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Kinetic study on non-isothermal crystallization in glassy materials:
application to the Sb As Se alloy0.12 0.40 0.48
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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 formation and growth of nuclei. By means of this method, and considering
the assumptions of extended volume and random nucleation, a general expression of the fraction crystallized has been obtained, as a
function of the temperature in bulk crystallization. The kinetics parameters have been deduced, assuming that the crystal growth rate has
an Arrhenius-type temperature dependence, and the nucleation frequency is either constant or negligible. The theoretical method described
has been applied to the crystallization kinetics of glassy alloy Sb As Se with and without previous reheating. According to the0.12 0.40 0.48

study carried out, it is possible to state that the reheating did not cause the appearance of nuclei, but that the as-quenched material already
contains a sufficient number of them. The phases at which the alloy crystallizes after the thermal process have been identified by X-ray
diffraction. The diffractogram of the transformed material suggests the presence of microcrystallites of Sb Se and AsSe, remaining in a2 3

residual amorphous matrix.  1999 Elsevier Science S.A. All rights reserved.

Keywords: Glassy semiconductor; Nucleation and crystal growth; Glass transition; Crystallization kinetics; As-quenched glass and reheated glass;
Crystalline phases

1. Introduction stability of amorphous alloys and in the investigation of
the processes of nucleation and growth that occur during

Traditionally, solid state physics has meant crystal transformation of the metastable phases in the glassy alloy
physics. Solidity and crystallinity are considered as as it is heated. These techniques provide rapid information
synonymous in texts on condensed matter. Yet one of the on such parameters as glass transition temperature and
most active fields of solid state research in recent years has activation energy over a wide range of temperatures [1,2].
been the study of solids that are not crystals, solids in In addition, the physical form and thermal conductivity as
which the arrangement of the atoms lacks the slightest well as the temperature at which transformations occur in
vestige of long-range order. The advances that have been most amorphous alloys make these transformations par-
made in the physics and chemistry of these materials, ticularly suited to analysis in a differential scanning
which are known as amorphous solids or glasses, have calorimeter (DSC).
been widely appreciated within the research community. The study of crystallization kinetics in amorphous
The last decades have seen a strong theoretical and materials by differential scanning calorimetry methods has
practical interest in the application of isothermal and non- been widely discussed in the literature [2–5]. Many
isothermal experimental analysis techniques to the study of authors used the so-called Kissinger plot [3] or Ozawa plot
phase transformations. While isothermal experimental anal- [6] directly to examine the kinetics of crystallization of
ysis techniques are, in most cases, more definitive, non- amorphous materials. These methods, however, cannot be
isothermal thermoanalytical techniques have several ad- directly applied to the crystallization of amorphous materi-
vantages. The non-isothermal techniques have become als and the physical meaning of the activation energies
particularly prevalent for determination of the thermal thus obtained are obscure because the crystallization is

advanced not by the nth order reaction but by the nuclea-
tion and growth process. On the other hand, some authors*Corresponding author. Tel.: 134-956-890966; fax: 134-956-834924.

´E-mail address: wagner@merlin.eca.es (J. Vazquez) applied the Johnson–Mehl–Avrami (JMA) equation to the
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non-isothermal crystallization process [7–13], Although V , the nuclei are widely spaced, and its interference isa

sometimes they appeared to get reasonable activation negligible. Under these conditions, the transformed volume
energies, this procedure is not appropriate because the at time t resulting from regions nucleated between times t

JMA equation was derived for isothermal crystallization and t 1 dt is dV 5I V v dt. However, in subsequentb v a t

[14]. stages of the process, we must consider the mutual
In this work, a method is proposed for analyzing the interference of regions growing from separate nuclei.

non-isothermal crystallization kinetics on the basis of When two such regions impinge on each other it is
nucleation and crystal growth processes, and it is empha- possible that the two regions develop a common interface,
sized that the crystallization mechanism, such as bulk over which growth ceases, although it continues normally
crystallization, should be taken into account for obtaining a elsewhere. This happens in the most crystallization re-
meaningful activation energy. In addition, the present actions.
paper applies the proposed method to the analysis of the During the time dt, when I V dt new transformedv a

crystallization kinetics of the glassy alloy regions are nucleated, it may be also considered that I Vv b

