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Abstract

Results of crystallization kinetics for SeggTe,,Ag, glass using differential scanning calorimetry under non-isothermal condition
are described and discussed. The glass has a single glass transition and two crystalline phases that overlap. The Gaussian fit
model was used to separate the overlapping crystalline phases. By applying the Matusita et al. approach to analyses the data,
it was possible to determine the activation energy (E_) and Avrami exponent (n) for the two phases. The average E_ values for
the first and the second phases are 126.16 and 113.99 kJ mol ™!, respectively. It was shown that the activation energy strongly
depended on the heating rate. Using the Kissinger—Akahira—Sunose method, the variable activation energies with crystalline
fraction are calculated. This variation demonstrates how the transition from the amorphous to the crystalline phase is a com-
plicated process requiring several nucleation and growth mechanisms. It was discussed if the Johnson—-Mehl-Avrami model to
describe the crystallization for the composition under investigation. The results show SB(M, N) that model is more appropriate to
represent the crystallization process for the examined composition. While the results agree with JMA models at low heating rates.
Through the use of scanning electron microscopy and X-ray diffraction, the crystalline phases for the two stages were identified.

Keywords Crystallization kinetics - Se-Te—Ag system - Thermal analysis - X-ray diffraction - SEM examination

Introduction

The use of chalcogenide glasses in a variety of solid-state
electronics has considerable attention. There are many
applications for chalcogenide glasses, including threshold
switching, memory switching, and optical wave guides [1,
2]. The transport mechanism, thermal stability, and opti-
cal applicability of the chalcogenide glass are influenced
by structural properties. Numerous experimental methods,
including electron microscopy, X-ray diffraction, and ther-
mal analysis, have been employed to investigate the structure
of chalcogenide glasses [3, 4].

The selection of Se because exhibits a unique property
of reversible transformation which makes it very useful in
optical memory devices [5]. Pure Se generally has draw-
backs due to its brief lifetime and low photosensitivity. Many
attempts have been made to improve the Se properties by
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alloying it with other elements [6]. In comparison to pure Se,
the glassy Se—Te alloys have greater hardness, a higher crys-
tallization temperature, more photosensitive, and fewer age-
ing effects [4]. Furthermore, xerography and electrographic
applications, as well as outstanding laser writer sensitivity.
The addition of the third element to Se-Te increases the
glass-forming region and gives a new promising properties
[7]. On the other hand, the addition of Ag to Se-Te cre-
ates compositional and configurational change as compared
the binary alloy [8]. The transformation from amorphous
to crystalline phase for chalcogenide glasses doping with
Ag content has been studied by many workers [§—10] for
development of new and gives better phase change recording
materials. Mehta et al. [10] have investigated the crystal-
lization process for Se-Te—Ag glasses. These glasses have
only endothermic and one exothermic peaks at low concen-
tration of Ag content. However, at higher concentration of
Ag, two endothermic and two exothermic peaks have been
observed in these glasses. Many researchers [11-13] study-
ing the properties of the Se-Te—Ag chalcogenide glasses
such as optical, electrical, and thermal stability. The thermal
analysis is very important tools for explaining the crystal-
lization process. For many chalcogenide glasses', the crys-
tallization transformations have been explored using the
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Johnson-Mehl-Avrami (JMA) or empirical Sestatak Berg-
gren SB(M, N) models [14]. Typically, the following equa-
tion can be used to describe the measured heat flow ¢:

—E
¢ = AHAexp <R—Tc>f(a) (1

where AH is the crystallization enthalpy, A is the pre-expo-
nential factor, E- is the apparent activation energy, R is the
universal gas constant, and 7 is the temperature. The IMA
model describes the function f(a) as [15]:

f(a) = n(1 — a)[-Ln(1 — a)]'~'/" -

where n is a Avrami index and a define the degree of crystal-
lization. Furthermore, the SB(M, N) model can be used to
describe the function f(«) as follows [16]:

fla) =M1 — )N 3)

The two kinetic parameters M and N show, the accelera-
tory and decaying regions' relative for the transformation
process. The value of M is limited in range (0 < M < 1).

