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CRYSTALLIZATION KINETICS OF THE Cug3(SSez)o7 CHALCOGENIDE GLASS
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The crystallization kinetic parameters: the activation energy of growth, Eg, the Avrami
exponent, n, and the frequency factor, k, for the Cug;(SSey)o, chalcogenide glass has been
studied by three different models: Augis-Bennett, Gao—Wang and Matusita. The non-
isothermal differential scanning calorimetry (DSC) curves indicate that this glass crystallizes
by a two-stage bulk crystallization process upon heating.
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1. Introduction

The chalcogenide vitreous semiconductors (ChVS) have attracted much attention in the field
of photo-induced effects since they exhibit photo-stimulated diffusion of metals (mainly Ag or Cu)
into ChVS, which are applicable in a variety of microelectronics, optical memory, holography,
diffractive optics and photoresistors [1-5]. These materials must be stable in the amorphous state at
low temperature and have a short crystallization time [6,7]. Therefore it is very important to know the
glass forming ability and chemical durability of this type of materials.

The increasing use of thermoanalytical techniques such as differential thermal
analysis (DTA) or differential scanning calorimetry (DSC) has offered the promise of obtaining useful
data with simple methods [8]. The utilization of the thermoanalytical techniques depends in turn on the
development of methods for analyzing the experimental data. With this objective, a large number of
mathematical treatments are based on the formal theory of transformation kinetics.

According to the kinetic viewpoint, when glass transform into the crystalline state it must
overcome some potential barriers. It is the activation energy of crystallization which the rearranged
particles have to overcome. If the potential barrier is higher, i.e. the activation energy of crystallization
is larger, the nucleation and crystallization of the glass are more difficult and the particles have not
enough time to rearrange when the glass melt is rapidly quenched. This is favorable for glass
formation [8].

The crystallization of a glass upon heating can be performed in several ways. In calorimetric
measurements, two basic methods can be used, isothermal and non-isothermal. However, the results of
crystallization process can be interpreted in terms of several theoretical models [9, 10].

The present work is focused on the derivation and application of three different theoretical
models used to study the crystallization kinetics of Cug3(SSea0)o 7 chalcogenide glass prepared for the
first time by the melt quenching technique.

2. Theoretical analysis
The theoretical basis for the interpretation of the DSC results is provided by the formal theory

of transformation kinetics. This theory describes the evolution with time, t, of the crystallized fraction
y in terms of the crystalline growth rate u:
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Where g is a geometric factor which depends on the shape of the crystalline growth and n is a
parameter which depends on the mechanism of transformation. It has been pointed out[1,6,7] that in
non-isothermal measurements, generally due to a rapid temperature rise and big differences in the
latent heats of nucleation and growth, the crystallization exotherm characterizes the growth of the
crystalline phase from the amorphous matrix; nucleation is more or less calorimetrically unobservable
at temperatures below the crystallization exotherm, or it takes place very rapidly and immediately after
overheating of the material in the initial stages of the crystallization exotherm, which results in the
deformed beginning of the measured exotherm. Therefore, In eq.(1) it is assumed that the nucleation
process takes place early in the transformation and nucleation rate is zero thereafter. This process of
heterogenous nucleation has been quoted as "site saturation"[11, 12]. Eq.(1) can be taken as a detailed
specific case of the Johnson-Mehl-Avrami[13-15] equation:

% =1-exp[—(kt)"] 2)

Where n is the reaction order, or Avrami index, and k the reaction-rate constant, whose
temperature dependence is generally expressed by the Arrhenius equation:

k=kqexp[-E 5 /RT] 3)

where k, is the frequency factor, Eg activation energy for growth, R gas constant and T absolute
temperature. Differentiation of Eq.(3) with respect to t, at constant temperatures gives

dX n,n—1
_ 1— 4
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where dy/dt is the rate of crystallization at time t. In this paper, we use three different mathematical
treatments based on Eq.(2) to determine the kinetics parameters, which are briefly described below.

2.1. Augis and Bennett method

In a non-isothermal DSC experiment, the temperature is changed linearly with time at a
known heating rate a(=dT/dt), i.e.