Sb As Se . From this analysis it is possible to state dt regions would have nucleated in the transformed0.12 0.40 0.48

that the as-quenched material already contains a large portion of the assembly, had not transformation previously
number of nuclei. Finally, the crystalline phases corre- occurred there. Accordingly it is possible to define an
sponding to the crystallization process were identified by extended volume of transformed material, V , by thee

X-ray diffraction (XRD) measurements, using Cu Ka relationship
radiation.

dV 5 n I (V 1V ) dt 5 n I V dt (2)e t V a b t V

where V is the volume of the whole assembly.
2. Theoretical basis The extended volume can be visualized as a series of

volume elements having the same limiting surface as the
2.1. Nucleation, crystal growth and volume fraction actual transformed volume but all growing ‘through’ each
crystallized other. Some elements of the transformed volume are

counted twice, other three times, and so on, in order to
The theoretical basis for interpreting DTA or DSC obtain the extended volume. It is possible now to find a

results is provided by the formal theory of transformation relation between V and V . Consider any small randome b

kinetics. This formal theory is largely independent of the region, of which a fraction (1 2V /V ) remains untrans-b

particular models used in detailed descriptions of the formed at time t. During a further time dt, the extended
mechanisms of transformation, and therefore it leads to an volume will increase by dV , and the true volume by dV .e b

expression, which can be considered as general, for the Of the new elements of volume which make up dV , ae

equation of evolution of the volume fraction crystallized. fraction (1 2V /V ) on average will lie in the previouslyb

The above-mentioned theory considers the nucleation untransformed material, and thus contribute to dV , whilstb

frequency per unit volume, I , which is related to the the remainder of dV will be in the already transformedv e

reciprocal of a mean value of the period t (the time in material. This result clearly follows only if dV can bee

which an individual region is formed). Suppose that at treated as a completely random volume element, and it is
time t 5 t the untransformed volume is V , and that for this reason that virtual nuclei have to be included in thea

between times t 5 t and t 1 dt a number I V dt of new definition of V . Bearing in mind the hypothesis of randomv a e

regions are nucleated. The crystal growth rate, in general, nucleation it is possible to write the relation between Vb

is anisotropic. This rate in any direction can be then and V in the forme

represented in terms of the principal growth velocities, u i dV 5 (1 2V /V ) dV 5 (1 2 x) dV (3)b b e e(i51, 2, 3), in three mutually perpendicular directions. In
these conditions the unidimensional growth in an elemental where x 5V /V is the volume fraction transformed. Dif-b

time, dt9, can be expressed as u dt9, and this growth for a ferentiating this expression and substituting the result intoi
tfinite time is e u dt9. The volume of a b region Eq. (3), one obtainst i

originating at time t 5 t is then
dx
]]dV 5V . (4)t e 1 2 x

n 5 g PE u dt9 (1)t i This equation is related to Eq. (2), and after the value fori
t v from Eq. (1) has been included, one obtainst

where g is a geometric factor, which depends on the shape t
tof the growing crystal and the expression, P e u dxi t i

]] 5 gI PE u dt9 dt (5)V idt9condenses the product of the integrals corresponding to 1 21 2 x i
tthe values of the above quoted subscript i.

During the initial stages of transformation, when V < When the crystal growth rate is isotropic, u 5u, anb i
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assumption which is agreement with the experimental
evidence since in many transformations the reaction prod-
uct grows approximately as spherical nodules, Eq.(5) can
be written as

t 3

dx
]] 5 4pI E u dt9 dt (6)V i1 21 2 x

t

In non-isothermal experiments of bulk crystallization
with a quenched glass containing no nuclei and assuming
that the nucleation frequency is practically constant and
crystal growth rate has an Arrhenian temperature depen-
dence, u 5 u exp(2E /RT ), Eq. (6) becomes0

