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Crystallization kinetics by differential scanning calorimetry under
non-isothermal regime in the case of “site saturation”
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Abstract

A procedure has been developed for analyzing the evolution with time of the volume fraction crystallized and for calculating the kinetic
parameters at non-isothermal reactions in materials involving growth of nuclei. By means of this method, and considering the assumption:
of extended volume and randomly located nuclei, a general expression of the fraction crystallized has been obtained, as a function of th
temperature in bulk crystallization. The kinetic parameters have been deduced, assuming that the reaction rate constant is a time functic
through its Arrhenian temperature dependence. The theoretical method described has been applied to the crystallization kinetics of tt
Shy 20AS0.32S@) 48 glassy alloy with and without previous reheating. According to the study carried out, it is possible to state that in the
considered alloy the nuclei were dominant before thermal analysis, and therefore the reheating did not appreciably change the number
pre-existing nuclei in the material, which constitutes a case of “site saturation”.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction been widely discussed in the literatuf@-5]. Many au-
thors used the so-called Kissinger p[d] or Ozawa plot

Amorphous materials themselves are nothing new. Man [6] directly to examine the kinetics of crystallization of
has been making glasses (mainly silica) for centuries, how- amorphous materials. These methods, however, cannot be
ever, it has been only in recent years that “glass science”directly applied to the crystallization of the quoted mate-
has emerged as a field of study in its own right. The ad- rials and the physical meaning of the activation energies
vances that have been made in the physics and chemistrithus obtained are obscure because the crystallization is
of these materials have been very appreciated within the gdvanced not by theth order reaction but by the nucle-
research community. Glassy alloys of chalcogen elementsation and growth process. On the other hand, some authors
were the initial object of study because of their interesting applied the Johnson—-Mehl-Avrami (JMA) equation to the
semiconducting propertigd] and more recent importance non-isothermal crystallization proceg§g—10] Although
in OptiCEl' recording{Z]. In addition, the last decades have sometimes they appeared to get reasonable activation en-
seen a strong theoretical and practical interest in the appli-ergies, this procedure is not appropriate because the JMA
cation of non-isothermal experimental analysis techniques equation was derived for isothermal crystallizat[ad].
to the study of phase transformations. The non-isothermal |n this work, an alternative method is proposed for an-
techniques have become particularly prevalent for determi- alyzing the non-isothermal crystallization kinetics on the
nation of the thermal stability of amorphous alloys and in pasis of nucleation and crystal growth processes, in the case
the investigation of the processes of nucleation and growth of an as-quenched glass, which contains a large number
that occur during transformation of the metastable phasesof nuclei, “site saturation’]12]. In addition, the present
in a glassy alloy as it is heated in a differential scanning paper applies the proposed method to the analysis of the
calorimeter (DSC). crystallization kinetics of the SboAsg32S&4s glassy

The study of crystallization kinetics in amorphous ma- semiconductor. The material was reheated to research the
terials by differential scanning calorimetry methods has applicability of the quoted method, obtaining for the kinetic

exponent similar values before and after reheating. This re-
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2. Theoretical basis Eqg. (4)becomes as

The theoretical basis for interpreting DSC results is ., B "o T _EG/RT v "
provided by the formal theory of transformation kinetics. r=1 exp|: Nouo Ty € dr

This formal theory is largely independent on the particular —1— exp—ql") 5)
models used in detailed descriptions of the mechanisms of

transformation, and supposes that the crystal growth rate,where Eg being the effective activation energy for crystal
in general, is anisotropic. This rate in any direction can be growth.

then represented in terms of the principal growth velocities, By using the substitution’ = Eg/RT the integrall can

ui (i = 1,2,3), in three mutually perpendicular directions. be represented, according to the literatiir4], by the sum
In these conditions the one-dimensional growth in an el- of the alternating series
emental time, t, can be expressed ag(t') dt’, and this

growth for a finite time isf;ui(t’) d/. The volume of a S(v) = —eV & (=DF(k + 1)!
region originating at time = t is then ) = 2 kZ;) ik
t
v = gl_[/ u;i(t) dt’ (1) Considering that in this type of series the error produced is

less than the first term neglected and bearing in mind that
i _ _ in most crystallization reactions = Eg/RT > 1 (usually
whereg is a geometric factor, which depends on the shape g/ py > 25) it is possible to use only the first term of this

. H t / /
of the growing crystal and the expressi, /;u; (') dt series, without making any appreciable error, and the above
condenses the product of the integrals corresponding to the,antioned integral becomes:

values of the above quoted subsciiipt

In the case of an as-quenched glass Where_a large num- _ (@) e—yy—Z _ R-|—2Eél exp(—@> (6)
ber of nuclei already exists and no new nuclei are formed R RT
during the thermal treatment (site saturation), the integral of

Eq. (1)is evaluated between 0 andsince there is no nu- ture), so that/p can be taken as infinity. This assumption is

frle:t'fo?rﬁegcﬁzt:rioi Dr:aélnlng ?nr}r?)(tre?ge?n\llouumﬁe’ do:; | ijustifiable for any thermal treatment that begins at a temper-
ansformed material and assuming randomly located nuclely, o \yhere crystal growth is negligible, i.e. below the glass

[13] it is possible to write the relation between the actual transition temperaturd [15].

volumeVy andVe in the form: Substitutingeq. (6)into Eq. (5) the volume fraction crys-
tallized in a non-isothermal process is expressed as

x =1—exp[- P(KRT?™H)"] @

if it is assumed thaflp « T (T is the starting tempera-

dp = (1 — %) dVe= (1 — x)vdN’ 2)

wherex = Vp/V is the volume fraction transformed with
V being the volume of the whole assembly ardl @ the
number of nuclei existing in a volume element of material.