The two characteristic functions y(a) and z(a) for non-
isothermal condition given by Malek to test the applicability
of JMA model's [17]:

y(a) = ¢exp (E,/RT) (4)

2(a) = ¢pT? 5)

Within the (0, 1) range, the functions y(«) and z(«) are
normalized. The two y(a) and z(a) functions has a maximum
value when a equal to ay; and a;", respectively. The value of

ay 1s typically less than a;". For the JMA model, the latter
is a constant <a°° =0, 632). The ay, is a fingerprint for JIMA
2

model’s [18]. Malek et al. provide specific information
regarding y(a), z(@), and their maxima of ay; and a;" [18].

In this work, concerned to study the structure of Segg Te
Ag, glass using different techniques such as XRD, SEM, and
DSC. The JMA models and SB(M, N) empirical equation's
used for deduced the kinetic parameters. Finally, X-ray dif-
fraction and scanning electron microscopy (SEM) analysis
were used to identify the crystal phases that corresponded
to crystallization events.

Experimental technique

The amorphous materials for Se-Te—Ag chalcogenide
glass are prepared by the melt quenching technique, which
descried in detailed elsewhere [19]. In this technique, glasses
were weighted according to their percentages using high
purity (99.99%) Se, Te, and Ag (from 5 N, sigma-Aldrich).
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Glasses were sealed in a silica ampules under a vacuum of
107 Torr. The ampules were heated in a rotating furnace at
1273 K for 24 h. continuous stirring of the melt was carried
out to ensure good homogeneity. The ampules were then
quenched in ice—water mixture. The DSC analysis for as-
prepared powdered under non-isothermal condition using a
PerkinElmer DSC-2. The DSC curves take place from room
temperature to melting temperature at different heating rates
ranging from 2.5 to 20 K min~!. The instrument was cali-
brated using In, Sn and Pb standards of known heat capacity
and melting points. The temperature accuracy of the instru-
ment is +0.1 K with heat flow accuracy of +0.01 mw transi-
tion. The microprocessor of the thermal analyzer was used
to determine the values of the glass transition temperature
(T,), the onset temperature (7), the peak of crystallization
temperature (7},), and the melting temperature (7},,) with an
average standard error of +1 K.

The samples were coated with gold before SEM examina-
tion to avoid the charging effect. Scanning electron micros-
copy (SEM) apparatus (Joel, JSM-T200 type, Japan) was
used to examine the surface morphology of the annealed
SegsTe (Ag, samples at different temperature for 1 h. The
elements in the composition SeggTe;,Ag, were determined
by using energy dispersive X-ray analysis (EDX) spec-
troscopy. Additionally, the crystalline phase and amor-
phous nature of the as-prepared and annealed samples
were analyzed using the X-ray diffraction technique (XRD)
using a Philips Diffractometer (type 1710, Netherland).
The XRD scans recorded in diffraction angle 26 in range
(10° <20 < 80°) with scanning speed of 3.6° min~! and Cu
K, radiation of wavelength A equals 1.5406 A.

Results and discussion
Thermal and structural characterization

Typical DSC curves of the crystallization process were
recorded at different heating rates ranging from 2.5 to
20 K min™" for SeggTe,,Ag, composition are shown in Fig. 1.
The DSC curve shows first strong exothermic peak partially
overlapped by weak exothermic peak. The overlap peaks
can also indicate that the nucleation and crystal growth
occur simultaneously. If the overlap is negligible this can
be ignored while when the degree of overlap is large, then,
it is necessary to resolve the complex peak. The two overlap-
ping peaks resolved by Gaussian model. Figure 2 shows the
separation of the two overlapping crystallization peaks at
heating rate 20 K min~'. Also, the endothermic peak in DSC
scans gives the glass transition from amorphous phase to the
super-cooled liquid state. Numerical values of Ty, T, T,
T,,, and T, with different heating rate are listed in Table 1.

