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Abstract

The thermal stability and crystallization of alloys in the Sh—As—Se glassy system have been studied by differential scanning calorimetry
(DSC). A comparison of various simple quantitative methods to assess the level of stability of the glassy materials in the above-mentione
system is presented. All of these methods are based on characteristic temperatures, such as the glass transition fEgnflexatmsef
temperature of crystallizatiofj,, the temperature corresponding to the maximum crystallizationTgter the melting temperaturéy,.

In this paper, the parametéy(T) is added to the stability criteria. The thermal stability of some ternary compounds of tAes3ESe) 64—«

type has been evaluated experimentally and correlated with the activation energies of crystallization by this kinetic criterion and comparec
with those evaluated by other criteria.
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1. Introduction on crystallization activation energy. These thermal param-
eters[17] are easily and accurately obtained by differential
Knowledge of glassy solids is one of the most active fields scanning calorimetry (DSC) during the heating processes
of research in the physics of condensed materials tftlay  of glass samples. The first thorough study on the glass ther-
The advances that have been made in the physics and chemmnal stability of various compounds was done by Sakka and
istry of these materials have been widely appreciated within Mackenzie[18] using the ratio To/Tm. Dietzel introduced
the research communitf2]. Glassy alloys of chalcogen the glass criterionAT = T, — Ty (Tin is the onset tempera-
elements were the initial object of study because of their ture of crystallization), which is often an important parame-
interesting semiconducting propertigd and more recent  ter to evaluate the thermal stability of the glasses. By the use
importance in optical recordingd]. Recording materials  of the characteristic temperatures, Hruby developedthe
must be stable in the amorphous state at low temperaturegriterion,Hr = AT/(Tm—Tp), and compositional dependen-
and have a short crystallization time. Promising materials cies of the Hruby coefficient were survived by Sestad.
with these characteristics have been recently stuffies]. On the basis of thelr criterion, Saad and Poulain obtained
Therefore, it is very important to know the glass stability two other criteria, weighted thermal stability, andScrite-
and chemical durability of this type of material. However, rion, H = AT/ Ty and$ = (Tp — Tin) AT/ Ty, respectively.
there is no simple way presently exists to formulate the |n the present work, the above-mentioned criteria have
correlation between the ideal composition and the stability peen applied to the alloys Shsp36S&)64_x, Wherex =
of the glasses. 0.08 (S1),x = 0.12 (S2), andx = 0.16 (S3), and it is
In order to evaluate the level of stability of the glassy found that the parametersT, Hr, H' and Sincrease with
alloys, different simple quantitative methods have been decreasing antimony content. Bearing in mind that the val-
suggested. Most of these methd¢@s11]are based on char-  yes of these parameters increase with increasing stability, it
acteristic temperatures such as the glass transition temperis possible to suggest that the smaller the antimony content
ature,Tg, the crystallization temperatur&p, or the melting  of the alloy, the greater is its glass thermal stabilg]. In
temperatureTm. Some of thenj12,13]are based on the re-  addition, a kinetic parametef, (T), with an Arrhenian tem-
action rate constari. Some of the otheffd4—-16]are based  perature dependence, is introduced to the stability criteria.
Decreasing values of the above parameter have been found
for the alloys with decreasing antimony content. This fact
* Corresponding author. confirms that S1 alloy is the most stable one.

0924-0136/$ — see front matter © 2003 Elsevier Science B.V. All rights reserved.
doi:10.1016/S0924-0136(03)00357-1



P.L. Ldpez-Alemany et al./Journal of Materials Processing Technology 143-144 (2003) 866—870 867
2. Theoretical background I1 becomes as

1ay,-2 1
The formal theory of transformation kinetics describes the /1= KoE(BR)"e "y (1 —2y™")
evolution with time,t, of the volume fraction crystallized, =RTK(BE) (1 - 2RTE}) (5)

X, in terms of the crystal growth rata,as o ) i )
Substituting the last expression lafin Eq. (4) one obtain:

t n
x=1— exp[—g (/ u() d/) ] =1—exp(—1I{) (1) 2RT, 1/n
0 (11)|p= <1— E)

