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Abstract

A kinetics study on PbGef{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 coefficiem. The latter parameter has been related to morphological evidences collected by scanning electron microscopy.
The limits of the applied theory, i.e., the Arrhenian behaviour of the growth rate and a steady-state nucleation rate, are finally discussed ir
terms of recent theoretical developments.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction lead metagermanate was lately reported by our gfeuBe-
sides an activation energy value of about 320 kJthdhat is

xPbO(1—- x)GeQ glasses received attention because of reasonably consistent with the devitrification of a number of
their promising optical applications when doped with rare oxide glasses, an Avrami coefficiemts 1.3 was found. An
earthq1,2]. Both the glass forming region and the phase equi- attemptto relate such a coefficient to morphological evidence
libria of thexPbO(1- x)GeQ system have been recently in- from secondary electron imagery collected by scanning elec-
vestigated by our group inthe 0.8x < 0.50range. Insucha tron microscopy (SEM) did not give encouraging results.
compositional range, homogeneous glass is obtained only for A non-integer Avrami coefficient for the devitrification
x>0.25 because of the segregation of nanocrystallinesGeO of Se) 7Ge& 2Shy 1 glasses was also reported by Afify et al.
for lower Pb conten{3]. The phase equilibria study start- [7], who accounted for the value of=1.5 as an overlapping
ing from glassy materials resulted difficult since the devitri- of two mechanisms witm=1 andn=2. Even in the case
fication process led to the formation of several metastable of glassy PbGeg) recent preliminary measurements point
phases[4]. For instance, devitrification of thex=0.50 to a similar interpretation. In fact, X-ray diffraction patterns
glass produced monoclinic lead metagermanate PRGeO collected on samples heat-treated at a temperature just above
[5] via the formation of a metastable phase, unknown in the crystallisation peak highlighted the presence of both the
literature. unknown and the monoclinic PbGeg@hases.

Anisothermal and non-isothermal kinetic study onthefor-  The present paper focused on the kinetics of the
mation of the metastable phase from devitrification of glassy solid—solid transition between the metastable and the mono-

clinic PbGeQ@ phases. The activation energysfEnd the
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calorimetry (DSC) and time-resolved X-ray powder diffrac- Avrami[15-17], similarly developed by Kolomogordft8]

tion (XRPD). and later by Erofeev and Mitzkevidi9]. The basic form
As reported in our previous papi@], several mathemati-  describes the evolution of the volume transformed fraation

cal approaches regarding the DSC and TGA data analysis ofas a function of time:

non-isothermal reaction kinetics are accessible in literature. t ' m

Although based on the same formal theory, great differencese = 1 — exp {—g/ Iy </ u df) dt’}

in assumptions can lead to incongruous reqak4.1]. v

)

whereg is a geometric factot, the nucleation frequency per
unitvolumeuthe crystal growth rate amdis a dimensionless

2. Experimental exponent related to the morphology of the crystal growth. It
is commonly accepted that, according to the mechanisms of
2.1. Sample preparation growth, the exponemh can be an integer or a half integer: (1)

for interface-controlled growth it assumes the values of 1, 2,
Pure metastable PbGg@annot be produced by devitrifi- 3 for one-, two-, and three-dimensional growth, respectively,
cation of glassy lead metagermanate. Therefore, single crys<Il) for diffusion-controlled growth where decreases with
tals of the metastable phase were produced by mixing stoi-t~*/2, it assumes the values of 1/2, 1, 3/2 for the respective
chiometric amounts of PbO (>99.9%) and Gg@9.998%), dimensionalities of growtfl5-17].
and thermally treating the mixture in an electric furnace ac-  Crystallisation and reaction kinetics at a constant tem-
cording to the following procedure: (I) heating to 11@D perature are generally expressed by the well known
at 250°C/h; (I1) holding this temperature for 1 h; (Ill) cool-  Johnson—Mehl-Avrami (JMA) equation:
ing down to 700 C at 100°C/h; (V) cooling down to room .
temperature by switching off the furnace. ~In(1 —e) = (k) 2)
wheren=m+ 1 andk is the rate constant which includes
2.2. Measurements nucleation and growth. Within a narrow temperature range,
the temperature dependencé&af considered to be described
DSC measurements were performed in a 2910 DSC (TA by the Arrhenius equation:
Instruments), fitted with a standard DSC cell. Powdered sam- E
ples (~50 mg) were introduced in silver pans, andrunat 1, 2, k = v exp <_a> (3)
5, 10, 15, and 20C/min, between 500 and 65C, under ni- RT
trogen purge. Isothermal data were collected at temperaturesvhereE, andv are the activation energy and the frequency
ranging between 558 and 570C, on similar amounts of  factor for the overall procesR the universal gas constant
powders under nitrogen. andT is the absolute temperature. The logarithmic form of
Secondary electron imagery of fractured surface was ob- Eq. (2):
tained with a JEOL JXA 840A scanning electron microscope
at an accelerating voltage of 20 kV. In[=In(l — )] =n Ink+nInt (4)