P
As shown from Table 1, the temperatures T, Ty, Tep, T}y,



Separation of overlapping phases for SeggTe,,Ag, glass

9573

Exo
=
€
oy
(&)
[72]
[a)]
——
— 4 Heating rate
1 =2.5Kmin"|
—8{—— B =5Kmin™’
Endo ) 5_ 10K min"
— 12 4—— B =20K min~!
T T T T
350 400 450 500

TK

Fig. 1 Typical DSC curves for SeggTe (Ag, glass at different heating
rates

54 SeggTe nAd,
Raw
4 —— Fit peak 1
Fit peak 2
Cumulative fit peak
3 -
2 24
S
S~
O
(2]
a 11
0
—1 4
-2 T T T T T T T T T T
340 360 380 400 420 440

TK

Fig.2 Separation of the two overlapped peaks for SegsTe (Ag, glass

and T, for the studied composition increased with increas-
ing the heating rates. The relaxation dynamics during the
glass transition period may be responsible for the increase in
T, with heating rate (f). As the heating rate /§ increased, the
time decreased; hence, the Tg increased [20]. Also, when the
heating rates are increased, the intensities of all DSC peaks
for the first and second peaks increased as shown in Fig. 3.
Additionally, when the heating rates increased, the two
peaks shifted to higher temperatures, indicating the crystal-
lization process occurs as a result of the thermal activation.

The glass transition region

The variation 7, with In /§ found to be linear as shown in
Fig. 4 which satisfying Lasocka formula [21] as follows:

T,=A+Blnp (6)

where A and B are constant for the studying glass. The
deduced values for A and B are 325 and 4.9, respectively.
The empirical relationship for SeggTe,,Ag, can be written
asT, =324.95+4.891Inp

The activation energy E, for glass transition determined
by using Kissinger’s formula [22]:

-E
In <ﬂ/ ng) = R_Tj + constant (7

Figure 5 shows In ( b/ ng) versus 1000/7, for the study-

ing composition. The deduced value of E, is 184.22 kJ mol~".
This value agrees with values obtained by other works [1, 2,
4]. Furthermore, the difference between 7~ and Tg gives the
kinetic resistance to crystallization. The glass samples with
lower (T — T,) values are predicted to have lower thermal
stability, higher electrical conductivity, and lower crystal-
lization resistance [3]. Hurby [23] provides another param-
eter named the glass forming tendency (GFA):

Table 1 Glass transition, the crystallization onset and the activation energy (E,) for the SegsTe,Ag, glass at different heating rates

Heating rate ($)/K min~! T, T, Ty H, E,
Peak (1)

25 3293 356.3 365.5 000.19 149.6
5 333.1 360.8 370.7 000.20 138.6
10 336.1 364.1 377.6 000.21 113.2
20 339.6 369.5 385.6 000.24 103.3
Peak (2) T, T, Ty H, E,
25 3293 359.6 3755 000.22 134.6
5 333.1 365.2 383.6 000.24 118.5
10 336.1 368.7 390.0 000.25 111.7
20 339.6 368.7 398.3 000.23 090.9
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The probability of finding glass is determined by the
parameter H,, which rises as T, — T falls and T — 7,
rises. According to H, number, it is difficult prepare glass
at H, < 0.1but good glass obtained at H, > 0.4 [23]. The
calculated values of H, for the investigated composition
at various heating rates are listed in Table 1. The average
H, values provide satisfactory glass for the investigated
composition.
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Crystallization mechanism

The Matusita method was used to compute the crystalliza-
tion kinetic parameters based on the JMA model; specifi-
cally, the crystallization activation energy E_ and the Avrami
exponent (n) can be deduced using the following equation
[24]:

mE,
In[-In(l —a)]=—-nlnpg — 1.052ﬁ + const. ©)]



