June 2009

Trade Science Ine.

\Volume 5 Issue 3

A Tndéian Yournal

Pre-crystallization study of Ge, T

— Pyl Paper

M SA1J, 5(3), 2009 [249-257]

€., In (wherex =6 and 8 at. %)

chalcogenide glasses using differential calorimetric technique

S.Abouelhassan'*, G.Eldallal?, F.R.Al-Solamy?, A.Al-Hossain?®

!Physics Department, Faculty of Science, Jazan Univer sity, (KSA)
2Department of M athematics, Faculty of Science, KingAbdulaziz Univer sity, (KSA)
*Department of Applied and M anagement Sciences, King K haled Univer sity, (K SA)

PACS: 24.10.pa;61.10.Nz;81.70.Pg
E-mail : sayd1959@hotmail.com

Received: 25" February, 2009 ; Accepted: 30" February, 2009

ABSTRACT

Pre-crystallization kinetic study of the Ge ; e, In,_system (wherex =6 and
8 at. %) has been carried out under non-isothermal conditions. Two endot-
hermic peaks have been detected in the DTA traces of the system where
each peak is characterized by an onset temperature (T ) and peak tempera-
ture (T ). Five models have been used to analyze our results. The apparent
activation energy of glasstransition at the onset temperature (E ) and at the
peak temperature (E ) have been carried out by means of three methods
(Kissinger, Mahadevan and Ozawa-Chen models), while Matusitaand IMA
models were used to deduce(E ) and (Ep) by means of the area analysis
method of the endothermic peaks. The results indicated that (Tp) was the
most suitable temperature to deduce the apparent activation energy of glass
transition when Kissinger, Mahadevan and Ozawa-Chen models were ap-
plied. Kissinger’s model was found to be the most suitable one to analyze
our resultswhen the former three methods were applied, while Ozawa-Chen
model was the most suitable model when all the five models were consid-
ered. Avrami index (n) and the reaction factor (K ) were deduced, wheretwo
and one dimensional regimes of growth for thefirst and second endothermic
peaks respectively were found.
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1.INTRODUCTION

Thestudy of phasetransformation of chal cogenide
glasseshasgained great attention because of their im-
portant applications. Based onthefact that thechd -
cogenideglassescombinethe characteristic festures of
thedisordered systemsand some propertiesof thecrys-
talline semi-conducting materias, their wide promising
technological gpplicationsin solid state devices particu-
larly inthereversible phase changeoptical recording,

fabrication of theinexpensivesolar cells, optical fibers,
photo resists, photo conductors, have been given a
considerableinterest?®®. Thethermal analysismethods
including differentid therma andysis(DTA) and differ-
ential scanning calorimetery (DSC) areparticularly im-
portant as they: (a) are easy to carry out, (b) require
little samplepreparation, (¢) arequitesensgitiveand, (d)
arereatively independent of the samplegeometry.
Thecrystdlization kineticsof cha cogenideglasses
playsanimportant rolein determining both their practi-
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cal applications, thermal stability and their transport
mechanisms. The cal orimetric study techniques have
been widdy used to study the crystalization kineticsof
glasses, they areisothermal and non-isothermal tech-
niques™®. It hasbeen found® that thelater oneisthe
most suitabletechniqueto gaininsight into thethermal
stability and the phase transformati on behavior of cha-
cogenideglasses. Inthistechnique, thesampleisther-
mally annealed at afixed rate of heating and the physi-
cal property isrecorded asafunction of temperature,
whereinformation of someaspectsof thecrystalliza-
tion process can be obtained.

DTA was used to study the variation of both glass
trangtion temperature (Tg) and crystdlizationtempera:
ture(T ) withthehetingrate(c)*#*9. Throughthecrys-
tallization kinetics, thekinetic parameterssuch as, the
activationenergy of crystallization (E ), theactivation
energy of glasstrangtion (E ), theAvrami exponent (n)
and thefrequency factor (K ) can be deduced!*#2,

Understanding the glasstrangition kineticsof chal-
cogenideglassesisvery important to establish their sta-
bility, glassforming ability and ultimately to determine
the useful range of operating temperaturefor specific
technol ogicd application beforethe eventud crystali-
zation takesplace.

