Available online at www.sciencedirect.com

. MATERIALS
SCIENCE@DIRECT CHEMISTERIAS
E Al PHYSICS
ELSEVIER Materials Chemistry and Physics 96 (2006) 107115

www.elsevier.com/locate/matchemphys

A study on non-isothermal transformation kinetics
Application to the crystallization of the

Ge.18Shy 235@ 59 glassy alloy

J. Vazquez, D. Garda-G.Barreda, P.L &pez-Alemany,
P. Villares, R. Jirenez-Garay

Departamento de Fisica de la Materia Condensada, Facultad de Ciencias, Universidad de Cddiz,
Apartado 40, 11510 Puerto Real(Cddiz), Spain

Received 22 June 2004; received in revised form 6 May 2005; accepted 28 June 2005

Abstract

Atheoretical method is derived for the progress of a nucleation and growth-controlled reaction during heating at a constant rate. The kinetic
parameters have been obtained assuming that the reaction rate constant is a time function through its Arrhenian temperature dependence
Besides, it has been shown that the different models, used in the literature for analyzing the glass-crystal transformation, are particular cases
of the general expression deduced for the actual volume fraction transformed. The model is applied to the DSC data of crystallization kinetics
of the G185y 235 59 glassy alloy, thus obtaining values for the kinetic parameters that agree satisfactorily with the calculated results by
the Austin—Rickett kinetic equation, under non-isothermal regime. This fact shows the reliability of the theoretical method developed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction transmitters of radiation in the 2—16n wavelength region.
The applications include fabrication of optical components
Chalcogenide glasses are transparent visible or nearlike IR lenses, windows and filters used in thermal imaging
infrared region up to 1pm. Germanium has very interest- systems. They are less sensitive to the presence of impu-
ing optical properties with very high refractive index and rities. The Ge-Sb films are sensitive for the UV radiation,
very low chromatic dispersion. There are very few materi- and exhibit mechanical, optical and structural char§es].
als which are transparent in the 8—l2 region and which Glass-forming regions in the Ge-Sb-Se system were studied
are environmentally stable enough for outdoor applications by several authorg—12].
[1-2]. In the present work, a theoretical method has been devel-
An important commercial application for chalcogenide oped for obtaining an evolution equation with time for the
glasses concerns optical lenses for infrared transmission.actual volume fraction transformed, bearing in mind the
They are mainly used for infrared radiometry. Recently, mutual interference of regions growing from separated nuclei
moulding technology has been developed, making possi- (impingement effect). From the quoted equation the kinetic
ble the economical production of very complex and high parameters and the glass-crystal transformation mecha-
efficient lenses, which are necessary for thermal imaging nism have been deduced by means of differential scanning
application3—4]. Infrared transmitting glasses based on Ge- calorimetry (DSC), using non-isothermal regime. In addi-
Sb-Se are technologically important because they are goodtion, this paper applies the developed method to the analysis
of the crystallization kinetics of the @gsSty 23S&) 59glassy
* Corresponding author. Tel.: +34 956016323; fax: +34 956016288.  Semiconductor. The values obtained for the quoted parame-
E-mail address: jose.vazquez@uca.es (Jaxquez). ters are in good agreement with the calculated results by other
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kinetic gquations. As an example, the above mentioned agreeéwhere the expressidf, frt u; (') d’ condenses the product of
ment with the obtained results by the Johnson-Mehl-Avrami the integrals corresponding to the values of the above quoted
(JMA) equation under non-isothermal regime can be quoted. sybscript andg is a geometric factor, which depends on the

The treatment of condensed systems was adapted from thejimensionality and shape of the crystal growth, and therefore
classical theory of the Vapour—liquid transition by Turnbull its dimension equation can be expressed as

and Fishef[13]. A full development of the theory is given

by Christian[14] and a relatively recent review published by [g] = [L]®>~ ([L]is the length)