T 3t
34pI udx n 0

]] ]]5 E exp(2E /RT 9) dT 9 dt31 2 x 1 2b
Tt

C1 3]5 I I dt (7)3 1 n
2y 22b Fig. 1. Representation of ln(e y ) versus y and corresponding straight

regression line for the range of values 20,y,60.
where T is the corresponding temperature at time t, andt

´ ´b 5 dT/dt is the heating rate.
2y 22´Using the substitution y9 5 E /RT the integral I is points ( y, ln(e y )) together with the corresponding1

transformed to the relationship straight regression line.
y Substituting Eq. (12) into Eq. (7) and integrating thet

2y9e resulting expression, one obtains
]]I 5 (E /R) E dy9 (8)1 29y

y C2
]2 ln(1 2 x) 5 I (T 2 T ) exp(21.052 3 3E /RT )4 n 0
bwhich can be represented by a series, resulting in

y C N` k t 2 0E (21) (k 1 1)! ]]5 exp(21.052 3 3E /RT ) (13)2y9 22 4] ]]]]9I 5 2 e y O (9)F G b1 kR 9yk50 y

N being the nuclei formed per unit volume in the course0Considering that in alternating series the error is less
of the thermal process at the heating rate, b.than the first term neglected and bearing in mind that in

In the case of a glass which has been heated previouslymost crystallization reactions y9 5 E /RT 9 4 1 (usually E /
at the temperature of maximum nucleation rate for suffi-RT 9 $ 25), it is possible to use only the first term of this
ciently long time, a large number of nuclei already existseries, without making any appreciable error, and Eq. (9)
and no new nuclei are formed during the thermal processbecomes
(i.e. I 5 0), Eq. (6) can be written asn2y 22I 5 (E /R) e ? y (10)1

t 3

Cdxif it is assumed that T < T, so that y can be taken as 1 3t t ]] ]5 4p Eu dt9 dN 5 I dN (14)3 21 2 x 1 2infinity. This assumption is justifiable for any heating b
0treatment that begins at a temperature where nucleation

and crystal growth are negligible, i.e. below T (glass dN being the number of nuclei in the elemental volume perg

transition temperature) for most glass-forming systems unit volume, and where the integral has been evaluated
[15]. between 0 and t, since there is no nucleation period, t 50.

Taking the logarithm of Eq. (10) leads to an expression The integral I has been resolved in the same manner as2

that, in the range of values of y, 20,y,60, can be fitted I , and substituting the resulting expression into Eq. (14),1

very satisfactorily by a linear approximation, giving yields
2y 22 Cdx 2ln(e y ) ¯ 2 5.1202 2 1.052y (11) ] ]5 exp(21.052 3 3E /RT )dN31 2 x b

and therefore
and therefore

25.1202 21.052y 21.052yI ¯ (E /R) e e 5 A e (12)1 1 C N2
]]2 ln (1 2 x) 5 exp(21.052 3 3E /RT ) (15)3
bTo illustrate the above mentioned fit, Fig. 1 shows the
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Eqs. (13) and (15) may be expressed by the more and
general relationship

dx 2U]S D2n 5 1.052mEb(1 2 x ) /RT (20)p pp2 ln(1 2 x) 5 C b exp(21.052mE /RT ) (16) dt0

Relating both expressions and taking the logarithm leadsHere, n 5 m 1 1 for a quenched glass containing no
to the relationshipnuclei and n 5 m for a glass containing a sufficiently large

number of nuclei. For diffusion-controlled growth, m
1.052mE 12 nassumes the values 1, 2 and 3 for one-, two- and three- ]]]]ln(T /b ) 5 1 constant (21)p R Tpdimensional growth, respectively.

which represents a straight line whose slope yields the
2.2. Calculating kinetic parameters product mE of the process.