Here, g is a geometric factor and, an exponent, which

depends on the mechanism of transformationEdn (1) it relationship that when it is equated gy. (S)gives
is assumed that the nucleation process takes place early in £ ORT.\ 1/7
the transformation and the nucleation rate is zero thereafter. RTZ(ﬁE) 1Ko exp(——) = (l — —p>

This case has been referred in the litera{@de-23]as “site RTp nE

saturation”. 2RTp\ ~

Although, in general, the temperature dependence of the * ( - T) 6)
crystal growth rate is not Arrhenian, when a broad range of L
temperature is considerg®4], however, over a sufficiently ~ OF In @ logarithmic form
limited range of temperature (such as the range of crystal- T2 KoR E 2RT,
lization peaks in DSC experiments)may be described in 1N ( ) +In < z > —RrT ( z ) A-n"? (7
a zeroth-order approximation by P

E where the function Il — z) with z = 2RT,/nE or z =
u=ug exp( RT) 2 2RT,/E is expanded as a series and only the first term has
been taken.

whereE is the effective activation energy, a pre-exponential It should be noted that for most crystallization reactions
factor, andR is the ideal gas constant. the right-hand side (RHS) d&q. (7)is generally negligible

Differentiating Eqg. (1) with respect to time and substi- in comparison to the individual terms on the left hand side
tuting Eq. (2)in the resulting expression, the crystallization for common heating rates<(L00 K min~1). Therefore, the

rate is obtained as approximation inEq. (7) (RHS = 0) might introduce a 3%
d £ error in the value ofE/R in the worst cases, anfqg. (7)
X
— =n(l-x) [ Koexp( —== ) = nK@ — 015 ~* becomes as
dr RT 72 E E
3 In{L2)=—+1n 8
o n(5)- s oml o
wherekK, is the reaction rate constant. ) . ) . ]
The maximum crystallization rate is found by making 1hiS equation represents a straight line with slcp&, and
d2x/dr?2 = 0, thus obtaining the relationship: intercept, INE/RKp). Then, one can obtaiB, Ko andK(T).
In order to evaluate the thermal stability of glassy ma-
MK ()] = BE(1)|p +(n - DK, 4) terials, Surinach et a[12] introducedK(Tg) criterion and
RT2 Hu and Jiand13] developed the&(Tp) criterion, K(Tg) =

Koexp(—E/RTg) and K(Tp) = Koexp(—E/RTp), respec-
tively. Thus, the values of these two parameters indicate the
etendency of glass to devitrify on heating. The larger their
values the greater is the tendency to devitrify. The formation
of glass is a kinetic process. It is reasonable to assess the
glass stability by a kinetic paramet&(T). TheHr parame-

ter itself is a stability factor based on characteristic temper-
atures. Here a stability criterion is defined as

in which g = dT/dr is the heating rate for a non-isothermal

process and the magnitude values which correspond to th

maximum crystallization rate are denoted by subscript ‘p’.
By using the substitution’ = E/RT the integrall; can

be represented, according to the literatf24], by the sum

of the alternating series:

k
)= ey 73 VLD

Hr E
Ki(T) = Koexp(—%) 9)

Considering that in this type of series the error produced is
less than the first term neglected and bearing in mind that
in most crystallization reactiong = E/RT > 1 (usually
E/RT > 25), itis possible to use only the first two terms of
this series and the error introduced is not greater than 1%
In addition, if it is assumed thdllp <« T (To is the starting
temperature), so thap can be taken as infinity, the integral  dk, = HrEK,(RT>)~1dT; dK = EK(RT)~1dT

whereT is any temperature betwediy and T,. The theo-
retical background for the definition of the parame{efT)
would be based on the analysis of the relation between the
parameter(T) and K,(T). Differentiating the expressions
‘of both parameters results in
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and the relative variation in each parameter per Kelvin is 17 .

AK; HIE AK E <

K:AT =~ RT2’ KAT — RT2 o 15
It should be noted that the above-mentioned variation of the - -
parameteK;(T) is Hr times the variation in paramet&(T), 131
which could justify the accuracy of the parameke(T). 12

Just like theK(T) criteria, the smaller the values Kf(T), 1.6 17 18 1.9 20

the greater is the thermal stability of the glass. The obvious 10%T, (K"

advantage of this method is that it can evaluate the glass
stability over a broad temperature range other than at only
one temperature such ag or Tp.