Kelton[15]. The last decades have seen a strong theoretical

and practical interest in the application of calorimetric analy- ~ Defining an extended volume of transformed mate-
sis techniques to the study of phase transformafib®s18] rial and assuming spatially random nucleati@i,34,35]
This analysis is very quick and needs very small quantities the elemental extended volume fractionedin terms of

of glass samples to obtain kinetic parameters of the quotednucleation frequency per unit volums;(z), is expressed
transformation. Two thermal analysis regimes are employed: @S

one is the isothermal reginj&9,20]in which glass samples .

are quickly heated up and held at a temperature of inter- gy, — y_1(¢) dr = gly(z) (H/ wi(t) dt’) dr. @)

est, above glass transition temperature. In this regime, the FA

glasses crystallize a constant temperature. The other is so-

called non-isothermal reginf21—25]in which glass samples When the crystal growth rate is isotropig;=u, an

are heated up at a fixed heating rate. Generally, an isothermafssumption which is in agreement with the experimental evi-
experiment takes longer time than a non-isothermal exper-dence, since in many transformations the reaction product
iment, but isothermal experimental data can be interpretedgrows approximately as spherical nodulé], Eq. (2) can

by the well-established JMA kinetic equati¢®6—29] In be written as

the non-isothermal experiments themselves are rather sim- . m

ple and quick, but assumptions are usually required for datadye = g/\(7) (/ u(t’) d/) dr (3)
interpretation because there is no uniquely accepted equa- T

tion available for non-isothermal regime. Therefore, the uti-
lization of the non-iso_thermal regime has produ_ced a large crystal growth and the mode of transformation.
number of mathematical treatments for analyzing thermal

data. While all of the treat ¢ based on the f For the important case of isothermal transformation with
process data. While all o the trealments are based on e 1015, 16 4tjon frequency and growth rate independent of time,
mal theory of transformation kinetics, they differ greatly in

. : . ._Eq.(3) can be integrated, resulting in
their assumptions, and in some cases they lead to contradic- a-(3) d ¢

tory results. It was suggested by Henderg$i, in a notable 1

work, that many of the treatments are based on an incompletete = glvu™ / (t —o)"dv = ¢ Ilvu™1" = (K1)" 4)
understanding of the formal theory of transformation kinet- 0

ics. Thus, many authors applied the JMA kinetic equation to wheren=m + 1 for Iy #0, ¢’ is a new shape factor ardis

the non-isothermal crystallization proc¢36], and although  defined as the effective overall reaction rate constant, which

sometimes they appeared to get reasonable activation eners ysually assigned an Arrhenian temperature dependence:
gies, this procedure is not appropriate when their expressions

wherem is an exponent related to the dimensionality of the

are deduced from the JMA equation considering isothermal K=K —E 5
transformation conditiong31]. = Lo €xp RT ®)
whereE is the effective activation energy, describing the over-
2. Theoretical background all transformation process. It should be observed Kfais
proportional toly ™. Hence assumption of an Arrhenian
2.1. Nucleation, crystal growth and volume fraction temperature dependence foiis appropriate whei, andu
transformed vary in an Arrhenian manner with temperature.

In general, the temperature dependence of the nucleation
The theoretical basis for interpreting DTA or DSC results frequency is far from Arrhenian, and the temperature depen-
is provided by the formal theory of transformation kinetics dence of the crystal growth rate is also not Arrhenian when
[26-29,32,33] This theory supposes that the crystal growth @ broad range of temperature is considgB&]. Over a suf-
rate, in general, is anisotropic, and therefore the volume of aficiently limited range of temperature (such as the range of

region originating at time= z (z being the nucleation period) ~ transformation peaks in DTA or DSC experiments), bigth
is then andu may be described in zeroth-order approximation by

ve=¢g]] / ui(') dt @D N~ exp(_RETN) (6)
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and

exp( —EC
u~u e
0 exp RT
whereEy and Eg are the effective activation energies for

nucleation and growth, respectively.
Combining Eqs(4)—(7)results in

—(En + mEG)]
RT

()

—nE
K3 exp(I:T) o« Ivoug exp{ (8)

and the overall effective activation energy for the transforma-

tion is expressed as

_ En+mEg

n

E )