The use of Eq. (21) implies a previous knowledge of the
The usual analytical methods, proposed in the literature kinetic exponent, n, which can be obtained taking the

for analyzing the crystallization kinetics in glass forming logarithm of Eq. (16), yielding
liquids, assume that the reaction rate constant can be
defined by an Arrhenian temperature dependence. In order z 5 ln[2ln(1 2 x)]
for this assumption to hold, one of the following two sets

5 2 n ln b 2 1.052mE /RT 1 ln C (22)0of conditions should apply:

and representing z versus ln b at a specific temperature.
1. The crystal growth rate, u, has an Arrhenian tempera- The m-value should also be known, a parameter that

ture dependence; and over the temperature range where depends on the dimensionality of the crystal. One method
the thermoanalytical measurements are carried out, the for determining the m-value is to observe the change of n
nucleation rate is either constant or negligible (i.e. the with reheating at the nucleation temperature (slightly
condition of site saturation). higher than the glass transition temperature, T ). If n doesg

2. Both the crystal growth and the nucleation frequency not change with reheating, a large number of nuclei
have Arrhenian temperature dependences. already exists in the specimen and n 5 m. If n decreases

with reheating, not so many nuclei exist in the specimen.
In the present work the first condition is assumed, and In this case, m , n # m 1 1 before reheating and n 5 m

therefore, the overall effective activation energy for crys- after reheating.
tallization is mE /n, where E is the activation energy of the Once the crystallization mechanism is precisely known
crystal growth process. From this point of view, the and does not change with the heating rate, the plot of

2 ncrystallization rate is obtained by deriving the volume ln(T /b ) versus 1 /T gives the above-mentioned value ofp p
fraction crystallized with respect to time, and from Eq. mE. Dividing mE by m, the activation energy for trans-
(16) results formation can be obtained.

2Finally, it should be noted that the change of lnT withpdx 1.052mE2(n21) n] ]]]5 C b (1 2 x) exp(21.052mE /RT ) b is negligibly small compared with the change of lnb ,0 2dt RT
and, therefore, it is possible to write

(17)
1.052mE 1n ]]]]ln b 5 2 1 constant (23)The maximum crystallization rate is found by making R Tp2 2d x /dt 5 0, thus obtaining the relationship

This expression is often used to obtain the activation
dx d 12 energy.U] ] ]S D 5 (1 2 x ) TH F S DGp p 2pdt dt pT

2
1 1.052mEb /RT (18)Jp

3. Experimental details
where the subscript p denotes the magnitude values

High purity (99.999%) antimony, arsenic and seleniumcorresponding to the maximum crystallization rate.
in appropriate atomic percentage proportions were weighedTaking a sufficiently limited range of temperature (such
into a quartz glass ampoule (6-mm diameter). The contentsas the range of crystallization peaks in DTA or DSC

2 of the ampoule (7 g total) were sealed at a pressure ofexperiments), the fraction 1/T can be considered practi-
24 22 2210 Torr (10 N m ) and heated in a rotating furnacecally constant, and therefore the Eq. (17) and (18) are

at around 9508C for 24 h, submitted to a longitudinaltransformed respectively into
rotation of 1 /3 rpm in order to ensure the homogeneity ofdx 2(n21)U]S D 5 K b (1 2 x ) exp(21.052mE /RT ) (19) the molten material. It was immersed in a receptacle1 p ppdt
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containing water in order to solidify the material quickly, 4. Results and discussion
avoiding crystallization of the compound. The amorphous
nature of the material was checked through a diffrac- The typical DSC trace of Sb As Se semicon-0.12 0.40 0.48

21tometric X-ray scan, in a Siemens D500 diffractometer. ductor glass obtained at a heating rate of 8 K min and
The homogeneity and composition of the sample were plotted in Fig. 2 shows three characteristic phenomena
verified through SEM in a JEOL, scanning microscope which are resolved in the temperature region studied. The
JSM-820. The thermal behavior was investigated using a first one (T5465 K) corresponds to the glass transition
Perkin-Elmer DSC7 differential scanning calorimeter. temperature T , the second (T5560 K) to the extrapolatedg

Temperature and energy calibrations of the instrument onset crystallization temperature, T , and the third (T5581c

were performed, for each heating rate, using the well- K) to the peak temperature of crystallization T of thep

known melting temperatures and melting enthalpies of above mentioned semiconductor glass. This behaviour is
high-purity zinc and indium supplied with the instrument. typical for a glass–crystal transformation. The values of
Powdered samples weighing about 20 mg (particle size T , T and T increase with increasing the heating rate.g c p

around 40 mm) were crimped in aluminium pans, and
scanned at room temperature through their glass transition 4.1. Glass transition
temperature T at different heating rates: 2, 4, 8, 16, 32g