Fig. 1. Plots of ImTpZ/ﬁ) versus 1T, and straight regression lines for the
three glassy alloys S1€), S2 @), and S3 Q).

Table 2
Kinetic parameters of the analyzed alloys obtained from the straight
3. Experimental procedures regression lines fitted to values of(lg/g) versus 1T,

1 H —1
The alloys were prepared in bulk form by the standard "’ E (kcalmol™) Ko Koin 573

melt quenching method. High-purity (99.999%) antimony, S1 409+ 1.1 313+ 05

arsenic and selenium in appropriate atomic percent propor- 32.5+£ 0.9 24.5+ 0.7

. o 3 47.1+ 1.3 37.0+ 1.1

tions to obtain, in bulk form, the above quoted glassy alloys

were weighed (7 g per batch) into quartz glass ampoules. The

contents were sealed under a vacuum of’lPa, heated ina  experiments, glass samples weighing about 20mg were
rotating furnace at around 1225 K for 24 h and then quenchedsealed in aluminum pans and scanned at room temperature
in water, which supplied the necessary cooling rate for ob- through theirTy at different heating rates of 1, 2, 4, 8, 16,
taining the glass. The amorphous state of the materials was32 and 64 K mint. An empty aluminum pan was used as
checked through a diffractometric X-ray scan, in a Siemens reference, and in all cases, a constant 60 mithifiow of

D500 diffractometer. The calorimetric measurements were nitrogen was maintained in order to extract the gases emitted
carried out in a Perkin-Elmer DSC7 calorimeter with an ac- by the reaction, which are highly corrosive to the sensory
curacy of+0.1 K. Temperature and energy calibrations of the equipment installed in the DSC furnace. The glass transition
instrument were performed using the well-known melting temperature was considered as a temperature correspond-
temperatures and melting enthalpies of high-purity indium ing to the inflection of the lambda-like trace on the DSC
and zinc supplied with the instrument. For non-isothermal scan.

Table 1

Characteristic parameters of the alloys S1, S2 and S3

Alloy B (Kmin—1) Ty (K) Tin (K) Tp (K) Tm (K) AT (K) Hr H’ S (K)

S1 1 441.2 525.9 540.0 604.3 84.7 1.317 0.192 2.707
2 443.7 530.6 549.4 615.2 86.9 1.312 0.196 3.682
4 446.5 536.3 556.3 623.9 89.8 1.328 0.201 4.022
8 447.3 539.9 565.2 634.8 92.6 1.330 0.207 5.238
16 453.6 549.6 576.4 647.7 96.0 1.346 0.212 5.672
32 455.6 554.3 586.4 659.5 98.7 1.350 0.217 6.954
64 461.1 563.4 604.7 679.6 102.3 1.366 0.222 9.163

S2 1 443.8 509.8 523.5 581.3 66.0 1.142 0.149 2.037
2 447.1 515.0 533.2 592.3 67.9 1.149 0.152 2.764
4 452.0 523.1 542.6 604.1 711 1.156 0.157 3.067
8 455.2 528.4 553.4 616.3 73.2 1.164 0.161 4.020
16 461.1 536.4 562.6 627.1 75.3 1.167 0.163 4.279
32 464.1 542.0 582.7 649.2 77.9 1.171 0.168 6.832
64 468.7 548.4 597.7 665.5 79.7 1.176 0.170 8.383

S3 1 484.8 531.3 545.0 590.3 46.5 1.026 0.096 1.314
2 486.6 534.9 549.5 596.5 48.3 1.028 0.099 1.449
4 488.3 538.2 555.3 603.7 49.9 1.031 0.102 1.747
8 493.4 545.2 564.9 614.9 51.8 1.036 0.104 2.068
16 499.2 552.6 574.3 625.7 53.4 1.039 0.107 2.321
32 505.5 560.7 583.7 636.7 55.2 1.042 0.109 2.512

64 513.3 570.3 598.9 653.4 57.0 1.046 0.111 3.176
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Table 3

Kinetic parameter&(T) and K,(T) for the three alloys

Alloy B (Kmin=) K(Tg) (s74) K(Tp) (574 Ki(Tg) (s7) Ki(Tp) (s7)

