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Abstract: Crystallization kinetics 08&q_xTeoSh (x= 0, 2, 4, 6, 8, 10) glassy compositions have been investigatimg differential
scanning calorimetry under non-isothermal conditionse Kimetic parameters as activation energy of glass transénd activation
energy of crystallization have been determined. It was doargradual increase of these parameters with increasinghlcentent
within the composition, this trend was attributed to thgdaratomic weight oSbin comparison with that o§e The nucleation and
growth morphology have been determined through the thieatatiork that introduced by Johnsoklehl and Avrami (JMA model)
According to the average values Aframiindices,< n >, SegTezg has volume nucleation, one dimensional growth and the other
remaining compositions have volume nucleation, two diriwarad growth. These results éfvramiindices were emphasized through
an investigation of crystalline phases a cross thermatnresat using X-rays diffraction.
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1 Introduction conduction decreases, the thermoelectric power decreases
and the photoconductive decay becomes slower on

Chalcogenide glasses are a popular family of inorganidcorporation oSbinto binarySe-Tealloys [17,18,19, 20,

glassy materials which always contain one or more of thezhl' 282]’ V_I‘_'hiCh was lattgbuted to that tlhekadditi]?nlga t_?
chalcogen elements, Seor Tein conjunction with more the Se-Tesystem leads to a cross-linking of tiwe-Te
electropositive elements like As and Ge, but asdh chains increasing the dlsorder in the system and he_nce
Bi, Si, Sn Pb, B, Al, Ga, In, T1, Ag Ianthaﬁides antla. leads to a deeper penetration of the localized states into

A lot of works have been done to study the structure,the. energy gap. For a goqd information about the
electrical properties, photoconductivity, glass forroati resistance switching behavior in these glasses, as the type

and crystallization kinetics of the chalcogenide glasées [ of §W|tch|ng (thresho'ld or mgmory), cry§taII|zat|on

2,3,4,5,6,7,8]. studies may bg useful in this region, depending upon the
The current interest in chalcogenide materials center$®® of crystallizationZ3.

on X-ray imaging 9], xerography 10|, optical recording

[11], memory switching 2] and electrographic

applications such as photoreceptors in photocopying and

laser printing 13,14,15]. Se-Teglassy alloys have drawn In the present work crystallization kinetics of

great importance among chalcogenide glasses, because $&o_xTeoSh(x = 0,2,4,6,8,10) have been investigated

their higher photosensitivity, greater hardness, highemunder non-isothermal conditions, the nucleation and

crystallization temperature and smaller ageing effects agrowth morphology have been determined through the

compared to pure Se glass for better applicatid®.[ JMA model. Also other kinetic parameters like activation

Furthermore, the addition of third element3e-Tealloys  energy of crystallization and activation energy for glass

can improve their properties and make them more suitabléransition have been determined. Identification of the

for various applications. It was observed that the DCphases at which the alloy crystallize after thermal process

conductivity increases, the activation energy for DC has been proposed using X-rays diffraction.
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2 Experimental details Hereg is a geometric factor andh, an exponent,
which depends on the mechanism of transformation. In

Seo x-TeoSh (x = 0, 2, 4, 6, 8 and 10 at.%) of bulk Eq. @ it is. assumed that the nucleation process take_s
chalcogenide samples were prepared according to thRlace early in the transformatlon and the nucleation rate is
conventional melt-quenched technique. The constituentsZ€r© thereafter. This process of heterogeneous nucleation
elements these compositions of high-purity (5N, Aldrich @S _been considered as site saturati@f].[ Over a
and Sigma chemical company) were weighed accordingUfficiently limited range of temperaturev,may be
to their atomic percentage and placed together in glescribed mazgroth-order approximation by
precleaned and outgassed silica ampoule, which was W =WoeX{(&F)
evacuated to a pressure of about4®a and then sealed. whereE; is the effective activation energy, a pre-
The synthesis was performed in a programmable rockingxponential factor, anRis the ideal gas constant. And by
furnace and slowly heated up to approximately 1223 assuming the heating rgte= dT/dt.Eq.(1) becomes
with the temperature ramp abou® Amin, for about 24.

