c
lete description of the experimental apparatus, see[12].
RPD experiments were done at 1◦C/min between 400 an
00◦C. Temperature resolved data were collected by th
alled “translating imaging plate technique”[13]. Data inte
ration was done using scan-t13 program. Each IP wa
ided in stripes corresponding to�T∼ 3.3 K. Experiment
ere repeated twice to determine reproducibility.

. Theoretical aspects

The theory of kinetics used to interpret the DTA and D
easurements was proposed by Johnson and Mehl[14], and
= ν exp

(
− Ea

RT

)
(3)

hereEa andν are the activation energy and the freque
actor for the overall process,R the universal gas consta
ndT is the absolute temperature. The logarithmic form
q.(2):

n[− ln(1 − α)] = n ln k + n ln t (4)

llows evaluation of bothn andk from isothermal measur
ents as the slope and intercept of the ln [−ln (1− α)] versus

n t plot.Ea may also be assessed from the logarithmic f
f Eq.(3):

n k = ln ν − Ea

RT
(5)

rom the slope of the lnk versus 1/Tplot.
On DSC and DTA experiments the heating rateβ = (dT/dt)

s usually kept constant during the whole scan. Thus, the
onstantk changes with time as the temperature chan
mong the various expressions derived from Eq.(1)describ-

ng non-isothermal kinetics, some lead to activation en
alues in good agreement with those obtained by isothe
xperiments[8]. The non-isothermal methods employed
he present paper are summarised in the following.

.1. The Ozawa method

With no additive assumption, the Ozawa method[20] pro-
ides the Avrami coefficientn straightforwardly from th
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JMA equation, by taking into account a constant heating rate.

d{log[− ln(1 − α)]}
d logβ

∣∣∣∣
T

= −n (6)

Thus, by recording DSC runs at different heating rates, at
given temperatures the log [−ln (1− α)] versus logβ should
be linear with slope−n.

3.2. The Ozawa–Chen method

This method[21,22] is used to evaluate the activation en-
ergy of the process by supposing that, at the peak maximum,
the transformed fractionα′ is constant. Hence, given a set of
DSC runs at various scan rates,Ea can be obtained from the
expression:

d ln(T ′2/β)

d(1/T′)

∣∣∣∣∣
α′

= Ea

R
(7)

by plotting ln (T′2/β) versus 1/Tat a given α’.

3.3. The Takhor method

The Takhor method[23] represents an alternative method
for the estimation ofEa. By assuming that the maximum
transformation rate is achieved at the peak maximumTp, the
a
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Fig. 1. DSC isothermal profile at 570◦C performed on PbGeO3 metastable
single crystals. Signal recorded on a fresh specimen (curve I); second record
on the just transformed sample (curve II).

Hence, when the value of the Avrami exponentn is known,
the activation energyEa can be obtained from the slope of
then−1 ln [−ln (1 − α′)]−2 lnT ′ versus 1/T′ plot.

4. Results

4.1. Isothermal measurements

Isothermal measurements on metastable PbGeO3 single
crystals were performed between 555 and 570◦C for differ-
ent lengths of time until a horizontal line was achieved. The
trace recorded at 570◦C is reported in curve I ofFig. 1. The
instrumental drift correction was obtained by subtracting the
trace for the transformed sample (curve II) from the original
signal (curve I).

At a given timet, the transformed fractionα is determined
by the ratio between the area under the exotherm up to time
t and the total peak area.Fig. 2 gives α as a function of
time atT= 555, 560, 565 and 570◦C. These temperatures
were chosen to complete the transformation in a minimum
of 30 min, reducing the effect of the initial time uncertainty.
Avrami plots of the isothermal data are given inFig. 3. The
plots are approximately linear and parallel with slopen (see
Table 1). The activation energy is assessed by the slope of the
Arrhenius plot shown inFig. 4.

4
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ctivation energy can be obtained by the slope of lnβ versus
/Tp plot, i.e.:

d lnβ

d(1/Tp)
= −Ea

R
(8)

This method is based on the incorrect assumption o
oring the time dependence of the rate constantk.