21 Two approaches are used to analyze the dependence ofand 64 K min . An empty aluminium pan was used as
T on the heating rate. One is the empirical relationship ofreference, and in all cases a constant flow of nitrogen, was g

the form T 5 A 1 B ln b, where A and B are constants formaintained in order to extract the gases emitted by the g

a given glass composition [16]. This was originallyreaction, which are highly corrosive to the sensory equip-
suggested and based on results for Ge Te . The resultsment installed in the DSC furnace. The T was considered 0.15 0.85g

shown in Fig. 3 indicate the validity of this relationship foras a temperature corresponding to the intersection of the
the Sb As Se alloy glass. For this glass, thetwo linear portions adjoining the transition elbow in the 0.12 0.40 0.48

empirical relationship can be written in the formDSC trace, as shown in Fig. 2.
The crystallized fraction, x, at any temperature T is T 5 489.3 1 8.42 ln bg

given by x 5 A /A, where A is the total area of theT
where a straight regression line has been fitted to theexotherm between the temperature T where the crys-i
experimental data.tallization is just beginning and the temperature T wheref

The other approach is the use of Eq. (21) with n 5 m 5the crystallization is completed and A is the area betweenT
1, for the evaluation of the activation energy E of thethe initial temperature and a generic temperature T, see g

glass transition. For homogeneous crystallization withFig. 2. With the aim of investigating the phases into which
spherical nuclei, it has been shown [17,18] that thethe samples crystallize, diffractograms of the material
dependence of crystallization temperature on b is given bycrystallized during DSC were obtained. The experiments

were performed with a Philips diffractometer (type PW
1830). The patterns were run with Cu as target and Ni as

˚filter (l51.542 A) at 40 kV and 40 mA, with a scanning
21speed of 0.18 s .

21Fig. 2. Typical DSC trace of Sb As Se glassy alloy at a heating Fig. 3. Glass transition temperature versus ln b (b in K s ) of0.12 0.40 0.48
21rate 8 K min . The hatched area shows A , the area between T and T. Sb As Se alloy.T i 0.12 0.40 0.48
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2 frequency is practically constant, as supposed in this work,T E 1c
] ]]ln 5 1 constant the overall effective activation energy is related to theS D
b R Tc activation energy for crystal growth by the ratio m /n. From

this point of view, and considering that in most crys-Though originally deduced for the crystallization process,
tallization processes the overall activation energy is muchit is suggested that this expression is valid in a very
larger than the product RT, the crystallization kinetics ofgeneral sense [7], and it has often been used [17,19] to
the alloy Sb As Se may be studied according tocalculate E . 0.12 0.40 0.48g
the appropriate approximation described in Section 2.The activation energy for glass transition can also be

With the aim of analyzing the crystallization kinetics ofevaluated from Eq. (23) with n 5 m 5 1. It is therefore
the above mentioned alloy, the variation intervals of thepossible to write the above equation as
magnitudes described by the thermograms, for the different

E 1g heating rates, quoted in Section 3, are obtained and given
]]ln b 5 2 1 constantR T in Table 1, where T and T are the temperatures at whichg i p

crystallization begins and that corresponding to the maxi-
a straight line, whose slope yields a value of E and whereg mum crystallization rate, respectively, and DT is the width
the subscript g denotes magnitude values corresponding to of the peak. The crystallization enthalpy DH is also
the glass transition temperature. determined for each of the heating rates.2Fig. 4 shows plots of ln (T /b ), curve (a) and ln b,g The area under the DSC curve is directly proportional to
curve (b) versus 1 /T for the Sb As Se semi-g 0.12 0.40 0.48 the total amount of alloy crystallized. The ratio between
conductor glass, displaying the linearity of the equations the ordinates and the total area of the peak gives the
used. The values of the activation energy obtained for the corresponding crystallization rates, which make it possible