Egs. (4) and (5)have served as the basis of nearly all

R m m m B
treatments of transformation in DTA or DSC experiments. It Xe = PR<EG) [z:(—l)‘Y (S ) (En + sEg) !
s=0

should be noted, however, that H¢g) strictly applies only

to isothermal experiments, where an integration of the gen-

eral expression of E@3) is straightforward. Accordingly, for

analyzing glass-crystal transformations in heating continuous

regime it is more accurate to integrate Kg) under non-
isothermal conditions, according to the literat[22,35,36]

109

Accordingly, takingr=2 in Eq.(12) and considering that in
this type of series the error produced is less than the first term
neglected, Eq(11) becomes
I = ® [TZ g Ee/RT _ 2 e—EG/RTr} (13)
Eg

bearing in mind that in most crystallization reactions
EG/RT > 1, usuallyE/RT > 25, it is possible to use only
the first term of the above mentioned series without making
any appreciable error.

Substituting Eq(13)into Eq.(10), by using the expansion
of the binomial-potential series and integrating the resulting
expression one obtains an equation with an exponential inte-
gral of order 2 + 2, which is again evaluated according to Eq.
(12), yielding

T2m+2

—(EN + mEG)}

RT (14)

x exp[

if it is assumed thalp « 7, (Tp is the starting temperature).
This assumption is justifiable for any heating treatment that

In the present work, a theoretical method has been devel-begins at a temperature where nucleation and crystal growth

oped to integrate Eq3) under the above mentioned con-

are negligible, i.e., beloWy (glass transition temperature)

ditions and to obtain a general expression for the extendedfor most glass-forming systenfi35].

volume fractionye, for each value of the: exponent. In this

Introducing in Eq(14) the parameter

sense, the case when nucleation and crystal growth occur RAMM m
simultaneously has been considered. Both the nucleation fre-Q = R(E) E (-1y < ) (En+sEg)™t
G N
s=0

quency, Eq(6), and crystal growth rate, E¢¢), may still be

approximately described by Arrhenius- type laws at temper- anq defining the reaction rate constant

atures lower than the peak temperatures for both quantities.

In this case, the temperature dependence of extended VO"KV — Kvo exp[—(EN + MEG):|
ume fraction involves a range of particles that are nucleated (m+1RT |’
at different temperatures and, thus, grow to different final
P y Kvo = (glvou)" "+ (15)

sizes when the sample is subjected to continuous heating. By
considering the quoted fact of nucleation and crystal growth with an Arrhenian temperature dependence, the extended vol-

simultaneous, which agrees with literati22], and a con-
stant heating rateg = d7/ds, Eq.(3) becomes

dxe = pIyt e EN/RT g, (10)

wherep is a parameter equal idvouf g+, T the tem-
perature at time and/; is a temperature integral defined
by

T
I = / e Ee/RT" g1’ (11)

By using the substitutiod = Eg/RT’, the integral is trans-
formed in an exponential integral of order two, which is a
particular case of that ordemwhich can be expressed, accord-
ing to literature[37], by the sum of the alternating series

e Z(—1)’<(k +r—"

7" = (r— l)!z’k

S;‘(Zr, Z) = [ (12)

ume fraction, under heating continuous regime, is expressed
as

K Tz m+1
amof2)

which, as can be observed is a general expression for all
possible values of th& exponent, which, as it is well know,
depends on the dimensionality of the crystal growth. Besides,
given that in the present work Eq$) and (7)have been con-
sidered valid, the exponent+ 1 equals the so-called kinetic
exponent:.

It should be noted that the frequency fact&k,o =
(glvoul)Y/™+1), of Eq. (15) can be expressed by the rela-
tionship Kvo = (K,qu/s)™ Y, which includes the shape
factor, g, and where the dimension equation of each of the
quantities!’vo andu is [7]72.