Separation of overlapping phases for SeggTe,,Ag, glass

9575
(a)
0.4 - \ . L] A8 . Peak (2)
¥ \‘x ‘ " A ‘. ‘i SeggTe10AT,
0.24 ‘ 4 \ \ \ *' \ & 3 =25Kmin
Y A L1 " \ : “‘ ® A = 5K min-'
007 "Y . n ‘v 3 ", W | 4 p=10Kmint
v f v 3 . i! ¥ S = 20K min~'
-0.2- v X » )
= ; ¥ * »
3 \ Y
_'l_ - 0.4 v \ v \ ?. ?
= v } 3 ‘ n
< ~0.6- v 3 ‘ , X ) *, .
= v ' \ n X ) » :
£ v | . \ A ( * -
- 087 v \ \ n A\ ) * "
Peak (1) v \ . \ v \ . "
—1.0{SegsTe;oAd, v \ ) v A \
B = 2.5K min" \ \ ® \ Y A . *
124 ¢ p=s5Kmin Y \ \ ‘ - A 4 "
14 A p=10Kmin \ \ pt L \ e .
T 7w g =20K min™ - v .
T T T T T T T T T T T T T T
250 255 2.60 265 2.70 275 2.80 2.50 2.55 2.60 2.65 2.70 2.75
1000/ T/K-1 1000/ T/K-1
Fig.6 aand b The plots of In[—In(1 — )] versus 1000/T at different heating rates for SeggTe,,Ag, glass
(a) (b)
4
. Peak (1) Peak (2)
. SeggTe10AT, SeggT€10AY,
S T=2363.61K m T=39216K
2] g ® T=37037K ® T=38462K
~a ™ T-377.36K T=377.36 K
o ™~
Ry \\\\ .
= 04 : = ~
3 0 3 ) I
- b - o T
1 . . ™ | ™~
T - ~ L . N
_2 ] — . - ~
£-2 L - £ -1 N o .
e -2 4 - .
—4 4 T
~ s
-6 T T T T T T
0.5 1.0 1.5 2.0 3.0 2.0 25 3.0 35
Inpg
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where n and m are integer which depends on the dimension-
ality of the crystal growth. For quenching glass no nuclei
then n = m + 1; however, if nuclei formed after any earlier
heat treatment before thermal analysis, then, n=m. In this
study, we consider n=m because the sample heated to a tem-
perature below the glass transition (7,) before each experi-
mental run. The mE_ values were calculated from the graphs
of In(—In (1 — @)) versus 1000/7 for the two peaks illus-
trated in Fig. 6a and b at various heating rates. A break in the

linearity observed at higher temperatures. This breaks in the
linearity due to the final stage of crystallization’s nucleation

sites becoming saturated [1, 24]. Additionally, the following
equation can be used to derive the Avrami exponent (n):

[dIn(=In(1 - a))/dInp|, = —n

10)

The value of n for the two phases can be obtained by plot-
ting In (— In (1 — a)) against In g at different temperatures as

shown in Fig. 7a and b for the studied composition. From
this figure, it is observed that n is temperature independ-
ent. The average deduced values of n are 2.35+0.2 and
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1.49 +0.25 for the first and second peaks, respectively. The
deduced n values are not integers. This indicates that the
crystallization mechanism is a composite of many mecha-
nisms. The effective activation energies E, for SegsTe | Ag,
were calculated from the average n and mE_ values. Fig-
ure 8 illustrates the change of E, values versus /3 for the two
phases. The results demonstrate a dramatic drop in E, as the
heating rates increased. The average values of E_ for the first
and second phases are126.16 kJ mol~! and 113.92 kJ mol~!,
respectively. It is observed that E,, < E_, indicates that the
energy barrier of the first phase is higher than that of the sec-
ond phase implying that the second stage of crystallization
is easier to be occurred. Additionally, decreasing the activa-
tion energy E,, of the second peak means that the nucleation
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takes place during the first phase of crystallization process
[25]. These results agree with other works [25, 26].

The Avrami index n and the activation energy E, must
be constant during the transformation process, according
to the JMA model [1]. However, several researchers have
demonstrated that » and E, values, in both isothermal and
non-isothermal approaches are not necessary constant but
changed during the transformation process [19, 26]. The
variation of n and E_ values with a throughout the transfor-
mation process is defined as the change of nucleation and
growth process [27].