21glass transition are 51.5 kcal mol (a) and 53.4 to plot the curves of the exothermal peaks represented in
21kcal mol (b), respectively. The values obtained agree Fig. 5. It may be observed that the (dx /dt) values increasepwith the data quoted in the literature for similar com- in the same proportion as the heating rate, a property

pounds [20,21]. which has been widely discussed in the literature [22].
With the aim of correctly applying the preceding theory,

4.2. Crystallization the material was reheated up to 536 K (a temperature
slightly higher than T ) for 1 h in order to form a largeg

The kinetic analysis of the crystallization reactions is number of nuclei. It was ascertained by X-ray diffraction
related to the knowledge of the reaction rate constant as a that no crystalline peaks were detected after the nucleation
function of the temperature. The usual analytical methods, treatment. From the experimental data the plots of z 5

proposed in the literature for describing the above-men- ln[2ln(1 2 x)] versus ln b at different specific tempera-
tioned reactions, assume that the reaction rate constant can tures have been drawn, both for the as-quenched glass and
be defined by an Arrhenius type temperature dependence. for the reheated glass. It has been observed that the
Bearing in mind this assumption and that the nucleation correlation coefficients of the corresponding straight re-

gression lines show a maximum value for a given tempera-
ture, which was considered as the most adequate one for
the calculation of parameter n. Fig. 6 shows the relation
between z and ln b for as-quenched glass at 596.4 K and
reheated glass at 579.3 K. According to Eq. (22), the
slopes of these lines give the n-values, and it was found
that n52.1 for the as-quenched glass and n51.9 for the
reheated glass. Allowing for experimental error, both
values are close to 2. This indicates that a large number of

Table 1
Characteristic temperatures and enthalpies of the crystallization process of
the alloy Sb As Se0.12 040 0.48

Parameters Experimental value

As-quenched Reheated

T (K) 459.2–490.9 433.9–484.0g

T (K) 553.7–598.8 527.7–575.5i

T (K) 579.2–641.4 551.6–618.1p

DT (K) 51.1–73.0 51.8–80.02Fig. 4. (a) Plot of ln(T /b ) versus 1000/T of the analyzed material. (b) –1g g DH (mcal mg ) 4.1–5.1 2.0–2.921Plot of ln b versus 1000/T of the studied glass (b in K s ).g
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Fig. 5. Crystallization rate versus temperature of the exothermal peak at 2 nFig. 7. Experimental plot of ln(T /b ) versus 1000/T and straightp pdifferent heating rates. 21regression lines of Sb As Se alloy (b in K s ).0.12 0.40 0.48

nuclei exist already in the material, and therefore m52,
obtained from Eqs.(21) and (23) are very similar, which

that is, the crystal particles grow two-dimensionally. 2experimentally demonstrates that the change of lnT withpOnce the crystallization mechanism is known, according
b is negligibly small compared with the change of ln b as

to Eq. (21) it is possible to draw the plots in Fig. 7, which
stated in the literature [15].2 nshow the variation of ln(T /b ) with the reciprocal of thep On the other hand, taking the logarithm of Eq. (16) one

peak temperature. The slopes of these straight lines give
obtains the expression21the activation energy for crystal growth: 37.4 kcal mol

21for the reheated glass, and 38.0 kcal mol for the as- m E 1
]] ]ln b 5 2 1.052 2 ln [2ln(1 2 x)] 1 constantquenched glass. Also Eq. (23) has been used to obtain the n RT n

above mentioned energy, and the results were 38.9 and
(24)2139.1 kcal mol for the material with and without previous

reheating, respectively. It should be noted that the values
which permits representation of ln b versus 1 /T for a
specific value of the volume fraction crystallized. Fig. 8
shows the relation between ln b and the reciprocal
temperature at which x reaches 0.3 and 0.7. According to
Eq. (24), this plot should give the E values, both for
as-quenched glass and for reheated glass, which are show
in Table 2. Finally, by using Eq. (24), the relation between
ln b and 1/T is shown in Fig. 9, T being the above-p p

mentioned peak temperature in DSC curve. Since the
volume fraction crystallized at T is practically the samep

irrespective of b, this plot should give the same in-
formation as Fig. 8. The activation energies thus obtained
are also shown in Table 2.