During the melt process, the ampoule was inverted at t , ,
regular time intervalg 1h) so that the amorphous solid a = 1—exq(—g(w)/[3)”(/ exply )d(T))"]
will be homogenous and isotropic. After the synthesis,the n 0
melt was quenched rapidly in ice water at K7® obtain = 1-expg—PI") @)
the Se— Te— Sbglassy alloy. Then the solid was broken / ) )
along its natural stress line into smaller pieces suitaile f ~ Wherey = Ec/RT and the magnitude values which
grinding. correspond to the _max/|mum crystallization rate are

The elemental composition of the samples wasdenoted by subscriptp’. The integral | can be
analyzed by using energy dispersive X-ray spectromete[SPrésented, according to the literatu2@|[ by the sum of
unit (EDXS interfaced with a scanning electron (N alterating series:
microscope, SEM(JOELXL) operating an accelerating g(y’): ,e/;y 20 (fl>k/<‘l(<+1)!
voltage of 3&V. The relative error of determining the Y N Y

indicated elements does not exceed 4% . X-ray powder .it Is possible to use only the'first two terms of this
diffraction (XRD) Philips diffractometry(1710), with series without making any appreciable error, the intelgral

_ 2 - P
Cu— Kq; radiation(A = 1.54056A°) have been used to becomes asl = (RT°/E)ex(—E/RT) if it is assumed

: _ that To << T(Tp is the starting temperature), so that
examine the amorphous nature of B&g-x-Tee-Sh (X = . A 4
0,2, 4, 6,8 and 10 at.%) compositions. can be taken as infinity, Substituting the last expression of

The data collection was performed by step scan model, in Eq. (2), one obtain the volume fraction crystallized as:

in a 20 range between%and 8@ with step-size of M2 KT2
and step time of 0.6 seconds. Pure Silic&199.9999% a=1-exp—J(—))" (3)
was used as an internal standard. The calorimetric B

measurements were carried out in a differential scanning \hereJ is a parameter given by = w(R/E)" andK

calorimeter Shimadzu 50 with an accuracy.®K. The s the reaction rate constant The crystallization rate is

calorimeter was calibrated, for each heating rate, usingyptained by differentiating Eq3) with respect to time
well-known melting temperatures and melting enthalpies

of zinc and indium supplied with the instrument. Twenty

mg powdered samples, crimped into aluminum pans, da Jn KT? dk

1 2
were scanned at different heating ratgs<(5, 10, 20, 30 at B (I—a)( B )T2BTKAT ) @
and 40K /min). The temperatures of the glass transition,

Ty, the crystallization extrapolated onsefj,, the The maximum crystallization rate is found by making

crystallization peakT, and the melting temperaturk, d?a /dt? = 0 ,thus obtaining the relationship:
were determined with an accuracykof

KpTZ
_ _ Yo = —In(1—ap) = J( )
3 Theoretical Basics B .
=1-S(1+ —=)2+==)? (5)
According to the formal theory of transformation kinetics n Rp RTp

as developed by Johnson aMethl [24] and Avrami[25],
the evolution with time, t, of the volume fraction
crystallizedgr, in terms of the crystal growth rate,
defined as

Bearing in mind that in most crystallization reactions
E/RT, >> 1 (usually E/RT, > 25), Eq. ) can be
rewritten in a logarithmic form as

. T2
a:1—exp[—g(/otw(t/)dt’)“] 1) |n(Fp): RTpEﬁh:J:m Ko (6)

3
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A linear relationship, which makes it is possible to corresponding to each specimen. These values shown in
calculate the kinetic parametgg andh.It is possible now  table (1) give increasing trend of Eg with increasgé
to obtain the kinetic exponent, introducing the contents. Fig.3) shows theEy increases with increasing
expressionJl/”KpTg to Eg. @). One can obtain the Sb contents. This trend can be explained in terms the
relation: average coordination number. The coordination numbers
of the involved elementsSeTe and Sb are 2, 2, 3
n= (dx/dt)pRTg(Os?BE)‘l (7) respectively, since wheBeis replaced bySbthe average
coordination number will increase, which leads an
increasing in . The average coordination numbgr of