Evaluation of the activation energy using
iso-conversion models

The change in the activation energy E, with the crystalliza-
tion fraction (@) can be defined by the local activation energy
E(a). The local activation energy E () can be deduced for
the two phases by using different iso-conversion methods.
One of these methods named Kissinger Akahira—Sunose
(KAS) [28]:
In <ﬂ/T2> = const — E, / RT, an
The E_(a) values for the first and second stages deduced
from the plots of In (8/T?) versus 1000/T, at various a
(0.1 £ a £0.9) as shown in Fig. 9a and b. As illustrated in
Fig. 10, it is observed that the E_ values are not constant for
the two crystallization stages and decrease with increasing
a. The average E_(a) values for the first and second phases
are 114.71 kJ mol~! and109.9 kJ mol~", respectively. These
average values are lower than the apparent activation ener-
gies obtained by Matusita model for the two phases. The
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Fig.9 aand b The plots of In (ﬂi/Téi) versus 1000/T; at different heating rates for SeggTe,,Ag, glass
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change in E_(a) values with the crystallize volume @ means
the crystallization process exhibits nucleation and growth
processes [29] has activation energy E, and E,, respectively.

In general, the local activation energy E.(a) can be
expressed as follows:

E(a)=aE,+bE, (120, uz0) (12)

where [ and u are the nucleation rate and growth veloc-
ity, respectively, a and b are two variables which are
both less than or equal to one and more than or equal to
0. The early stages of crystallization are dominated by
nucleation, with u =0, a =1, b = 0 and activation ener-
gies as E,(0) = E,=135 kJ mol™! for the first stage and
138 kJ mol~! for the second stage. As crystallization
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a

progresses, nucleation and grain growth influence the crys-
tallization kinetics, where a decrease and b rise as crystal-
lization progresses. Therefore, as the crystalline percent-
age increases, the values E, (a) decreases with increasing
a(0 < a<1). WhenI =0, and a = 0,b = 1 and the activa-
tion energies E (1) = E, = 103 kJ mol~! and 88 kJ mol™!
for the first and second stages, respectively. The crystalli-
zation is dominated by grain growth in the final stage. In
general, the variation of E_(a) values for the two crystal-
lization stages indicates that the crystallization process is
complicated [29, 30].

Transformation model

The second step for the kinetic analysis which gives the
kinetic model to describe the crystallization process for
SeggTe,,Ag,. According to Malek model [15], the reliable
test for the validity of JMA model to describe the crystalliza-
tion process based on the maximum value of Z(a) is a;". The
experimental DSC could be represented by the JMA model
if the values of a;" in the range of 0.61-0.65. On the other
hand, the JMA model not applicable if a;" has lower values.
This test is applicable for our composition. According to
Egs. (4) and (5), we deduced the changes of y(a) and z(a)
functions.

The average values of E, (a) deduced by Kissinger—Aka-
hira—Sunose (KAS) model were used to calculate y(a)
function for the two crystallization phases. Figure 11a and
b shows the deducing y(a) and z(@) functions as a function
of a for the two crystallization events at different heating
rates. The maximum value of a;" for z(a) function around
0.5 for the first phase at all heating rates as shown in
Fig. 12. a On the other hand, the maximum value of a;" for
the second stage changed with the heating rates as shown
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Fig. 11 a and b Normalized y(a) and z(«) functions at the different heating rates for SegsTe (Ag, glass
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in Fig. 12b. For the second phase, the a[‘)” value increased
from 0.17 to 0.52 when heating rate increased from 2.5 to
20 K min~'. In general, the value of a;° is significantly
smaller than the fingerprint of the JMA model (0.63-0.65)
for the two crystallization stages. Furthermore, for the two
phases, the values of ay; decreasing with increasing the
heating rates as shown in Fig. 12 a and b. This gives a
more complicated crystallization process [29] for the stud-
ied composition. Therefore, we conclude that the JIMA
model is not appropriate for studying the crystallization
kinetics for SeggTe,;(Ag, glass. In this case, Sestuck—Berg-
gren SB(M, N) model should be applied for analyzed the
crystallization kinetics for the studied composition. The
ratio between M and N is expressed through the following
equation [31]:

M (L3V

N TCay (13)

The average values of E_(a) deduced by KAS method
are used to find ay;. Also, the N value are deduced using
the following equation [31]:

In [pexp (Ec/RT)| = In(AHA) + Nn [™N(1 — )| (14)