The graphical representation of Efj6) shows the typical
parabolic curve of the extended volume fraction as a func-

(16)
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0.20 ments of volume, which make upg, afraction (1— Vy/ V)"
on the average will lie in previously untransformed material,
0.18 and thus contribute told,, whilst the remainder ofids will be

in already transformed material. Note thatwill be termed

the impingement exponent. The above quoted result clearly
follows only if dVe can be treated as a completely random
volume element. Accordingly, bearing in mind the hypoth-
0.147 esis of random nucleation it is possible to write the relation
betweenV, and Ve in the form

0.16

0.124 Vb Yi

dVb = (l — V) dVe = (1 - x)y’ dVe (17)
0107 wherex = V}/V is the actual volume fraction transformed and
with dVe=Vdxe, Eq.(17)can be expressed as

1

0.08
2 (l — x)_y" dx = dXe. (18)
0.06 - . ' . . ' . Defining an impingement factas; = (y; — 1)1, the general
442443 4adas a6 447 a8 449 4s0 solution of the preceding differential equation is given as
T (K) s,
x=1—(Q4x5H" (19)
Fig. 1. Extended volume fraction transformed as function of tempera- . )
ture calculated from Eq(16), with I'vo = 6x10°s~2, Ey =20 kcal mot 2, It should be noted that the E({.9)includes different models
Wo=4.8x10%st, Eg=14kcalmot?!, =0.13Ks? and for crystal used in the literature when the glass-crystal transformation is
growth in one (1), two (2) and three (3) dimensions. analyzed, namely:
tion of temperature in crystallization reactiof$g. 1 shows (i) Case of no impingemeny; =0, x = xe.
the representation of the quoted equation for some selected(ii) If the impingement exponenty; =1, §; — oo and Eq.
kinetic parameters and for crystal growth in one, two and (19) becomes

three dimensions. It should be noted thatunction tends to 1
infinity for T increasing and their corresponding curves for x=1— lim |1+ (5!> ]
severaln values intercept at different temperatures. 8i—00 Xe
Finally, as an illustration of the use of E¢{.6), a reac-
tion with m=3 (e.g. valid for recrystallization), nucleation = 1—expt-xe) = 1 — exp[—(K1)"] (20)
frequency and crystal growth rate according to Eg¥and (iii) Wheny;=2,8;=1 and Eq(19) can be written as
(7), respectively, has been considered. Then(E) shows . I
that, for an experiment at constant heating raténcreases x=1-(Q+xe) " =1-[1+(K)']" (21)
approximately in proportion t¢®*1) =8, For comparison,
in an isothermal experimente increases in proportion to
ml=p

781.

Bothin Eq.(20)and in Eq(21)an isothermal transforma-
tion has been considered, and therefore, the extended volume
fraction is given by Eq(4), resulting in the IMAK equation
o and the Austin—Rickett (AR), respectively.

2.2. Effect of impingement Finally, by substituting Eq(16)into Eq.(19), one obtains

To obtain a general kinetic equation for the volume frac-

1 KvT2 m+17 %
tion transformed, the mutual interference of regions growing * = =11+ 5~Q( p ) ] 22

from separated nuclei must be considered. When two such l

regions impinge on each other it is possible that the two a general expression for the actual volume fraction trans-
regions develop a common interface, over which growth formed in a non-isothermal process.

ceases, although it continues normally elsewhere. This hap-

pens in most solid transformations. The problem is primarily 2.3. Deducing the kinetic parameters

geometrical and through the concept of extended volume may

thus be separated from the kinetic laws of nucleation and The usual analytical methods, proposed in the litera-
growth. We have now to find a relation between the extendedture [35] for analyzing the crystallization kinetics in glass-
volume, Ve, and the actual voluméj,. Consider any small ~ forming liquids, assume that the reaction rate constant can be
random region, of which a fraction (¥4/V) remainsuntrans-  defined by an Arrhenian temperature dependence. In order
formed at timer, and whereV is the volume of the whole  for this condition to hold, the present work assumes that
assembly. During a further time,dhe extended volume will  both the nucleation frequendy;, and crystal growth rate,
increase by e, and the true volume byig. Of the new ele- have Arrhenian temperature dependences. From this point of
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view, the crystallization rate is obtained by deriving the actual one obtains

volume fraction crystallized [Eq22)] with respect to time, s\
. . . . . 1

bearing in mind the fact that, in non-isothermal processes, thel — x, = (51)

reaction rate constant is a function of time through its above i+

mentioned Arrhenian temperature dependence. Moreover, ifan expression from which, the impingement facty,can

in the resulting equation, the expression in square brackets ishe evaluated in a set of exotherms taken at different heating