4 Results and discussion Se-Tg-Shy ternary compoundx+y+z = 1) can be
expressed as[:

In order to investigate crystallization kinetics of

Seo xTeoSh (x = 0, 2, 4, 6, 8 and 10 at.%) Z = (XCN(S®) +yCN(Te) +-zCN(Sh 9)
chalcogenide glasseBSC experiments were carried out The calculated values @ of Seyg_x-Tex-Sh(x = 0, 2,

at different heating rates from 5-4Q/min. Figure () 4,6, 8 and 10 at. %) samples are listed in tati)e (

shows theDSCtraces of the as prepar&liyox-Tezo-Sh It has been pointed ouBp] that in a crystallization
compositions at heating raf@= 10 K/min. It is easily  nrgcess two types of activation energies have to be
seen, at first an.e.ndothermlc peak, which at its begmnm onsidered: activation energy for nucleation En and
the glass transition temperatullg can be determined, ,ctvation energy for growth EG. The activation energy
secondly it is clearly regarding an exothermic peak, itStor the whole crystallization process is called the
beginning ~represents the initial temperature of yctiyation energy of crystallizatioB. For the evaluation
crystallization Ti, its top represents the crystallization f ihe activation energy of crystallizatidg, , using the

temperaturdp, and its end represents tfie temperature  yariation ofT, with Baccording to the relation mentioned
at which crystallization completed. Numerical values of

2
these characteristic temperatures are givealel. The by Eq. €). A plot of (In%")versus ¥T, has been drawn
variation of Ty with various compositions of for different compositions showing the straight regressio
Seo x-Teo-Shk is shown obviously intablel. It is line in Fig. @). The activation energy&. given by the
obviously shown that g increases with the addition &b  slope of the straight line. Fig5) shows the values d&.
which may be explained by considering the structuralas a function oSbcontent. It is observed thd. increase
change due to the introduction &b atoms. Glassy Se with increasing antimony content within the composition,
shows both chain and ring structure8[ An it can be explained as that the values of atomic weight of
introduction of Te decreases the Se ring concentrationSb(121.7 gm mot?!) are more than that of Se (78g@n
favoringSe-Temixed rings. A slight increase in polymeric mol~1 ). In the present worlSbis added to the binary
chain ofSeis also observed. WheBbadded to the above Se-Tealloy at the cost of selenium. Thus the mean atomic
system may break th®e-Techains orSe-Temixed rings  weight of ternary alloys due to which an increase in the
to satisfy its coordination number and form a cross linkednucleation and growth rate is possible, and hence an
structure. The addition &balso causes a decreasesa§ increasing of crystallization energy was observedSas
rings and increase chain lengtRg29,30]. Hence Tg content was increased.
increases with increasirfgconcentration.

. o 4.2 Crystallization rate and Avrami index

4.1 Compositional dependence of activation

energies for glass transitionggand for According to aforementioned theory of transformation

crystallization § kinetics as developed byohnsonand Mehl [24] and
Avrami [25], an interpretation of DTA results was

The activation energy of glass transition was determinedProvided. The crystallized fractionat a temperature is

using the values ofy according to their corresponding 9iven by x = Ar/A , whereA is the total area of the

heating rates across Kissinger relation, which basicallyexothermic peak betweef (the initial temperature of

derived for the crystallization process and suggested to b&rystallization) and T; (the temperature at which

valid for the glass transitior]. This relation given by: ~ crystallization is completed)yr is the area betweefi
and T, as shown in fig. § for the SegTeSh
ng Eq composition The graphical representation of the volume
ln(F) = 5 +const (8)  crystallized fraction oS _xTeoSh glasses at different
9