This relation is valid in the range 0.2 < a > 0.8 [27].
The N values were deduced from the slope of the plots
of In [pePe/RT] versus In [a™N(1 — )] with different heat-
ing rates for the two phases, as shown in Fig. 13. Using
Eq. (13) and the deduced N value, the average M can be
determined. Also, the intersections of these plots are used
to calculate the values of the pre-exponential factor (A).
Furthermore, the Avrami index n and A value deduced
using the following formula [31]:

@ Springer

In [pexp (Ec/RT)] = In(AHA) + In {n(1 — a)[—In (1 — &)]'""/"}
(15)

Figure 14a and b shows the plots of In [d) exp (EC/RT)]
versus In {n(l —a)-In(1 - a)]l_l/"} for the two events of
SeggTe yAg, glass. Table 2 summarizes the parameters M,
N, A, AH, and n for the two phases.

Based on the JMA and SB models, the theoretical
DSC curves deduced using Eqgs. (2) and (3) as shown in
Fig. 15a—d for the studied composition. It is shown that DSC
curves deduced by the JMA model agree with the experi-
mental data at the low heating rates for the two crystalli-
zation stages. While at high heating rates, the discrepancy
becomes large. On the other hand, the experimental DSC
data for the two phases are agreement with the DSC curves
deduced by using SB(M, N) model for the studied compo-
sition. The deviations of the experimental DSC data from
the calculated curve using JMA model at high heating rates
may be related to the fact that some approximations used for
deriving Eq. (2). Then, the JMA model are not applicable at
high heating rate for analysis the crystallization process of
SeggTe,yAg, glass. Equation (2) can be applied for the study-
ing composition if we consider the entire nucleation process
must take place during the early stages of the crystallization
kinetic and become negligible afterwards. The temperature
is the only factor that influences on the crystallization rate,
and the thermal history can be ignored [1, 31]. Generally, at
low heating rates, the nuclei have more time to form before
the growth process starts. Additionally, the entire nucleation
occurs at the initial stages of crystallization. Thus, the IMA
model is valid at low heating rates as a result of formation
of the grains in nanoscale for the investigated glass. The
nuclei expand very slowly after the nucleation process. The
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temperature quickly raise at high heating rates and according
to JIMA model the growth process does not take the linear or
parabolic growth rate. In general, the JMA model is a special
case of the Sestak and Berggan (M, N) model. In general, for
more complex phases involving both nucleation and growth,
the SB(M, N) model is more suitable for studying the crys-
tallization analysis for our composition.

The transformation from amorphous to crystalline that
appeared in DSC scans was studied by SEM examination.
Figure 16a—c shows the morphology of the isothermal
annealing samples at three different temperatures for 1 h. It

is clear that the crystalline structures have unstable phases
with different shapes and size embedded in amorphous
matrix are not easily identified for the sample annealed at
350 K. Some of these crystalize phase are collected, and
others are isolated. On the other hand, the morphology of the
annealed sample at 360 K reveals that the rod like structure
imbedded in a metastable phase as shown in Fig. 16b. The
stable and unstable crystalline phases represent the first and
second overlapping crystalline phases that appeared in DSC
curves. Further increasing the annealing temperature near to
370 K, the metastable phases transformed to a stable phase

@ Springer
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Table2 Crystallization Heating rate (5)/K ~AH/J g~ SB IMA
enthalpy, AH, the parameters of min~!
the SB(M, N) and JMA models M N LnA n LnA
for SeggTe | Ag, glasses at
different heating rates Peak (1)
2.5 007.9 000.5 000.9 036.5 001.8 035.80
5 013.2 000.4 000.9 035.8 001.7 035.20
10 035.6 000.4 001.0 034.9 001.6 034.40
20 057.7 000.4 001.0 034.1 001.5 033.6
Peak (2)
2.5 005.9 000.33 001.0 033.3 001.4 032.9
5 015.1 000.27 001.0 032.4 001.3 032.0
10 028.1 000.26 001.0 031.7 001.3 031.4
20 075.2 000.23 001.2 030.9 001.2 030.6
(@) (b)
+ ——25Kmin” Peak(1) + ——25Kmin Peak(1)
¢ ——5Kmin™ e ——5Kmin™
N 10 K min™ a 10 K min~!
v ——20Kmin™ v ——20Kmin™