(27)

substituted by its value given in E(22), one obtains rates, by using a method of successive approximations (e.g.
a0+ 1) [ KyT?\" secant method). The corresponding mean value may be taken
= < v ) (1-— x)(8i+1)/8i as the most probable value of the impingement factor in the
dr B B glass-crystal transformation process.
,dKy Substituting Eq(27)into Eq.(26)and taking the logarithm
(T o T ZTﬂKV> : (23) in the resulting expression leads to the relationship
The maximum crystallization rate is found making n Tj _E In (28)
dx?/dr? = 0, resulting in B~ RT, a
5+ 1 [ ky|,T,2 m+1 which is a linear function, whose slope and intercept give
l : (1- xp)l/ %0 P! ] the overall effective activation energ¥, and the factor
! p q=0Y"Kvo [Eq. (22)], which is related to the probability of

plex. About the physical meaning of the overall effective
activation energy of Eq28) it can be explained by analyz-
ing the expression of the reaction rate constadqy)|,, given

2 effective collisions for the formation of the activated com-
S m+1|? dr p>

d2 by Eq.(15). According to the quoted equation and following
2 2 52 Ky . ; e .
+2B°(Kvl,)" =T, Kvl, oz the literaturg35], the above-mentioned activation energy is
p expressed by E¢9). From this equation it is immediate that
2 the activation energy in E¢28), means physically a combi-
« |7, dKv + 28Kl,| (24) nation of the effective activation energi(_es for theT nucleation,
dr » EN, and for the crystal growtlkg, respectively, which agrees

_ . satisfactorily with the literaturf85] (see page 255).
where the subscriptdenotes the quantity values correspond- Finally, substituting in Eq(23) for the maximum crys-

ing to the maximum crystallization rate. ___tallization rate, the expressia@(Kv|,T,24~1)"taken from
Taking the first and the second derivative of the reaction Eq. (22), introducing Eq(27) into the resulting expression

rate constanty, with respect to time, substituting bothinto 4 considering the above quoted assumpE&T, > 1, one
Eq.(24), assuming that the overall effective activation energy, P

ST obtains
E, is given by Eq(9), and that:=m + 1, as already stated,
the quoted Eq(24) can be rewritten as "= RTIE% [(1 _ xp)(6[+1)/6[ B E} -1 (29)
3 + 1/s; KV'FTg ! .p . ) -
— (1 —x,)""0 5 an expression which permits the kinetic exponento be
' calculated in a set of exotherms taken at different heating
2 E E \ 2 rates. The corresponding mean value may be considered as
=1- - (1 t 27 ) (2 + RT> (25) the most probable value of the kinetic exponent of the trans-
P P formation process.
which relates the crystallization kinetic parametgra and Egs.(27) and (29)pive information about the mechanism

8; to the quantity values that can be determined experimen-of the transformation through the paramem@ndn. More-
tally, and which correspond to the maximum crystallization over, it should be noted that when #hgarameter is taken as
rate. Bearing in mind that in most transformation reactions infinity, Egs.(22)—(24)for the maximum crystallization rate
EIRT, > 1 (usuallyE/RT, > 25), already quoted assumption, become exactly the equations corresponding to the JMAK

Eq.(25) becomes model, inthe case of glass-crystal transformations under non-
on isothermal regime, namely
ity BTy (26) 2 41y
5; » 8 xp = 1—expl-Q(Kvl,T2p™Y)"] (30)

and the error introduced is not greater than 2.5%. dx - . .
n —1\" — —
Substituting in Eq(26)the expressio® ( KV|,,T[§;3‘1) al = nQ(Kvl,T,p~7) (1= xp)BT, [2+ E(RTp) "]
taken from Eq(22) and by making explicit the quantity 1; P (31)
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Ol Kv!,T2p7Y" 6
—1- 20711 + E(RT,)" Y2 + ERRT,)" >, (32) 5 -

The present fact shows again that the JMAK evolu-
tion equation for the volume fraction transformed under
non-isothermal regime is a particular case=1, of the
more general transformation equation, which considers the
impingement effect between regions growing from separated
nuclei.