heating rates shows a typical sigmoid curve as a function
WhereR is the universal gas constant. Fig).(shows  of temperature in crystallization reactior33[34,35] as
the relation betweern(ng/B) versus(1/Ty), the values  shown in Fig. 7(a, b) for the Seg xTeoeSh, glassy
of of Eg obtained from the slope of the straight line compositions forx = 0 and 10 at. % respectively. The
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ratio between the ordinates of tB A and the total area

of the peak gives the corresponding crystallization rates,
that is make possible to build the curves of the exothermal Sb content (at %)

peaks represented in Fi@(a, b) for Sb content with

x = x = 0 and10 at. % respectively.lt is obviously

observed that thédx/dt)p increase as well as heating Fig.5: The values of the activation energies of crystallizaign
rate, the same manner repeated for all the compositionds & function oSbcontent.

which is a property that has been widely discussed by the

®
N
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literature B6]. From the experimental values @dx/dt)p 5™
(listed in table2) and values of activation energi€s 2 0,
(shown by tablel), one can calculate the kinetic exponent ©
n by using equation?®) Then values for the glasses that 0.0
are calculated are listed in tabl&)( Taking into account T i
the experimental error, the values of are close to 2 for T(K)

SepTegp (with x = 0) and close to 3 for all the remaining

compositions (withx = 2, 4, 6, 8, 10). The kinetic

exponent was deduced on the basis of the mechanism @fig. 7: (a,b) :crystallized fractiorx as a function of temperature
crystallization [?]. According to Mahadevan et aBf], n for Sgyo_xTeoSkk (x = 0 and 10) glassy alloys respectively.

may be 43,2 orl, which are related to the different

glass-crystal transformation mechanisms: 4, volume

nucleation, three-dimensional growtm = 3, volume ]

nucleation, two dimensional growtm = 2, volume  S&o-xTe€0Sh (x = 6, 8 and 10) may attributed to the
nuc|eati0n' one dimensional growth’] — 1' surface formation of ternary Cl‘ySta||Ine phase SUCf&@TeSQ.
nucleation, one dimensional growth from surface to the

inside. Therefore, bearing in mind the above obtained o )

mean value, = 2 means volume nucleation, one4.3 ldentification of crystalline phases by
dimensional growth for theSeoTeo and = 3 for the thermal treatment using X-ray diffraction
crystallization peaks means volume nucleation, two

dimensional growth for all the remaining compositions. The X-ray diffraction patterns o$eggTeo, SegTenSh,
Regarding the values of [37] it is observed that at non SesTeeSkhs and SeTeShyo alloys annealed at
integer values of n fox = 0,2,4 means the two and three temperatures beyond the peak of crystallization
dimensional growth working in the same time during the temperatures with a heating rate ofkiin=! for 2h are
amorphous crystalline transformation, while integer shown in Fig. 9). The diffractograms of the transformed
values of n means that only one mechanism (threematerial after the crystallization process suggest the
dimensional growth) is responsible for the crystallizatio presence of microcrystallites of two phase of binary
process of thgx = 6,8,10). It was supposed3g| that SepTey according to JCPDS of Segglens:
small antimony addition ( 2 at.%) leads to cross-linking (01-087-2413) an®e gsTe; o5 (01-087-2414) and three
of the chains to some extent, creating a two-dimensionaphases for ternar§e-Te-SbFrom theJCPDSfiles these
network. Further addition of antimony breaks the chainspeaks can be identified &%) Antimony Tellurium
and forms large number of smaller chains. The naturalSelenide ShTeSe (40— 1211), (2) Antimony, Sb(card
tendency of antimony atoms is to create either a trigonalNo. 5— 0562), and 3) Selenium Se(card No. 1-0848),
bipyramidal or octagonal environmental with more or lesswhile there remains also additional amorphous phases
covalent bonds. Th&b contributes to change the weak represented by the remaining two broad humps as shown
bonding between theSe— Te polymeric chains to in Fig. (9). Regarding ternary crystalline phaSeTeSe
relatively strong covalent bond8§]. Three-dimensional for all the compositions excef@goTexo, confirms the last
growth responsible for crystallization of the determined values ofn) which predict one dimensional
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Table 1: The values of thermal parameters of glass transition teatyeTy, onset temperature of crystallizatidp, crystallization
temperaturél of Segp_xTeppShx (0 < x < 10) alloys with different heating rates . The kinetic paramgtgy andE¢ according to the
text, and the corresponding average coordination number Z.