T=T,tat &)
Where T, is the starting temperature and T is the temperature after time t. As the temperature

constantly changes with time, kt is no longer a constant but varies with time in a more complicated
function such as:

E
G
kt=u=k,texp ———9 (©)
HTREPTRE, o)
and Eq.(2) becomes
x=1-exp(—ul) @)

If the rate of transformation is maximum at the DSC peak, the position of the peak is given by

j{z[ﬁu—uz(nun —n+l)]nun_2(1—x):0 (8)
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From Eq.(6)
u=u(l/t+q) )

where q:EG(x/RTZ, also for To<<T
2qu (10)

or
ii=q%u )

substituting values of ¢ and i from Eqs.(9) and (11) into Eq.(8) gives
n_ — 2
[nu™ —n+1]=[qt/(1+qt)] (12)

under the condition qt >>1 [ or Eg(T-To)/RT*>>>1] the right hand side of Eq.(12) = 1. Therefore,
Eq.(12) can be written as

E T, —-T
u OCXp RT { o
p
or in logarithmic form:
E
In| —% — |=Ink,--9" (14)
Tp =T, RT

where T, is the temperature at the crystallization peak. Hence, according to Eq.(14), a plot of In[o/(T,-
To)] vs. 1/T,, measured at different heating rates, should be a straight line with slope E¢/R and
intercept Ink,.

Augis and Bennet[16] reported that the crystallization mechanism could be determined from
the shape factor, n of the exothermic peak represented by the following equation:

T2
0= 2.5 _p (15)
ATFWHM EG/R

where ATrwiw is the width of the crystallization peak at half-maximum.
2.2. Gao Yiqun and Wang method

The Gao Yiqun et al.[17] method based on the assumption that the crystallization fraction y
for the maximum rate is not changed with the heating rate. Eliminating t from Eq.(4), one obtains
d y/dt =nK(1- y)[-In(1- )" (16)
Taking the integration from the initial starting point to the maximum crystallization point rate

ij dx =nK t['e_EG/RT dt 17)
Al _n(n=1)/n o
0 (1=p[=In(1-y)] 0

The integral over y yields
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Finally, Eq.(17) becomes

T
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0
where T, is the starting temperature. The time integral in Eq.(19) is transformed to a temperature
integral(o=dT/dt), yielding

T
K 'p —E./RT

[—1n(1—xp)]l/n=7° Je G dr (20)

@ T,

The integral is further transformed by substituting y= E/RT

E.K Yp.-Yy
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This integral can be evaluated using the exponential integral function [7], if is assumed that
T,<< T,, so that y, can be taken as co. This assumption is justifiable for any heating treatment which
begins at a temperature where nucleation and crystal growth are negligible [9], i.e., below T, for most
glass-forming systems.

The exponential integral function, E(-y), is represented by several approximate analytical
expressions. The most convenient expression for the present problem is given by Abramovitz and
Stegun[ 18]

—e —1)q!
E(—y)=—° 1—&%—%..&% (22)
Yoy© oy y
When y,=c0, the integral in Eq.(21) can be expressed [3] as
S
[ -dy= ~E{(~y,) @3)
©y Yp
for y, (=Ec/RT,) >> 1, the integral becomes
- -y, Y -y
yp € y —€ p € P 1 —€ p 24
ydy="5 - =20 (24)
o0
y p yp yp yp
Substituting Eq.(24) in Eq.(21), one obtains
E
, - G
Rk T RT
n _ op
[— ln(l—)(p)]1 =5 p (25)
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or
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This derivation is similar to that of Gao et. Al [17]. In this work, we treated the temperature integral
equation (Eq.(21)) considering the exponential integral function of order one instead of order two in
Gao et al treatment. Taking the second derivative of ¢ with respect to t and making it zero to locate the
maximum crystallization rate

A% o (a-1)n dk, dT d{(1-p[=In(1-p1 ™™ gy
dtiz_n(l V[-In(1-x)] (a)(a)ﬁ%nk) d (a)— @7
—1)/n
_ g dank, dy o dia-pl-in-p1 ™M dy
~a (SO + i) 0 L =0
Differentiating Eq.(7) results in the following expression
d(Ink) _ d(—EG/RT) ~ EG 08)
I Y )
substituting Eq.(27) into Eq.(26)
a1 -r-in(1- IR aBg 9)
dy, ‘ nRk T2
p pp

where kp and Tp are the rate and the peak temperature of crystallization at d*/dt’= 0. Differentiating
the right side of Eq.(29), it becomes

(1 @D -
410l =) (gD @D e G0
X n p
p
Substituting Eq.(25) into Eq.(30)
I-n
oE oE _ oE
- Gz = Gz +nn1 Gz Gh
nkpRTp kpRTp kpRTp

Rearranging and performing the subtraction leads to

1-n
aEG :(n—l) aEG . (xEG
k. .RT2 n |k RT2 | |nk.RTZ

(32)
p—p p—p p—p
_ oE G
2
kpRTp
To satisfy Eq.(32) for all values of n, it is necessary that
aE
G (33)
k_RT?
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Substituting Eq.(25) into Eq.(18)
~In(1-yp)=1 (34)

xp =0.63 (35)

inserting the expression of i, for y in Eq.(11) and rearranging, one obtains an alternative form of
Eq.(16) at the maximum crystallization rate point

dyx

£ =nk,(1-0.63

al, " p( ) (36)
=0.37n koexp(—EG/RTp)