HEAT FLOW (mW)
39} W

3. Experimental procedures 500 550 600 650 700
T(K)

The G@.18Shy 23S&) 59 glassy alloy was made from their
components of 99.999% purity, which were pulverized to less
than 64um, mixed in adequate proportions, and introduced
into a quartz glass ampoule. The content of the ampoule (7 g
per batch) was sealed under a vacuum of?l®a and heated 4. Results
in a rotating furnace at around 1223 K for 52 h, submitted to
longitudinal rotation of 1/3 rpm in order to ensure the homo-  The typical DSC trace of Gg gShy 235& 59 chalcogenide
geneity of the molten material. It was then immersed in a glass obtained at a heating rate of 32 Kmfirand plotted
receptacle containing water in order to solidify the material in Fig. 2 shows three characteristic phenomena, which are
quickly, avoiding crystallization of the compound. The amor- resolved in the temperature region studied. The first one
phous state of the material was confirmed by a diffractometric (7'=545.4 K) corresponds to the glass transition temperature,
X-ray scan, in a Siemens D500 diffractometer. The homo- Ty, the second?(=653.4K) to the extrapolated onset crys-
geneity and composition of the solid were verified through tallization temperaturef, and the third =671.0K) to the
scanning electron microscopy in a JEOL, scanning micro- peak temperature of crystallizatiofi,, of the above men-
scope JSM-820. The calorimetric measurements were carriedioned chalcogenide glass. This DSC trace shows the typical
outin a Perkin-Elmer DSC?7 differential scanning calorimeter behaviour of a glass-crystal transformation. The DSC data for
with an accuracy of:0.1 K. Temperature and energy cali- the different heating rateg, quoted in SectioB, show values
brations of the instrument were performed, for each heating of the quantitiedy, 7c and7),, which increase with increasing
rate, using the well-known melting temperatures and melting 8 @ property which has been reported in the litera{G8].
enthalpies of high-purity indium and zinc supplied with the The ratio between the ordinates and the total area of the peak
instrument. Powdered samples weighing about 10 mg (par-gives the corresponding crystallization rates, which make it
ticle size around 4@im) were crimped in aluminium pans, possible to plot the curves of the exothermal peaks repre-
and scanned at room temperature through theat differ- sented inFig. 3. It may be observed that thex(dr)|, value
ent heating rates of 2, 4, 8, 16, 32 and 64 K minAn empty increases in the same proportion as the heating rate, a prop-
aluminium pan was used as reference, and in all cases, a conerty which has been widely discussed in the literaf@63.
stant 60 mImin® flow of nitrogen was maintained in order
to provide a constant thermal blanket within the DSC cell,
thus eliminating thermal gradients and ensuring the validity
of the applied calibration standard from sample to sample.
Moreover, the nitrogen purge allows to expel the gases emit-
ted by the reaction, which, without affecting the DSC peaks,
are highly corrosive to the sensory equipment installed in the
DSC furnace. The glass transition temperature was consid-
ered as a temperature corresponding to the inflection point
of the lambda-like trace on the DSC scan, as shown in the 10 1
Fig. 2 The volume fraction crystallized, at any temper-
atureT is given asx=A7/A, whereA is the total area of
the exotherm between the temperat@yewhere the crys- 0 ' - - - , , ;
tallization is just beginning and the temperatdie where 600 620 640 660 T 16(80 700 70740
the crystallization is completed and- is the area between ©
the initial temperature and a generic temperatiiyesee Fig. 3. Crystallization rate vs. temperature of the exothermal peaks at dif-
Fig. 2 ferent heating rates.