SubstitutingEqg. (1) into Eq. (2) and integrating the re-
sulting expression, one obtains

where P = gNo(R/Eg)" andKp is the reaction rate con-
stant. It should be noted thgg. (7)is a general expression
for all values of the parameter which, as it is well known,

in the case of “site saturation” depends on the mechanism
of the crystal growth.

t With the aim of calculating the kinetic parameters, the
x=1-— exp[—gNo (1_[/ u,-(t/)dt/)} (3) crystallization rate has been obtained by deriviag (7)
i V0 with respect to time, yielding

where Ng = N/V being the number of pre-existing nuclei % _ 20-1yn—1,4 -1
per unit volume. dr NPKRTA™)" (1 = D(KREGR™ + 2KRT)  (8)

When the crystal growth rate is isotropie; = u, an which has been assumed that the reaction rate constant is

assumption which is agreement with the experimental ev- 5 (ime function through its Arrhenian temperature depen-
idence since in many transformations the reaction productdence_

grows approximately as spherical nodul&s}. (3) can be

- The maximum crystallization rate is found by making
written as

d?x/dr? = 0, thus obtaining the relationship

t m
x=1- exp[—gNo (f u(t") dt/) ] (4) 5 tn 2 Ec Ec\ 2
0 PI(KR)|, T 71" =1 (n> <1+ RTp) <2+ RTp)
wheremis an exponent which depends on the dimensionality 9)
of the crystal growth. In the considered case, “site saturation”
[12], the kinetic exponent is8 = m. Assuming an Arrhenian  where the subscripgt denotes the magnitude values corre-

temperature dependence fpand a heating rat@, = d7/dr, sponding to the maximum crystallization rate. Assuming the
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above mentioned hypothest /RT, > 1; the logarithmic
form of Eq. (9)is written as

g
In{=2)-==+In(PY"Kro) =0 (10)

( B ) RTp Cg)

|

L
equation of a straight line, whose slope and intercept give E
the activation energyEg, and the pre-exponential factor, T
p = PY"Kro, respectively.

On the other hand, the quoted assumptiBg/RT, > 1, - - - - : :
according taEgs. (7)—(9) allow us to express the maximum 440 460 480 500 520 540
crystallization rate by the relationship: T(K)

d Fig. 1. DSC trace of the SBoAso.32S& .48 glassy alloy at a heating rate
in—1
=1 = 0.378EGn(RTY) (11) ~ 8Kmin
dr |,
4. Results
which makes it possible to obtain, for each heating rate, a
value of the kinetic exponent.. The corresponding mean The typical DSC trace of SioAsg32S& 48 Semicon-
value may be taken as the most probable value of the quotedjuctor glass obtained at a heating rate of 8 Kndirand
exponent. plotted in Fig. 1 shows three characteristic phenomena

which are resolved in the temperature region studied. The
first one(T = 454.7 K) corresponds to the glass transition
temperatureTg, the second7” = 4961K) to the extrap-
olated onset crystallization temperatufie, and the third

(T = 5087K) to the peak temperature of crystallization,
Tp, of the quoted semiconductor glass. This behaviour is
typical for a glass—crystal transformation. The values of
Tg, Tc andTp, increase with increasing the heating rate, as
often occurs in the literaturgd 6].

3. Experimental details

The Sk 20As0.32S&) 45 glassy alloy was prepared in bulk
form by the standard melt quenching method. High-purity
(99.999%) antimony, arsenic and selenium in appropriate
atomic percent proportions were weighed (7 g per batch)
into a quartz glass ampoule (6 mm diameter). The content of
the quoted ampoule was sealed under a vacuum of B8, o
heated in a rotating furnace at around 1225K for 24 h, and 4-1- Crystallization
then quenched in water, which supplied the necessary cool- o o
ing rate for obtaining the glass. The amorphous state of the 1he crystallization kinetics of the §boAso32Seas
material was checked through a diffractometric X-ray scan, &loy was analyzed according to the theory developed in
in a Siemens D500 diffractometer. The homogeneity and Section 2With the aim of analyzing the quoted kinetics, the
composition of the sample were verified through scanning variation intervals pf the magn_|tudes descnbed_by_ the ther-
electron microscopy (SEM) in a JEOL, scanning microscope Mograms for the different heating rates, quote8attion 3
JSM-820. The calorimetric measurements were carried out@'® obtained and given ifable 1 whereT;, andTp, are the
in a Perkin-Elmer DSC7 with an accuracy-0.1 K. Tem- temperatures at which crystallization begins and that corre-
perature and energy calibrations of the instrument were per-SPonding to the maximum crystallization rate, respectively,
formed, for each heating rate, using the well-known melting @nd AT is the width of the crystallization peak. The crys-
temperatures and melting enthalpies of high-purity indium tallization enthalpyAH, is also determined for each of the
and zinc supplied with the instrument. Powdered samples
wgighing_ about .20 mg (particle size around 40) were Table 1
crimped in alum,mum pgns, and Scé‘nned at room tempera_Characteristic temperatures and enthalpies of the crystallization process
ture through theifq at different heating rates of 1, 2, 4, 8, o the alloy Sh 20As032S@.48
16, 32 and 64 Kminl. An empty aluminum pan was used