Theaim of the present work isto analyze theen-
dothermic (glasstrangition) peaks,inthesameway as
that made on the exothermic (crystallization) pesks, to
obtainthe pre-crystalli zation parametersfor the system
Ge, Te,  In (wherex =6 and 8 a. %). No reported
sudiesoncryddlizationkingticsinthesemateriashave
been carried out. According to the above pointsof view,
fivedifferent methodsof anays shave been used to sudy
thepre-crystalization kineticsof theinvestigated system.

2.EXPERIMENTAL

Bulk chalcogenide glasses of the Ge, Te, In,
system (wherex = 6 and 8 at. %) were prepared using
theusud met quenching technique. Elementa congtitu-
entsof 5N purity weighed according to their atomic
percentagesand were seded in an evacuated (10° Torr)
silicatubesand heated gradually up to 1223 K for 15
hours. Continuousstirring of themelt was carried out
to ensure homogeneity. The melt was then rapidly
guenched in ice water. The glassy nature of the pre-
pared samples was confirmed by X-ray diffraction
(XRD) technique us ng Shimaduz X D-3 diffractometer

Figure 1. X-ray diffraction patterns for as-quinched
Ge . Te, In (wherex=6and8at. %) chalcogenideglasses
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Figure2: DTAtracesfor Ge, Te, In chalcogenideglasses

with scanning vel ocity of (20/min) and radiation source
of Cufoil asshowninfigure 1.

The prepared glasses were ground to obtain fine
powder for DTA studies. Thethermal behavior was
investigated using a differential thermal analyzer
(Shimadzu DTA-50).Themeasurementswerecarried
out under nitrogen atmosphere. 5-10 mg of each sample
was heated at constant heating rate and the changesin
the heat flow with respect to an aluminum pan were
recorded under aconstant flow of nitrogen at arate of
20 ml/min. Thehesating rateswerevaried from5to 30
K/min. Thebest fit for the obtained data points was
made using theleast square method.

3. RESULTSAND DISCUSSIONS

3.1. Thedependenceof theglasstransition onthe
heatingrate

DTA thermogramsfor Ge . Te,. In (wherex =6
and 8at. %) chal cogenide glasses, at fivedifferent heet-
ing rates(5, 10, 15, 20 and 30 K/min), have been ob-
tained asshowninfigures 2 and 3, wheretwo endot-
hermic peaksare observed.

Au Tudian Yourual



MSAIJ, 5(3) June 2009

S.Abouelhassan et al.

251

The differential thermal analysis of the sample
Ge,Te In isshowninfigure 4, asarepresentative
curve, wherethe onset temperatures (T , T ) andthe
peak temperatures (Tpl, sz), for thefirst and second
endothermic peaks, can be observed.

The endothermic peak isthe characteristic feature
of theglasstransition temperature. The appearance of
two glasstrangition temperatures hasbeen observed in
many chal cogenide glasses®#whichindicatesan un-
usua phaseseparation processoccurringintheseglasses
during the heat treatment. The appearance of the en-
dothermic pesk arisesdueto theabrupt increaseinthe
specific heet of thesamples. Thefirst endothermic pesk
(FEP) and the second endothermic peak (SEP), which
represent thestrength or therigidity of theglassy struc-
ture, are characterized by the onset temperature (T )
and the peak temperature (T ).

Thedependenceof (T ) and (Tp) for FEPand SER,
ontheheating rate (o) isshowninfigures5and 6 for
Ge,Te, In (wherex =6 and 8 a. %) chalcogenide
glasses. It can be noticed that the curves show linear
relationshipsverifying thefoll owing empirical equa-
tion®:;

T=A+BIn(a) (1)
WhereA and B are constantsfor the heated samplesand (o) is
the heating rate in (K/min) employed in DTA runs.

The deduced values of A and B for the two endot-
hermic peaksof Ge . Te,. In (wherex =6and 8 at.
%) aregivenin TABLE 1. Thevauesof theconstant B
at (T ) and at (T ) arefound to decrease with thein-
creasing from (FEP) to (SEP) for either of x =60r x =
8a. %. Astheindium content increasesinthesample,
the deduced values of B show an increasing behavior
a(T,)and (Tp) for (FEP), whilethey show adecreas-
ing behavior at the sametemperaturesfor (SEP). It has
been reported earlier? that theva ue of B inequation
(1) isrelated to the cooling rate of the melt: the lower
the cooling rate of the melt, thelower thevalueof B,
which indicatesthat B isrelated to theresponse of the
configurationdly changeswith glasstrangtion. For both
of x=6and x =8 at. %theintercept (A) isfoundto
incressewith theincreasingin either theposition of the
endothermic peak or to theindium contentinthesample
whichindicatesthat (A) isacomposition and tempera-
ture dependent. Fromthevaluesof (A), it can be no-
ticed a so that they represent thelowest values of tran-
sitiontemperaturesat (T ) and (T p) which belong to
either (FEP) or (SEP).
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Figure3: DTAtracesfor Ge, Te,, In,chalcogenideglasses
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Figure4: DTAtracefor Ge,Te In,at rate 15K/min
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TABLE1