Taking the logarithm of Eq.(36),

dy Ee

In(—>) =In(0.37nK,)——-> (37)

n(Gp =N O3TIKg)

If the values of (dy/dt)p can be identified in a series of experiments of different heating rates, the plot
of In(dy/dt)p versus (1/Tp) should be a straight line with a slope (-Eg/R). Substituting Eq.(25) into
Eq.(16)

oE
(dXJ =nkp,(1-xp) =0.37n 7(2} (38)
dt P RTp

which makes it is possible to calculate the kinetic exponent n, as

(39

G

n=[%) RT2/0370E
dt p P

with the help of the n value and from the intercept In(0.37nk,), k, can be determined.

2.3. Matusita and Sakka method

When a glass is heated at a constant heating rate, o, crystal nuclei are formed at temperatures
somewhat higher than the glass temperature and grow in size at higher temperatures without any
increase in number [19, 20]. For spherical crystal particles, the rate of change of the volume fraction of
crystals precipitated in the glass is expressed as[20]

dX _ 2 _ dr 40
5t dnr-(l X)th (40)
where N is the number of nuclei formed per unit volume in the temperature range from room
temperature, T,, to a certain temperature, T. For quenching glasses, N is inversely proportional to the
heating rate, o and independent of a for glasses which heated for a sufficiently long time at the
temperature of maximum nucleation rate. The radius, r, of a crystal particle is expressed as
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t U T B
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T

where R is the universe gas constant, Eg is the activation energy for crystal growth, C = (RT2 yU and
)

Eg

the rate of crystal growth, U, is expressed as[21]
U= U, exp(-Eg /RT) (42)

Integration of Eq.(40) and substituting the value of r from Eq.(41), for a quenched glass containing no
nuclei, we have for the general case

E
“In(1-9) =Ko ™ exp(-1.052 m -G (43)
(I-n=K, p( RT
Similarly, the variation of crystal volume fraction is derived as

Yk (10 e 1.052m -G "
dt_Kz(l x) O exp(—1.052m RT) (44)

Here K, and K, are constants, n=m+1 for a quenched glass containing no nuclei and n=m for a glass
containing a sufficiently large number of nuclei.
In order to obtain the n-value, Eq.(43) rewritten as

1.052mE

RT G . constant (45)

In[—In(1-%)]=-nlna —

A plot of In[-In(1-x)] versus Ina at a fixed temperature gives a straight line whose slope gives
the value of n. Knowing the crystallization mechanism, the activation energy for crystallization, Eg,
can be obtained by plotting a graph of In[-In(1-y)] versus 1000/T. the plot should be a straight line
whose slope gives mEg.

3. Experimental procedure

The Cug 3(SSey)o7 chalcogenide glass has been prepared by the quenching technique[3,18].
Differential Scanning calorimetry (DSC) was performed on a Shimadzu DSC-50 instrument with
selected heating rates 2-30 K/min in the range 300-873 K. The temperature precision of the equipment
is £0.1 K. The samples with masses of = 15 mg encapsulated in conventional platinum sample pans in
an atmosphere of dry nitrogen at a flow of 30 ml/min. The instrument was calibrated prior to
measurement by using high purity metal standards (In, Pb, and Zn) with known latent heat. The values
of the glass transition temperature (T,), the onset temperature of crystallization (T.), the peak
temperature of crystallization (T,) and the melting temperature (T,,) were determined by using the
microprocessor of the apparatus.

4. Results and discussion

A representative DSC curves of crystallization of the Cug3(SSey)os chalcogenide glass at
various heating rates of 2, 5, 10, 15, 20, 25 and 30 K/min are shown in Fig. 1. Fig.1 indicates that the
glass transition temperature of the present glass is 309.4 ~ 321.6 K, and the crystallization reaction
begins to occur from 342 ~ 361.9 K for the first peak and 375.3 ~ 393.8 K for the second peak, and
the temperature at maximum precipitation are 349.8 ~ 374.3 K and 381.9 ~ 399.7 K for the first and
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second peaks, respectively. Values of the characteristic temperatures Tg, T., T, and T,, for the
investigated Cug3(SSes)o7 glass are listed in Table 1 as a function of the heating rates. The Table
reveals that these values are shifted to higher temperatures with increasing heating rate. Another
interesting feature is that the intensity (i.e. peak height) and the area under the DSC traces increase
with increasing heating rate. A similar observations have also been obtained by others [23- 28].