Temperature scanning XRPD experiments were done ongjiows evaluation of both andk from isothermal measure-
the GILDA beamline at the European Synchrotron Radiation ments as the slope and intercept of the In [—Ir-&)] versus

Facility (ESRF, Grenoble, France) witha Debye—-Scherrerex- |n ¢ plot. E, may also be assessed from the logarithmic form
perimental geometry. Samples were put in quartz capillaries of £q, (3):
(@ =0.3 mm), which, in turn, were mounted on a rotating sys-

tem. The wavelength was 0.688043All diffraction patterns Ink=Inv— Ea (5)
were collected by animage plate (fRjji 200 mmx 400 mm) RT

with a sample to detector distance of 274.12 mm. For a com- from the slope of the Ik versus 1/Tplot.

plete description of the experimental apparatus, [4€¢ On DSC and DTA experiments the heating rate(dT/dt)

XRPD experiments were done at@/min between 400 and  is usually kept constant during the whole scan. Thus, the rate

700°C. Temperature resolved data were collected by the so-constantk changes with time as the temperature changes.

called “translating imaging plate techniqud3]. Data inte- Among the various expressions derived from @gdescrib-

gration was done using scan-t13 program. Each IP was di-ing non-isothermal kinetics, some lead to activation energy

vided in stripes corresponding T ~ 3.3 K. Experiments  values in good agreement with those obtained by isothermal

were repeated twice to determine reproducibility. experimentd8]. The non-isothermal methods employed in
the present paper are summarised in the following.

3. Theoretical aspects 3.1. The Ozawa method

The theory of kinetics used to interpret the DTA and DSC With no additive assumption, the Ozawa metf@2@] pro-
measurements was proposed by Johnson and Niéhland vides the Avrami coefficienh straightforwardly from the



4

JMA equation, by taking into account a constant heating rate.

d{log[—In(1 — )]}
dlogp

T

(6)

Thus, by recording DSC runs at different heating rates, at

given temperatures the log [—In 1«)] versus logs should
be linear with slope-n.

3.2. The Ozawa—Chen method

This method21,22]is used to evaluate the activation en-

ergy of the process by supposing that, at the peak maximum,

the transformed fractioa’ is constant. Hence, given a set of
DSC runs at various scan raté&s,can be obtained from the
expression:

dIn(7’?/p)
d(1/7)

== ™

by plotting In (T'?/B) versus 1/Tat a given «'.
3.3. The Takhor method

The Takhor methofP3] represents an alternative method
for the estimation ofE;. By assuming that the maximum
transformation rate is achieved at the peak maxiniynthe
activation energy can be obtained by the slope @fwersus
1/Tp plot, i.e.

ding

_ _fa
d1/%)

R

(8)

This method is based on the incorrect assumption of ig-
noring the time dependence of the rate congtant

3.4. The Kissinger method

Although based on a different approach, this metf24d
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Fig. 1. DSC isothermal profile at 57C performed on PbGe{Inetastable
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 exponeigknown,
the activation energ¥, can be obtained from the slope of
then~2In[—In (1 —o/)]—2In T’ versus 1/T plot.

4. Results
4.1. Isothermal measurements

Isothermal measurements on metastable PhCGaq@le
crystals were performed between 555 and 8Z0or differ-
ent lengths of time until a horizontal line was achieved. The
trace recorded at 57 is reported in curve | ofig. 1. The
instrumental drift correction was obtained by subtracting the
trace for the transformed sample (curve Il) from the original
signal (curve I).

At a given timet, the transformed fractiomis determined
by the ratio between the area under the exotherm up to time
t and the total peak are&ig. 2 givesa as a function of

leads to results similar to those obtained by Ozawa and Chenime at T=555, 560, 565 and 57C. These temperatures

By introducing some simplifications, Kissinger showed that
for any transformation, the In(ﬁ/pzlfversus 1/fplotis linear
with slopeE4/R.

3.5. The Coats—Redfern—Sestak method

Coats and Redfenf25], and later SestdR6], described a
reliable method to determine the activation energy of trans-
formations. By considering the reaction rate in the form:

da

dr
They identifiech(T) as the rate constaktSuitable substitu-
tions and integrations yield the expression:

KoR  Ea
nEs8 RT

)=ammn ©

‘i IN[—In1—-a)] —2InT' =1n (10)

whereKg andg are constants.

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 givenHig. 3. The
plots are approximately linear and parallel with slop@ee
Table 1). The activation energy is assessed by the slope of the
Arrhenius plot shown ifrig. 4.