Fig. 2. Typical DSC trace of GagShy 235& 59glassy alloy at a heating rate
of 32 Kmin~1. The hatched area shows, the area betweef; andT.
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Table 1 Table 2

Characteristic temperatures and enthalpies of the crystallization process ofMaximum crystallization rate, corresponding temperature and volume frac-

the G 18Shy 235& 59 glassy alloy tion crystallized, kinetic exponent and impingement factor for the different

Parameter Experimental value heating rates

Ty (K) 536.8-553.2 B (Kmin~t) 1ﬁ(dx/df)lp T, K  x 8 n

T, (K) 617.5-656.2 s

T, (K) 634.6-686.1 2 3.11 634.6 0.5862 3.5972 4.08

AT (K) 23.9-82.3 4 3.99 641.9 0.4577 0.6701 3.99

AH (mcalmg?) 25-6.1 8 7.08 652.1 0.4660 0.7213 3.55
16 11.43 659.7 0.4284 0.5237 3.34
32 21.68 670.9 0.4725 0.7652 2.82
64 27.84 686.1 0.3629 0.3160 2.83

4.1. Glass-crystal transformation

The kinetic study of the glass-crystal transformations is
related to the knowledge of the reaction rate const&igt, E=56.5kcalmotland ¢=2.11x 102(Ks)~1. Moreover,
as a function of the temperature. In the present work it is the experimental daté,, x, and (d/df)|,, shown inTable 2
assumed that the quoted constant has an Arrhenius type temallow to obtain the parameters: impingement facégrand
perature dependence. Bearing in mind this assumption andkinetic exponentp. By using Eq.(27) and following the
that the nucleation frequency and crystal growth rate have secant method of successive approximations, the impinge-
also Arrhenian temperature dependences, the overall effeciment factor has been evaluated for each heating rate. The
tive activation energyk, for crystallization is given by Eq.  calculation of the kinetic exponent has been carried out for
(9). From this point of view, and considering that in most each heating rate, by using E9) and from the quoted
crystallization processds>>> RT, the crystallization kinetics ~ experimental data, together with the above mentioned value
of the alloy Ge@ 18Sky 23S&) 59 may be analyzed accordingto  of the activation energy and the corresponding results of the
the theory developed in Secti@n impingement factor. The values both #rand forn are also
With the aim of analyzing the above mentioned kinet- given inTable 2 With the aim of explaining why the lowest
ics, the variation intervals of the quantities described by heating rate, 2 K mint, gives the highest; andn values, the
the thermograms for the different heating rates quoted in Egs.(27) and (29have been related, yielding
Section 3 are obtained and given ifable 1 where Tj 541 )
and7, are the temperatures at which crystallization begins , (s y _ n( 8i ) T _ RT;(dv/dn)l,
and that corresponding to the maximum crystallization rate, si+1 BE

respectively, andAT is the width of the crystallization . here th duts is i |
peak. The crystallization enthalpyH, is also determined an expression where the pro ugts;) IS INVETSETly propor-
tional to heating rate. From the data giveriable 2 the val-

for each heating rate. The data of ¥7(g) and 1G/7, ) )

are fitted to a linear function by least squares fitting and Egsnogtg:je t%;()tdtljh(itquozt}l)e(:&x@t()flp)are /?Et?ln?r?lgifezz(r):lld
h inFig. 4 F he sl i is fi = Wplip1/\tpliy '

snown InFig rom the slope and intercept of this fi, increases with the value of the subscriptl, 2, 3... ., keep-

according to Eq.(28), both the overall effective activa- . . ) )
tion energy,E, and the pre-exponential factay, of the ing always minor values that the corr_esponc_jmg rat|o_of 2-1
transformation are obtained. The results are the following: of the_ heating rate. By means of th|s_ fact it IS possible to
explain why the lowest heating rate gives the higldgsind
n values. In addition, bearing in mind that the calorimetric
16.5 analysis is an indirect method which only makes it possi-