B Tg (K) | Tin(K) | Tp(K) | Eg(ki/mol) | Ec (kj/mol) | Z
x=0
5 345 380 397 63.452 84.075 2
10 | 355 390 407
20 | 366 401 418
30 | 373 408 425
40 | 377 412 429
X=2
5 347 385 401 64.192 85.78 2.02
10 | 357 395 411
20 | 368 406 422
30 | 375 413 429
40 | 379 417 433
x=4
5 351 391 407 65.684 88.371 2.04
10 | 361 401 417
20 | 372 412 428
30 | 379 419 435
40 | 383 423 439
X=6
5 355 398 415 67.194 91.886 2.06
10 | 365 408 425
20 | 376 419 436
30 | 383 426 443
40 | 387 430 447
x=8
5 359 405 422 68.72 95.017 2.08
10 | 369 415 432
20 | 380 426 443
30 | 387 433 450
40 | 391 437 454
x=10
5 362 411 428 69.876 97.742 2.1
10 | 372 421 438
20 | 383 432 449
30 | 390 439 456
40 | 394 443 460

growth for SgpTeyp and two dimensional growths for all to the mean values of Avrami indices, n > , SegTes
the remaining compositions. Intensity differences has volume nucleation, one dimensional growth and the
between the dominant peaks of each phase can bether remaining compositions have volume nucleation,
observed; hence the same crystalline phases could b®vo dimensional growth. 3 The diffractograms of the
identified in all the samples. transformed material after the crystallization process
suggest the presence of microcrystallites of two phases of
Se gsTen.32 andSe gsTe s for binary SepTeyp and three
; phases for ternarySe-Te-Sb The X-rays diffraction
S Condlusions demonstrate the existence 8fpTeSeternary crystalline
phase in all the compositions excefegTesg, Which

Crystallization kinetics study of thBeyox-T&o-Sh (X = ¢5firm the results implied by the values-ofn >
n

0, 2, 4, 6, 8, and 10) glassy compositions have resulted i
the following: 1- The glass transition temperature,
activation energy of glass transition and activation eperg
of crystallization were increased with increasing the
antimony percent within the composition—2According
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Table 2: Maximum crystallization rate% % 1073S71), kinetic exponenh and average kinetic exponeftt) for Seyg_yTexSh (0 <
x < 10) alloys with different heating rate$ .

X 0 2 4 6 8 10
B(K/min) X n & n & n & n & n R
5 4,374 2212 5269 2664 5721 2893 5981 3.024 6.157 3.112366 3.153
10 8.319 2.211 10.03 2664 109 2.892 11.4 3.023 11.75 3.1129111.3.152
20 158 2.214 19.04 2666 20.71 2895 21.69 3.026 2236 3.11568223.155
30 2291 2213 27.63 2665 30.06 2894 315 3.025 325 3.11497323.154
40 29.95 2211 36.14 2664 39.32 2892 41.23 3.023 4254 3.112184 3.152
(n) 2.212 2.665 2.893 3.024 3.113 3.153
0.030 SegeTeny \ ser T SergTeySbyy I ® ShyTeSe;
0025 @ SewTen g 9571 1 i se
— = B =05K/min E g
"o 0.020] e p=15K/min = E
- A B =20 K/min
3 v B=30K/min
.?; 0.015 + B =40 K/min 1 20 30 40 S 60 70
20 ()
0.010 Se,, Te,,Sb, 1
A_ S o SbyTeSe,
0.005 - % % T
0.000 - : g
380 390 400 410_ 420 430 440 450
T (K)
10 20 30 1942“) 50 60 70 20 z;ﬂ(“) 60
0.045 - . . . .
ool  (© SeTesb, Fig. 9: The X-ray diffraction patterns of crystallized
: Seo_xTeoSh (x=0, 2, 6, 10) alloys.
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