.4. The Kissinger method

Although based on a different approach, this method[24]
eads to results similar to those obtained by Ozawa and C
y introducing some simplifications, Kissinger showed

or any transformation, the ln(β/T2p ) versus 1/Tp plot is linear
ith slopeEa/R.

.5. The Coats–Redfern–Sestak method

Coats and Redfern[25], and later Sestak[26], described
eliable method to determine the activation energy of tr
ormations. By considering the reaction rate in the form

dα

dt

)
= g(α)h(T ) (9)

hey identifiedh(T) as the rate constantk.Suitable substitu
ions and integrations yield the expression:

1

n
ln[− ln(1 − α′)] − 2 lnT ′ = ln

K0R

nEaβ
− Ea

RT ′ (10)

hereK0 andβ are constants.
.2. Non-isothermal DSC measurements

The DSC traces recorded at different heating rate
bGeO3 metastable single crystals are reported inFig. 5.
or each curve, only the solid–solid phase transition re

s shown. To make a better comparison, the heat rate
een normalised to the heating rate. As expected, the

emperature increases as the heating rate increases.
According to Ozawa, inFig. 6 log [−ln (1− α)] is plot-

ed versus the logarithm of the heating rate, and the Av
oefficientn is estimated from the slope of the lines.
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Table 1
Kinetic parameters from isothermal and non-isothermal methods

Method Technique Activation energy,Ea (kJ/mol) Avrami coefficient,n

Isothermal DSC 419 ± 55 2.41± 0.23
Ozawa DSC 2.56± 0.18
Ozawa–Chen/Kissinger DSC 370 ± 11
Takhor DSC 386 ± 20
Coats–Redfern–Sestak (γmeta) XRPD 392 ± 10 from Ozawa
Coats–Redfern–Sestak (γstab) XRPD 360 ± 37 from Ozawa

Following Ozawa and Chen, and Kissinger methods,Fig. 7
shows the logarithmic plot of (T ′2/β) as a function of 1/Tfor
different values ofα. The fitted linear plots have slopeEa/R.

The Takhor plot, lnβ versus 1/Tp, is reported inFig. 8.
The data are linear with slope−Ea/R.

4.3. XRPD results

Scanning time-resolved XRPD patterns at 1◦C/min shows
the PbGeO3 solid–solid phase transition occurring between
558 and 585◦C (Figs. 5 and 9). Patterns collected out of
this range show that forT≤ 558◦C only peaks relative to the
metastable phase are apparent, whilst forT≥ 585◦C only the
stable phase is detected.

Quantitative analysis was done on the areas of selected
XRPD peaks. The Alexander and Klug model[27] was
applied assuming the same density for the two PbGeO3
polymorphs. For each temperature, the volume fractionγ

of both phases is determined by averaging theI/I0 ratios,
where I is the area of a given peak andI0 is the area of

F
i ;
T

the same peak in the pure phase. The volume transformed
fraction α =γstab= 1 −γmeta, whereγstab andγmeta are the
volume fraction of the stable and metastable phases, re-
spectively, is reported inFig. 10a as a function of temper-
ature. InFig. 10b the same data are plotted according to
the Coats–Redfern–Sestak method, takingn= 2.56 as deter-
mined by the Ozawa method. An activation energyEa equal
to 392± 9 and 360± 37 kJ/mol has been obtained fromγmeta
andγstab, respectively (seeTable 1).

5. Discussion

The comparison of isothermal and scanning methods
shows fairly good agreement for both the activation en-
ergy Ea and the Avrami coefficientn of the PbGeO3
solid–solid transition (seeTable 1). Such an agreement
points out two interesting aspects: (I) the application of the
Coats–Redfern–Sestak method to time-resolved diffraction

F n.
T= 555◦C (solid line); T= 560◦C (long dash);T= 565◦C (short dash);
ig. 2. Volume of the transformed fractionα as a function of time from
sothermal measurements atT= 555◦C (solid line);T= 560◦C (long dash)

◦
= 565 C (short dash);T= 570 (dotted). T
ig. 3. Avrami plots for isothermal PbGeO3 solid–solid phase transitio
= 570 (dotted).
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Fig. 4. Arrhenius plot for isothermal PbGeO3 solid–solid phase transition.