Table 1. Characteristic temperatures for the crystallization of the Cuy 3(SSez) .7 chalcogenide glass.

Heating rate o (K/min)
2 5 10 15 20 25 30
T, (K) 309.4 3134 316.5 318.6 319.7 320.8 321.6
T (K) 342.0 348.1 352.9 356.6 359.1 360.3 361.9
Te (K) 3753 380.5 385.6 388.8 390.9 3923 393.8
Tp1 (K) 349.8 356.7 362.5 357.7 370.9 371.7 3743
Ty (K) 381.9 386.8 391.9 395.4 397.2 398.6 399.7
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o
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Fig.1. DSC traces for the as-prepared Cuy 3(SSezy)y 7 chalcogenide glass at different heating

rates.
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Fig.2. Plots of In [a/(T,-To)] versus 1000/T, and straight regression lines for . (a) the first
peak and (b) the second peak of the Cuy 3(SSezy)y.7 chalcogenide glass.
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It is reasonable to consider that the crystallization process enthalpy is directly proportional to
the area of the exothermic reaction peak in the DSC curve shown in Fig.1, and the volume fraction
crystallized is directly proportional to the enthalpy. So the volume fraction crystallized at a certain
time t (or Temperature) can be written in the following form:

-_T 46

L= (40)
where A is the total area of the exothermic peak and Ar is the area under the exothermic peak at any
temperature T. A plot of In[a/(T,-T,)] versus 1000/T,, shown in Fig. 2, was found to be a straight line
in accordance of Eq.(14) for the first and second peaks . The width of crystallization peaks at half-
maximum ATgwpy for various heating rates for the two exothermic peaks are given in Table 2. The
values of the activation energy of growth Eg and the frequency factor k, were calculated by least-
square fitting of the data for In[a/(T,-T,)] versus 1000/T, to Eq.(14) are to be 106.6 kJ/mol, 2.3x10" s
"and 175.5 kJ/mol, 1.9x10* s™' for the first and second peaks, respectively. Values of the Avrami
exponent, n, were computed from Eq.(15) and are also listed in Table 2.

Table 2. ATy and Avrami exponent, n, for various heating rates for the Cug 3(SSezy).7

chalcogenide glass.
Heating rate First peak Second peak
(K/ mln) ATFWHM n ATFWHM n
2 7.15 3.33 7.12 2.42
5 7.78 3.18 6.17 2.87
10 9.13 2.80 6.20 2.93
15 9.56 2.75 6.32 2.92
20 10.02 2.67 6.92 2.69
25 12.18 2.21 7.33 2.56
30 12.24 2.23 8.04 2.35
1.09 0.104
o = 30 K/min a =30 K/min
0.8 0.084
© 06 ., 0.06
— —~
xa 5
g 0.4 % 0.044
e )
0.24 0.024
00 . : , . ; ; : 0.00 - . : ; . :
330 340 350 360 370 380 390 400 360 370 380 390 400 410 420
Tempearture/K Temperature/K

Fig.3. Crystallization rate versus temperature of the exothermal peaks at different heating
rates for : (a) the first peak and (b) the second peak of the Cuy 3(SSez)o.7 chalcogenide glass.

Fig. 3. shows the exothermic curves for the first and second peaks of crystallization of
Cuy_ 3(SSey)o7 Chalcogenide glass in DSC at heating rates of 2, 5, 10, 15, 20, 25 and 30 K/min,
respectively. The height of the crystallization peak increases by the same factor as the heating rates
does. Fig.4 shows the plot of In(dy/dt), versus 1000/T, for the two peaks. From the slopes of the
straight lines we obtain the activation energies to be 115.62 kJ/mol and 179.58 kJ/mol for the first and
second peaks, respectively. The values of the maximum crystallization rate (dy/dt),, the Avrami
exponent, n, computed from Eq. (39) , and the values of k, computed from Eqs.(33) and (3) at
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different heating rates for the two crystallization peaks of the investigated glass are summarized in
Table 3. Although there is a certain degree of deviation in the values of n, the overall pattern is
sufficiently good to conclude that the Avrami exponent, n, is independent of the heating rate. The
average values of n for the first and second peaks come out to be 4 and 3, which indicate three and two
dimensional growth with bulk crystallization for the first peak and second peak, respectively.

Table 3. Maximum crystallization rate (dy/dt),, Avrami exponent, n and the frequency factor k,
for the two crystallization peaks of the Cuy 3(SSex)o.7 chalcogenide glass.