S S8
2 2
o o
T ©
) [}
I I
v
v
T T T T T T T T T
350 360 370 380 390 400 350 360 370
TIK
(c) (d)
Heating rate Heating rate
Exp JMA N SeggTe oA, Exp SB
« —— 25Kmin Peak(2) « — 25Kmin
« —— 5Kmin™’ e —— 5Kmin™’
s 10 K min~! B 10 K min~!
v ——— 20K min™’ vy ——— 20K min™!
< Y
3 3
T I
o
T T
v
T 1 T 1 T T
360 380 400 420 440 360 380

TK

T
380
TK

SeggTe1Ad,
Peak(2)

T
400
TK

1
420 440

Fig. 15 a—-d Experimental non-isothermal crystallization at different heating rates compared with the calculated data using SB model and IMA
using the appropriate activation energy for SegsTe|,Ag, glass
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Fig. 16 SEM of SegyTe yAg,
glass for the isothermal
annealing samples at three
different temperatures for 1 h.
a350 K, b 360K, and ¢ 370 K
d EDX chart for as-prepared of
SegsTe pAg,

with plate like structure and rod like structure as shown in
Fig. 16c. These results are in agreement with first and sec-
ond overlapping crystalline phases in DSC scans. Energy-
dispersive X-ray spectroscopy (EDX) analysis of the as- pre-
pared SeggTe | Ag, is shown in Fig. 16d which confirms the
presence of the elements Se, Te, and Ag. As shown in this
figure, no other impurity peak was observed in the EDX
spectrum which indicates high purity of the studied compo-
sition. In general, the relative proportions of Se, Te, and Ag
for the studied composition are 86.82 at%, 11.17 at%, and
3.01 at%, respectively, which agree nearly with the starting
elements.

X-ray diffraction used to identify the crystalline phases
that appeared in overlapping phases in DSC scans and SEM
examination. Figure 17 shows X-ray diffraction for as-pre-
pared and annealed samples at three different temperatures
for 1 h. The X-ray spectra for as-prepared sample do not con-
tain any prominent peak which confirms amorphous nature
as show in Fig. 17. On the other hand, the analysis of X-ray
diffractions for the annealed samples shows the dominant
crystalline phases are Se and AgTe. The AgTe phase was
found to crystallize in Orthorhombic structure with a unit
cell defined by a=8.900 A, b=20.070 A, and ¢=4.620 A

5um 000062
Counts  (d)
800
i Se
600-
4004
E S
b Ag
- 200
Yoo W Er E
1Em 000071 o
0 5 10 15 20

Energy/keV

according to the ICDS card No. (00-016-0412), while Se
phase crystallized in Hexagonal structure with a unit cell
defined by a=b=4.366 A and ¢ =4.953 A according to the
ICDS data files No. (00-006-0362).These results suggest that
the phase AgTe transforms at 350 K to metastable phase
and Se crystals. Further annealing temperature to 370 K
the metastable AgTe phase and Se mixture transforms into
stable AgTe and Se crystals with no glasses or crystalline
metastable phase present.

Conclusions

The kinetic mechanism of SegqTe|,Ag, glass has been stud-
ied using several theoretical methods under non-isothermal
condition and conclusions gives as follows:

e The composition under study has single glass transition
and two overlapping crystalline phases proved the homo-
geneity of the glass.

e The E_ valued deduced by Matusita et al. model shows
strong heating rate dependence for the two phases.
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Fig. 17 X-ray diffraction pattern of SegyTe,,Ag, glass for as prepared
and annealed at different temperature for 1 h

e The average deduced n values by (JMA) model are not
integers value this indicates the crystallization mecha-
nism is composite.

e The experimental DSC scans are agreement with the
JMA model only at low heating rates. While the Sestak—
Berggrem model SB(M, N) gives a better fitting to the
measured DSC scans at all heating rates.

e The crystalline phases in DSC curves can be identified
by X-ray diffraction (XRD) and SEM analysis.

e The dominate crystalline phases are Se and AgTe.
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