4.2. Non-isothermal DSC measurements

The DSC traces recorded at different heating rates on
PbGeQ metastable single crystals are reportedrig. 5.
For each curve, only the solid—solid phase transition region
is shown. To make a better comparison, the heat rate has
been normalised to the heating rate. As expected, the peak
temperature increases as the heating rate increases.
According to Ozawa, irFig. 6 log[—In (1 — «)] is plot-
ted versus the logarithm of the heating rate, and the Avrami
coefficientn 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 energyE, (kJ/mol) Avrami coefficientn
Isothermal DSC 4194 55 2.41+0.23

Ozawa DSC 2.56+0.18
Ozawa—Chen/Kissinger DSC 370+ 11

Takhor DSC 386+ 20

Coats—Redfern—Sestakq{ats) XRPD 392+ 10 from Ozawa
Coats—Redfern—Sestaks(an) XRPD 360+ 37 from Ozawa

Following Ozawa and Chen, and Kissinger meth&dtg, 7 the same peak in the pure phase. The volume transformed

shows the logarithmic plot off(‘?/g) as a function of 1/Tor fraction a = ystab=1 — Ymeta Whereystap and ymeta are the
different values of. The fitted linear plots have slof&/R. volume fraction of the stable and metastable phases, re-
The Takhor plot, Irg versus 1/3, is reported inFig. 8. spectively, is reported ifrig. 10a as a function of temper-
The data are linear with slopeEa/R. ature. InFig. 10b the same data are plotted according to
the Coats—Redfern—Sestak method, takis?.56 as deter-
4.3. XRPD results mined by the Ozawa method. An activation enegyequal

to 392+ 9 and 360+ 37 kd/mol has been obtained frometa
Scanning time-resolved XRPD patterns a€Iminshows ~ andystan respectively (se@able 1).
the PbGe@ solid—solid phase transition occurring between
558 and 585C (Figs. 5 and 9). Patterns collected out of
this range show that foF < 558°C only peaks relative tothe 5. Discussion
metastable phase are apparent, whilsTfers585°C only the
stable phase is detected. The comparison of isothermal and scanning methods
Quantitative analysis was done on the areas of selectedshows fairly good agreement for both the activation en-
XRPD peaks. The Alexander and Klug mod@l7] was ergy Ea and the Avrami coefficientn of the PbGe@
applied assuming the same density for the two Pb{seO solid—solid transition (sefable 1). Such an agreement
polymorphs. For each temperature, the volume fracfion points out two interesting aspects: (I) the application of the
of both phases is determined by averaging lthg ratios, Coats—Redfern—Sestak method to time-resolved diffraction
wherel is the area of a given peak angl is the area of
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Fig. 2. Volume of the transformed fractianas a function of time from Fig. 3. Avrami plots for isothermal PbGeGolid—solid phase transition.
isothermal measurementsTat 555°C (solid line); T=560°C (long dash); T=555°C (solid line); T=560°C (long dash);T=565°C (short dash);

T=565°C (short dash)T =570 (dotted). T=570 (dotted).
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Fig. 5. DSC traces recorded on PbGea@etastable single crystals at differ-
ent heating rates. For the sake of clarity, only the solid—solid phase transition
regions are shown.
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data, i.e., a “non-classical” thermal method, can be used as
an alternative way to estimakg; (I1) the assumptions made
forthe extension of the Avraml theory to non-isothermal MEa- rig. 7. 0zawa and Chen, and Kissinger plots for non-isothermal PhGeO
surements are acceptable, in the present case. The highefolid—solid phase transition.= 0.2 (filled circles);x=0.3 (open circles);
activation energy obtained by the isothermal method than «=0.4 (filled squares); at peak maximum (open squares).
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Fig. 8. Takhor plot for non-isothermal PbGg6blid—solid phase transition.
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Fig. 9. Non-isothermal time-resolved XRPD patterns in the solid—solid
phase transition domain. mate glasg$6], and the 233 kJ/mol for the crystallisation of

amorphous Ge®)[28].
the non-isothermal methods is likely due to the large exper-  Our previous papef6] discussed the different mean-
imental error in the isothermal data caused by the limited ings assigned to the Avrami coefficientby various au-
number of temperatures (s@able 1). The mean value of thors. If we rely on the common accepted meaning that
~385 kJ/mol is consistent with both the value of 323 kJ/mol for interface-controlled growthm=n—1 should be inter-
found by our group for the devitrification of lead metager- preted as the dimensionality of the crystal growth, our



Fig. 11. Secondary electron imagery collected by scanning electron micro-
scope (SEM) on PbGe{heat-treated at 59CC.

experimental data suggest a one-dimensional interface-

controlled mechanism. This seems to be consistent with
the secondary electron imagery &fig. 11 where fin-
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6. Summary

The kinetics study of the PbGg@olid—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 numbEg
data reported in literature for both glass crystallisation and
solid—solid phase transition. The Avrami coefficienhas
been successfully related to morphological evidences pro-
duced by secondary electron microscopy. The reliability of
the presentresults point out that the assumptions of the Arrhe-
nian behaviour for both the growth and the nucleation rates,
are fulfilled.
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