160 ble to obtain mean values for the parameters that control the
mechanism of a reaction, the quoted mean values have been

155 calculated, resulting in8;) = 1.10 andn) = 3.43. It should be

] 150 noted that the preceding value of the impingement factor sug-

i“— 145 gests that the Austin—Rickett kinetic equation£ 2,5; =1),

E is more adequate than the JMA equatipp<1, §; — 00) to
14.0 describe the mechanism of the glass-crystal transformation of
135 the semiconducting GasShy 23S 59 glass. Of course, by
13.04 using both equations under non-isothermal regime. This fact
s explains that the experimentg) values range from 0.3629

144 146 148 150 152 154 156 158 160 to 0.5862 (sedable J results which are relatively differ-

109/T, (K™) ent of x, =0.63, an approximately constant value, as it is

required by JMA kinetic equation. With the aim of mak-
Fig. 4. Experimental plots of If/g) vs. 16/ T, and straight regression  ing comment on the validity of the model represented by
line of Gay 18Shy 235@ 50 alloy (8 in Ks™1). Eqg. (22) to analyze the kinetics of different non-isothermal
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transformations it must be considered the EZ¥), which 5. Conclusions
relates the parameters: volume fraction transformgdand
impingement factor§;. The values obtained for the quoted The developed theoretical method enables us to study the
parameters by means of the developed model are compare@volution with the time of the actual volume fraction trans-
with the calculated results by other kinetic equations, and formed and to analyze the glass-crystal transformation mech-
they allow to check the validity of the quoted model. Accord- anisms in semiconducting glass systems involving formation
ingly, it is interesting to emphasize that when #hevalue is and growth of nuclei. This method assumes the concept of
close to 0.5, the Austin—Rickett equation is more adequate,the extended volume of transformed material and the condi-
whereas if the quoted value of tends to 0.63, the JMA  tion of randomly located nuclei, together with the assumption
kinetic equation is more suitable to describe the correspond-of mutual interference of regions growing from separated
ing non-isothermal transformation. For this purpose, we have nuclei. By using these assumptions we have obtained a gen-
applied the present model at the analysis of the crystallization eral expression for the actual volume fraction transformed, as
kinetics of a glassy alloy set, corresponding to the Sh-As-Se a function of the temperature in non-isothermal crystalliza-
and Ge-Sb-Se systems, and we have examined the kinetidion processes. In the quoted expression the kinetic exponent
parameters, which control the glass-crystal transformation, depends on both the nucleation frequency and the dimen-
checking the validity of the described model. In this sense, it sionality of the crystal growth. It should be noted that the
should be noted that the mean value both of the volume frac-above mentioned expression also depends on the impinge-
tion transformed(x,), and of the impingement factofs;), ment factor. The kinetic parameters have been deduced by
for the quoted alloys, range from 0.4399 to 0.5348 and from using the following considerations: the condition of the max-
0.61981t0 1.5366, respectively. These results oscillate aroundmum crystallization rate and the quoted maximum rate.
the theoretical values;, = 0.5 and$; = 1, and, therefore, the The theoretical method developed has been applied to the
developed model proposes the Austin—Rickett kinetic equa- experimental data corresponding to the crystallization kinet-
tion, under non-isothermal regime to describe the mechanismics of the G@ 1Sty 23S&) 59glassy alloy. The results obtained
of the glass-crystal transformation of the quoted alloys. for the kinetic parameters agree satisfactorily with the calcu-

Besides, from the mean value of the kinetic exponent, lated values by other mathematical treatments, confirming
(n) =3.43, of the semiconducting @&sShy 23S 59 glass the reliability of the method developed.
it is possible to postulate a crystallization reaction mech-
anism of the quoted glass. Mahadevan et[aB] have
shown thatn may be 4, 3, 2, or 1, which are related to Acknowledgements
different glass-crystal transformation mechanises4, vol-
ume nucleation, three- dimensional growtis 3, volume The authors are grateful to the Junta de Andalucia and the
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