Fig. 5. DSC traces recorded on PbGeO3 metastable single crystals at differ-
ent heating rates. For the sake of clarity, only the solid–solid phase transition
regions are shown.

data, i.e., a “non-classical” thermal method, can be used as
an alternative way to estimateEa; (II) the assumptions made
for the extension of the Avrami theory to non-isothermal mea-
surements are acceptable, in the present case. The higher
activation energy obtained by the isothermal method than

Fig. 6. Ozawa plot for non-isothermal PbGeO3 solid–solid phase transition.
T= 583◦C (open squares);T= 587◦C (filled squares);T= 590◦C (open cir-
cles);T= 607◦C (filled circles).

Fig. 7. Ozawa and Chen, and Kissinger plots for non-isothermal PbGeO3

solid–solid phase transition.α = 0.2 (filled circles);α = 0.3 (open circles);
α = 0.4 (filled squares); at peak maximum (open squares).
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Fig. 8. Takhor plot for non-isothermal PbGeO3 solid–solid phase transition.

Fig. 9. Non-isothermal time-resolved XRPD patterns in the solid–solid
phase transition domain.

the non-isothermal methods is likely due to the large exper-
imental error in the isothermal data caused by the limited
number of temperatures (seeTable 1). The mean value of
≈385 kJ/mol is consistent with both the value of 323 kJ/mol
found by our group for the devitrification of lead metager-

Fig. 10. Volume transformed fractionα evaluated from time-resolved
XRPD data: (a) plotted vs. temperature; (b) plotted according to the
Coats–Redfern–Sestak method. Metastable phase (open circles); stable
phase (filled circles).

mate glass[6], and the 233 kJ/mol for the crystallisation of
amorphous GeO2 [28].

Our previous paper[6] discussed the different mean-
ings assigned to the Avrami coefficientn by various au-
thors. If we rely on the common accepted meaning that
for interface-controlled growth,m=n− 1 should be inter-
preted as the dimensionality of the crystal growth, our
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Fig. 11. Secondary electron imagery collected by scanning electron micro-
scope (SEM) on PbGeO3 heat-treated at 590◦C.

experimental data suggest a one-dimensional interface-
controlled mechanism. This seems to be consistent with
the secondary electron imagery ofFig. 11 where fin-
ger shaped crystals are detected on samples heat-treated
above the solid–solid transition (590◦C). In present case,
in view of the structural evolution of PbGeO3 determined
by time-resolved XRPD evidences, the non-integer value
of n≈ 2.5 (m= 1.5) cannot be interpreted as the overlay-
ing of two different mechanisms as suggested by Afify et al.
[7].

The assumptions of an Arrhenian behaviour of the growth
rate and a steady-state nucleation rate in the JMA theory
are sometimes incorrect. A number of recent works are de-
voted to the applicability of these approximations. Kelton et
al. [29] presented a model for simulating polymorphic crys-
tallisation under both isothermal and non-isothermal condi-
tions, including time-dependent nucleation rates and cluster-
size dependent growth rates. Their experimental DSC/DTA
data on lithium disilicate glasses were in good agreement
with calculations taking into account both particle size and
shape.

Another analytical approach to DSC/DTA crystallisation
data via homogeneous nucleation and growth of crystallites
was developed by Shneidman and Uhlmann[30] without
involving an Arrhenian dependence of the growth rate. By
analysing DTA data on the devitrification ofo-terphenyl,
t ion is
n evi-
d n ex-
c dent
n
w sta-
t ent
d MA
t
F ated
a rain
h

6. Summary

The kinetics study of the PbGeO3 solid–solid phase tran-
sition based on the Johnson–Mehl–Avrami theory has been
carried out by means of DSC and time-resolved XRPD mea-
surements. A fairly good agreement between isothermal and
non-isothermal data was found. The mean activation en-
ergy value of≈385 kJ/mol is consistent with a numberEa
data reported in literature for both glass crystallisation and
solid–solid phase transition. The Avrami coefficientn has
been successfully related to morphological evidences pro-
duced by secondary electron microscopy. The reliability of
the present results point out that the assumptions of the Arrhe-
nian behaviour for both the growth and the nucleation rates,
are fulfilled.
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