as reference, and in all cases, a constant 60 mt frflow of Parameter Experimental value

nitrogen was maintained in order to extract the gases emitted As-quenched Reheated

by the reaction, which are highly corrosive to the sensory Ty (K) 443.4-464.6 442.3-460.7

equipment installed in the DSC furnace. The glass transition T; (K) 471.4-507.8 467.6-504.2

temperature was considered as a temperature correspondingp (K) 491.1-536.1 488.4-535.7

to the inflection of the lambda-like trace on the DSC scan 2T () 21.1-63.6 34.2-64.8
AH (mcalmg?l) 11.4-135 9.0-11.9

as shown irFig. 1
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glass. Allowing for experimental error, both values are very
0.04 pred min similar. This indicates, according to literatuf#8], that a
large number of nuclei already exists in the as-quenched
_0.03 / \ material, by representing a case of “site saturation”.
D p=32 From the mean value of the kinetic exponent,it is
§ 0.02 possible to postulate a crystallization reaction mechanism.
3 Mahadevan et a[19] have shown thah may be 4, 3, 2, or
1, which are related to different crystallization mechanisms:
0.01 n = 4, volume nucleation, three-dimensional growth= 3,
volume nucleation, two-dimensional growthi= 2, volume
0.00 nucleation, one-dimensional growth;= 1, surface nucle-

600 ation, one-dimensional growth from surface to the inside.
Given that in the studied alloy the “site saturation™= m,

Fig. 2. Crystallization rate vs. temperature for the as-quenched glass atiS presented, the. mean ValEJeS Obta.-med for the. kmet.'C ex-

different heating rates. ponent are relatively consistent with a two-dimensional

growth mechanism.

heating rates. The crystallization rates/dll, correspond-
ing to the different scans are representedrig. 2. It may
be observed that the Xtiit)|, values increase in the same
proportion as the heating rate, a property which has been
widely discussed in the literatufé7].

To research the applicability of the preceding theory, the

5. Conclusions

The described theoretical method enable us to study the
evolution with the time of the volume fraction crystallized
. . in materials involving crystal growth processes. This pro-
material was reheated up to 467 K (a temperature slightly cedure assumes the concept of the extended volume of

hlghe.r thariTg) for Lh in order to form a Iarge number of transformed material and the condition of randomly located
nuclei, and subjected to the same calorimetric scans that the

nuclei. Using these assumptions we have obtained a general
as-quenched glass. The data CME'/'B) and 16/1-”’ both expression of the volume fraction crystallized, as a function

for the as-quenched and for reheated glass, are fitted to linear . .
. o ' f th mperature in bulk cr llization pr .Inth
functions by least squares fitting and showririg. 3. From of the temperature in bulk crystallization processes. In the

: . . guoted expression the kinetic exponent only depends on the
the.slo'pe and intercept (()jfthese fits, acc'oﬁlri@qo(lo) thbe dimensionality of the crystal growth, since an as-quenched
gtr:\é?j“?rnhS?ggiﬁeéznthgrm‘i_lﬁ)ﬁizg?m—la 45a§t1?g5ﬁ;eo|cil_ glass containing a sufficiently large number of nuclei has
and p _ 8.1 x 1012(K )1 for the as(?quen(;hed glass, and been _conS|dered. T_he klnetlp parameters have pgen deduced
Fe — 43dkcal mot-L and p = 1.13 x 1012(K s)~* for tr'1e by using the folloyvmg considerations: the condlt!on of the
rec;]eated es i aadition th.e experimental dagzand maximum crygtalhzaﬂon rate and the quoted maximum rate.
(d/d)],,, and tﬁe quoted vellues of the activation energy The t_heo_retlc_al method developed has been applied to the

P . . . L ' crystallization kinetics of the St»oASp.32S@) 48 glassy alloy
make it possible to determine, by usiRg. (11) _the kinetic with and without previous reheating. According to the study
exponentn, whose mean values are the followirig) = 1.7

-~ carried out, it is possible to establish that the reheating did
for the as-quenched glass, agg = 1.6 for the reheated not cause the appearance of nuclei, but that the as-quenched

material already contains a sufficient number of them. The
method for thermal analysis of the quoted alloy has given

° results in good agreement with the nature of the material
16 under study and representative of a crystal growth process.
=
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