GesTenlng GesTenlng
FEP SEP FEP SEP
To Ty To Ty To Ty To Ty
B 6.297 6.7408 1.651 4.628 7.261 6.848 1.256 0.4466
A 340.01345.72475.85476.79 353.96 362.42 473.99 483.63

3.2. Theactivation ener gy of glasstransition

Inthisstudy, theandysisand caculationswill carry
out for theglasstransition temperaturesaswell asthe
crystdlization temperatures. Fivedifferent modeshave
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been used to cal cul ate the apparent activation energy
of glasstrangition for thetwo endothermic peskswhich
appearedinthe DTA tracesof thesystem Ge, Te, In,
(wherex = 6 and 8 at. %).The transition processis
generaly understood intermsof thekinetic parameters
such astheactivation energy of glasstrangtion (Eg), the

Avrami index (n) and thefrequency factor (K ).
3.2.1. Kissinger model®

Thismodel has been widely used*11230:313233 tg
determinetheactivation energy of glasstrangtion (Eg).
Inthefollowing, the activation energy of glasstrangtion
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at (T and (T p) due to (FEP) and (SEP) of the Ge,,
Te,, In system (wherex =6 and 8 at. %) will beana-
lyzed according to thefollowing rel ationf2,

[ - Eg
In(=)=—=+constant 2

s RTg
Where (E) is the apparent activation energy of glass transi-
tion and (gR) is the gas constant. According to equation (2),
plotting of In (a/ng)agaj nst (1/Tg) gives straight lines as
shown in figures 7 and 8. From the dopes of these lines, the
apparent activation energy of glass transition at the onset
temperature (E ) and at the peak temperature (Ep) for both FEP

and SEP were deduced and givenin TABLE 2.
3.2.2. Mahadevan model™®

Mahadevan et. d havebeen smplified Kissinger’s
equationtothefollowing formuld®:

— Eg
RTq
Thevariationsof In(o) aganst (/T g) fortheinves-
tigated samplesat different heating ratesare shownin
figures9and 10 wherestraight linesverifying equation
(3) areabtained.
The deduced values of the apparent activation en-

In(a)= + constant (3)
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TABLE?2
Gess Tep Ing Geis TerrIng
M odels FEP SEP FEP SEP
E, (kJ/mol) Ey(kJ/mal) E, (kJ/mal) E, (kJ/mal) E, (kJ/mal) E, (kJ/moal) E,(kJ/mal) E, (kd/moal)
Kissinger 131.87 151.33 439.31 341.30 139.90 155.55 250.52 327.56
Mahadevan 137.79 157.36 447.29 349.41 142.89 161.83 258.45 328.51
Ozawa-Chen 134.83 154.34 443.30 354.36 142.98 158.69 254.49 328.03
Meanvaueusingthe ;o) g5 5434 44330 34836 14192 15869 25449  328.03
above three models
Matusita 150.19 311.55 115.18 326.23
JMA 152.24 366.85 161.19 258.58
Mean value using the 153.89 344.69 150.49 313.78
five models
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Figure9: In(a) againgt (1/T) for GeTe, In chalcogenide
glassesat FEP and SEP

ergy of glasstransition at the onset temperature (E )
and at the peak temperature (Ep) for both FEP and
SEParegiveninTABLE 2.

3.2.3. Ozawa-Chen model 43

Ozawd®*! and Chen®! have been proposed a
model to determinethe apparent activation energy of
glasstrangition according to the equation:

-E
In ()= —2 + constant @)

Plotsof for theinvestigated samplesare shownin
figures11 and 12. Straight linescould befittedto give

Figure10: In(e) againgt (1/T) for Ge . Te In, chalcogenide
glassesat FEP and SEP

the corresponding activation energies.