S1 1 2.80x 1077 1.35x 1073 1.17 x 10713 8.26 x 1079
2 3.64x 1077 2.58 x 1073 1.37 x 10713 1.67 x 1078
4 4.86x 1077 4.10 x 1073 1.45x 10713 2.38x 1078
8 5.27x 1077 7.31x 1073 1.48 x 10713 477 x 1078
16 9.95x 1077 1.48 x 1072 1.67 x 10713 6.89 x 1078
32 1.21x 1076 2.70 x 1072 1.82 x 10713 1.35x 1077
64 2.07x 1076 7.77 x 1072 1.85x 10713 3.27 x 1077

S2 1 5.64x 1076 1.49 x 1073 3.23x 1078 1.87 x 1072
2 7.39x 10°© 2.62x 1073 3.29x 1078 2.79x 10°°
4 1.10x 10°° 4.43 x 1073 4.02x 1078 4.15x 10°°
8 1.41x 10°° 7.95x 1073 4.04x 1078 6.44 x 10°°
16 2.23x 10°° 1.29 x 102 6.19 x 1078 1.03x 104
32 2.80x 10°° 3.48 x 1072 7.02 x 1078 2.96 x 104
64 3.95x 10°° 7.01 x 102 8.83x 1078 5.86 x 1074

S3 1 9.37x 1076 2.00 x 1073 2.65x 1076 6.52 x 104
2 1.12x 10°° 2.85x 1073 2.89x 1076 8.60 x 104
4 1.33x 10°° 4.47 x 1073 2.97 x 1076 1.20 x 1073
8 2.18x 10°° 9.18 x 1073 3.92x 1076 2.05x 1073
16 3.80x 10°° 1.82x 1072 6.04 x 1076 3.67 x 1073
32 6.85x 10°° 3.52 x 102 9.68 x 1076 6.46 x 1073
64 1.39x 104 9.79 x 1072 1.68 x 10°° 1.60 x 1072

4. Results and discussion to suggest that the larger their values, the greater should be

the glass thermal stability. According to these suggestions,

The characteristic temperatures from DSC scans are giventhe parametersAT, Hr, H andSin Table 1show that the
in Table 1for the different heating rates quotedSection 3 S1 glass sample is more stable than the other two samples.
The thermal stability of the three alloys studied can be esti-
mated by using these characteristic temperatdigSin, Tp R
andTp. The existing stability criterion parameters based on 3.0x10 3.0x10”
these characteristic temperatures are also listdalote 1 S2

To obtain the kinetic parameters of the crystallization, s L)
Eq. (8)is applied Fig. 1represents the evolution of((f/8) 2.0x10°4  2.0x10”
versus 1T, for the three alloys. The plots were found to = s3 =
be straight lines in accordance wily. (8) The activation x
energy,E, and frequency factoKo, are then evaluated by 1.0x10% 1.0x107
least-squares fitting methodable 2 summarizes the val- $1
ues determined by these calculations. After knowing the 0.0 4/—” 00
values ofE andKy, the kinetic parameten§(T) and K (T)
of studied alloys were calculated by using the relationship
K(T) = Koexp(—E/RT) and Eq. (9) respectively. These (a) T(K)
calculations were carried out in order to compare the sta-
bility sequence of the studied materials from the quoted
parameters with the corresponding sequence deduced from
stability criteria based on characteristic temperatures. The ,
values ofK(T) and K(T) for the temperature3y and Ty 2.0x10%
are listed inTable 3 E;

Fig. 2represents the plots & (T) versusT. It is found that x
K(T) of S1 varies slowly with increasinfand the values are 1.0x10%
on T-axis, indicating a relatively high stability, whilé,(T)
of the other two samples varies more rapidly with increasing
T, which signifies a minor stability. These considerations
verify the thermal stability order of the above-mentioned
glassy alloys. () T (K)

It is known that these existing criteria of glass stability rig. 2. plots ofi,(T) versusT for the three glassy alloys to verify the
allow the prediction of the tendency to devitrify. It is possible stable order: (a = 8 Kmin—! and (b) 8 = 32 K min!,

450 500 550 600

3.0x10 3.0x107

500 550 600
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