It can be observed that the activation energies obtained
from Eqs. (21) and (24) differ by only about 4.5%, which
confirms that a large number of nuclei already exists in the
specimen. Although it might be expected that the activa-
tion energy for the crystal growth would be less than the
activation energy for the overall crystallization process, for
the purpose of this alloy, the value obtained for the
parameter n indicates that the reheating did not cause the
appearance of nuclei, but that the as-quenched materialFig. 6. Variation of ln[2ln(1 2 x)] with logarithm of heating rate (b in

21K s ): d, as-quenched glass, 596.4 K; s, reheated glass, 579.3 K. already contains a sufficient number, so that both energies
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can be mutually identified because the crystallization
process is basically a growth of the pre-existing nuclei.

From the mean value of the kinetic exponent knl52, and
according to the Avrami theory of nucleation, it is possible
to state the fact that in the crystallization reaction mecha-
nism there is a diffusion controlled growth, coherent with
the basic formalism used.

For the purpose of obtaining unambiguous conclusions
on the crystalline growth morphology, the usual criteria for
the interpretation of reaction order [23,24] have been used.
According to these criteria, some observations relating to
the morphology of the growth can be worked out. In the
glassy alloy Sb As Se there is a relatively stable0.12 0.40 0.48

21crystallization phase (kEl539 kcal mol ), exhibiting a
bulk nucleation mechanism and according to the literature
[24] the crystalline phase may exhibit initial growth of
particles nucleated at constant rate, since the mean value of
the reaction order is included in the interval 1.5–2.5.

Fig. 8. Plot of ln b versus 1000/T for the values of the volume fraction
21crystallized equal to 0.3 and 0.7 (b in K s ): d, as-quenched glass; s,

reheated glass. 5. Identification of the crystalline phases

Taking into account the crystallization exothermal peaks
shown by the glassy alloy Sb As Se it is rec-0.12 0.40 0.48

Table 2 ommended to try to identify the possible phases that
Activation energy obtained from the plot of ln b versus 1 /T for given crystallize during the thermal treatment applied to the
values of the volume fraction crystallized

samples by means of adequate XRD measurements. For
21Volume fraction E (kcal mol ) this purpose, in Fig. 10 we show the most relevant portions

crystallized As-quenched glass Reheated glass of the diffractometer tracings for the as2quenched glass
and for the material submitted to the thermal process. Fig.0.3 39.7 35.7

0.7 39.4 35.5 10A has broad humps characteristic of the amorphous
x 39.1 34.2p phase of the starting material at diffraction angles (2u )

between 208 and 608. The diffractogram of the transformed
material after the crystallization process (Fig. 10B) sug-
gests the presence of microcrystallites of Sb Se and AsSe2 3

indicated with d and s, respectively, while there remains
also a residual amorphous phase. The Sb Se phase found2 3

crystallizes in the orthorhombic system [25] with a unit
˚ ˚cell defined by a 5 11.633 A, b 5 11.78 A and c 5 3.895

Å.

6. Conclusions

The described theoretical method enable us to study the
evolution with the time of the volume fraction crystallized
in materials involving nucleation and crystal growth
processes. This procedure assumes the concept of the
extended volume of transformed material and the condition
of random nucleation. Using these assumptions we have
obtained a general expression of the volume fraction
crystallized, as a function of the temperature in bulk
crystallization processes. In the quoted expression the
numerical factors, n and m depend on the mechanism ofFig. 9. Relation between ln b and reciprocal of peak temperature in DSC

21curve (b in K s ): d, as-quenched glass; s, reheated glass. nucleation and growth, and the dimensionality of the
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2relationship between the logarithm of the quotient T /bg

and the reciprocal of the glass transition temperature.
Finally, the identification of the crystalline phases was
made by recording the X-ray diffraction pattern of the
transformed material. This pattern shows the existence of
microcrystallites of Sb Se and AsSe in an amorphous2 3

matrix.
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