Thededuced va uesof theactivationenergy of glass
transition according to equation (4) at the onset and
peak temperaturesfor the two endothermic peaksare
giveninTABLE 2.

3.2.4. Matusita model*

The crystallization kinetic parameters have been
obta ned using themodd suggested specifically for non-
isothermd crystallization by Matusitaet a*. Accord-

ing to DTA traces, we can say that thefraction () that
transformed into theglassy sateat any temperature(T)

ey, P alzrioly Seience
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isgivenaswhere(A) isthetota areaof the endother- § ;e g
mic pesk between theonset temperature(T,), atwhich S I g“
theglasstransitionjust beginsand thetemperature () §_i A 2
at whichtheglassy stateiscompletedandisthearea < “s o™= & . o i
between (T,) and any temperature (T). A representa- Temperature(K) Temperature(K)
tivecurvefor calculating thefraction () isshownin  Figure14: Thetransformed fraction (x) ver sustempera-
figure 13. tureof theinvestigated sasmplesat FEP and SEP

Figure 14 showstherelationship betweenthetrans- _ _
formed volume fraction (y) and the heating tempera-  Matusita’smodel canbeapplied ontheamorphousglass
turefor theinvestigated ssmplesat different hestingrates. ~ transition. Thevaluesof (y) arerelated tothe apparent
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TABLE 3: Thevaluesof (n), thefrequency factor (K ) and the
mean value of (nEg) at (FEP) and (SEP) for theGe,Te,. In
system (wherex=6and 8at. %)

Geys Teplng Gess Terrlng
FEP SEP FEP SEP
n 311 1.486 2.461 1.84
NEy(kJmol.) 468.31 462966 283476 600.26
Ko 3.132x10" 1.71x10”° 1.675x10"° 2x10%

TABLE 4: Thevaluesof (n) and (m) for variouscrystalliza-
tion mechanisms

M echanism n m

Bulk nucleation
Three — dimensional growth 4 3
Two- dimensional growth 3 2
One — dimensional growth 2 1
Surface — dimensional growth 1 1

activation energy of glasstransitionthroughtherela-
tion*:

mE,

RT ©

Where (m) and (n) arerelated to the dimensionality of growth.

Figure 15 showstherdation between In[-In(1-y)]

and (1/T) at different heating ratesfor theinvestigated

samples. When thenuclei areformed during thether-

md analysis, thefactor (n) isequa to (m+1) and when

nuclei areformed during any previous heat treatment

In[-In(1-¢)]=-nIn(e)-1.052[ ]+ constant

prior tothermal analysis(n) isequal to (m). Theindex
(n) isconsidered to be equal to the parameter (m) be-
cause the amorphous-glasstransition reaction occurs
through one step™3. From the slope of each straight
line, thevalueof (nEg) isobtained andtheaveragevaue
for each endothermic peak of theinvestigated samples
isdeduced andgivenin TABLE 2.

In order to determinetheAvrami index n, therda
tion between and In(-In(1-y)) In(o) at fixed tempera-
turesareplotted and giveninfigures 16 for Ge , Te,,
In,and Ge _ Te In, according to the formul &

diin(=In(A-0)]
din@] ©
The obtained values of theindex (n) aregivenin
TABLE 4. From TABLE 4 it can be noticed that, for
thesampleGe . Te, In.thevaueof (n) isequal to 3.11
for (FEP) and equasto 1.48 for (SEP) whichindicates
that themechanism of amorphous-glasstrangtionistwo
and onedimensiond regimefor theformer and thelater
onerespectively. For Ge  Te . In, thededuced values
of (n) areequal t0 2.461 and 1.84 for (FEP) and (SEP)
respectively, which indicatesthat the transformation
mechanism istwo and onedimensional regimefor the
former and thelater onerespectively. It isclear that, the
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Figurel7: In(K) versug(1/T) for theinvestigated samplesat FEP and SEP

transformation mechanismsof theinvestigated samples
follow two typesof regime: thefirst endothermic peak
followsthetwo dimens onal regime, whilethe second
endothermic peak followstheonedimensiona regime.
From thevauesof (n) and themean value of (nEg) the
associated activation energy of transition, for both of
(FEP) and (SEP) duetotheinvestigated samples, are
deduced and givenin TABLE 2. It can be noticed that
thevalues of the activation energy of glasstransition
dueto (FEP) aremuch smaller than those dueto (SEP)
which may be attributed to that the transformation
mechanism at (FEP) istwo dimensiona regimewhileat
(SEP) isonedimensiona regime. Therefore, the pro-
cessat (SEP) may leadsto another further transitionto
atain the stablestate with alower activation energy as
reported earliert3-40,

3.2.5. Johnson-Mehl-Avrami (JM A) mode 443

Therelation between thevolumefraction (y) crys-
talized intime(t) and thereactionratecongtant isgiven,
onthebasisof thetheory of transformation kinetics, by
the equati onf“-43;

2(t)=1-exp[- (K 1)"] )
Where (n) isan integer or half-integer which depends on the
mechanism of growth and dimensionality of the crystal
growth*! and (K) is the reaction rate constant whose tem-
perature dependence is expressed in Arhenian — type equa-
tion:

_Eg
K =K0 exp (ﬁ) (8)

Where (K ) isthefrequency factor, (Eg) isthe apparent activa-
tion energy of glass transition and (R) is the gas constant.

Equations(7) and (8) have been widdly used to de-
scribethe non-isothermal crystallizationkinetics. The
goplicationof IMA modd, under thenon-isothermd crys-
tallization, asssumesthat the heet rate (o) iscongtant. Equa
tion (7) canberearranged and writtenin theform:

()"

t ©

Equations(7), (8) and (9) can beappliedto calcu-
late the activation energy of glasstransition at (FEP)
and (SEP) for the Ge . Te,_ In_system (wherex =6
and 8 at. %). Substituting by the obtained values of (n)
andthetemperature(T) instead of thetime(t), in equa
tion (9), thenthevauesof K at different temperatures
can beobtained a constant heating rates. According to
equation (8), plotsof In (K) versus(1/T) for (FEP) and
(SEP) areshowninfigure 17 wherestraight linescan
be observed and the corresponding activation energy
of glasstransition were deduced and givenin TABLE
2. Theinterceptsof these straight lineswith thevertical
axisgivethevauesof thefrequency factor (K ), which
aregiveninTABLE 2. Thesevduesarefoundtobein
good agreement with other published data®*.

From TABLE 2 it can benoticed that five theoreti-
ca mode swere applied to andyzethe non-isothermal
amorphous-glasstransition. Accordingto theformer
three models (Kissinger, Mahadevan and Ozawa-
Chen), the deduced activation energy of glasstransi-
tionduetotheonset temperature (E, ) ismuchlessthan
that deduced dueto the pegk temperature (Ep) .Themean
valuesof (E ) dueto (FEP) and (SEP) for Ge . Te ,In,
are 134.83 kJ/mol and 443.30 kJ/mol whilethemean
values of (E p) are found to be 154.34 kJ/mol and
348.36 kJ/mal for (FEP) and (SEP) respectively. The
resultsof Ge . Te, In,, whichgivenin TABLE 2, indi-
cate that the mean values of (E ) due to (FEP) and
(SEP) are 141.92 kJ/mol and 254.49 kJmol, whilethe
mean val ues of (Ep) are158.69 kJ/mol and 328.03 kJ/
mol dueto (FEP) and (SEP), respectively. From the
aboveresultsand themean v uesof theactivationen-
ergy of transition it can be noticed that Ozawa-Chen
model isthe most suitablemodel that can be applied
for our investigation of non- isothermd kineticandysis
if theformer threemodelsare only applied.

FromTABLE 2it can dso beredized that theval-
ues of the activation energy of glasstransition(E_ and
E p) according to Matusitaand JMA models due to
(FEP) and (SEP) for theinvestigated samples, arevery
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close to those obtained at (T,) due to Kissinger,
Mahadevan and Ozawa-Chen modds. Thismeansthat
the pesk temperature of theendothermic peak (T,) may
be considered to be more suitable oneto calculatethe
activation energy of glasstrangitionthanthat at the on-
set temperature(T ). Therefore, themean valueof the
fiveactivation energy dueto thementioned fivemodes
istaken asthe mean value of (E ) which are obtained
using Kissinger, M ahadevan and Ozawa-Chen modd's
and theva ues obtained usng Mausitaand IMA mod-
els. So, whenthefivemodelsareappliedon Ge . Te,
In, (wherex = 6 and 8 at.%) and comparing the mean
value of the apparent activation energy dueto these
model swith the val ue obtai ned by each modd sepa-
rately it can be noticed that Kissinger model isthemost
suitable onethat characterizesour resultsefficiently.
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