Heating rates First peak Second peak
(K/min) (dy/dt), n  k«(1/s) (dy/dt), n  ko(/s)
2 0.00057  4.08 6.97x10" 0.00062 341  1.80x10%
5 0.01455 430 7.80x10" 0.01607 3.61  2.15x10%
10 0.02638  4.04  8.06x10" 0.02938 3.38  2.02x10%
15 0.03708 3.89  6.83x10" 0.04411 345  1.83x10%
20 0.05397 432  6.46x10" 0.05819 344  1.89x10%
25 0.07048  4.54  7.42x10" 0.07302 3.49  1.94x10%
30 0.08385 456  6.77<10" 0.08658 346 1.99x10%
_2_
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Fig.4. The maximum crystallization rate In(dy/dt), versus the crystallization peak temperature
for: (a) the first peak and (b) the second peak of the Cu 3(SSex)o.7 chalcogenide glass.

Matusita et al. Eq.(45) has been used to obtain Avrami exponent, n and the dimensionality of
growth, m. A plot In[-In(1-x)] is plotted against Ina at a fixed temperature. Fig.5 shows such a plot for
the two peaks of the Cuy3(SSey)o.7 chalcogenide glass at three different temperatures namely, 300, 305
and 310 K. The value of n has been evaluated from the slopes of the straight lines fit of these
relations, and an average value of n was calculated to be 4.69 and 3.28 for the first and second
crystallization peaks, respectively. For Cuy3(SSey)o7 chalcogenide glass, no specific heat treatment
was performed prior to the DSC scans to nucleate the sample. Therefore, n is considered to be equal to
(m+1) for the glass. The calculated values of n are not an integer, which means that the crystallization
process of Cug3(SSey)o7 chalcogenide glass occurs with different mechanisms and the predominant
one is the process in which n = 4 for first peak and n=3 for the second peak [29, 30]. Therefore, the
value of the corresponding m is equal to 3 for first peak and m=2 for the second one. Therefore it is
somewhat reasonable to suggest that the Cug3(SSey)o7 crystallization process can be carried out by a
bulk crystallization in three and two dimensions for the first peak and second peak, respectively.



45

-201

12 @)
b
161 24 (b)
.20<
= = 281
24 =
o 2 320 a
= = 32 320
- 284 £
£ . 310 é
=327 = 369 310
-364 T=300 K
-40+ T=300 K
40 +— : : : : : : . . . . . : : : .
05 10 15 20 25 30 35 40 05 1.0 15 20 25 30 35 40
Ina Ina

Fig.5. Plot of In[-In(1-y)] versus Ina at three different temperatures for (a) first peak and (b)
second peak for Cuy_;(SSez)o.7 chalcogenide glass.

To determine mE, at different heating rates, using the Matusita and Sakka Eq.(45), a graph of
In[-In(1-y)] versus 1000/T for the two crystallization peaks are plotted as shown in Fig.6. The plots
are found to be linear over most of the selected temperature range. Here, the analysis is restricted to
the initial linear region which extends over a large temperature range [30].

; 1510 5 2 K/mi
30252015 10 5 2K/min 04 25 20 ) min
01 30 X Y
14
, A% 3
= ] a —_ ¥
3 (@) 3 vy
= A}
£ £
= £ ®
-6 ,
-4
-8 T T T T T T T T )
2.64 2.72 2.80 2.88 2.96 2.4 2.5 2.6 2.7 2.8
1000/T 1000/T

Fig.6. Plot of In[-In(1-y)] versus 1000/T at three different temperatures for (a) first peak and
(b) second peak for Cuy_3(SSezy).; chalcogenide glass.

The values of mE, at different heating rates can be obtained from the slopes of Fig. 6 and
seemed to be independent of the heating rate. Therefore, an average of mE. were calculated by
considering all the heating rates. The obtained mE, values are 398.48 KJ/mol and 365.58 KJ/mol for

the first and second crystallization peaks, respectively.
In the Matusita et al. model, apart from constant heating rate, the remaining constant in

Eq.(45) is equal to In{4n No(EGU,/R)*/3} and depending upon the growth rate, U, and the number of
nuclei per unit volume, N, the gas constant R together with the Activation energy of growth, Eg. The

only unknown quantity (UgNo) can be found from the intercepts straight lines (In[-In(1-y)] versus

1000/T ) and with the help of the other known parameters such as Eg, R, n and a. The value UgNO is
computed for each heating rate[31] for the two peaks of the investigated Cug3(SSey)o.7 chalcogenide
glass. With some conditions, the quantity U?’)N0 gives the idea about the frequency factor k,. The

reaction rate, k", is proportional to the quantity I,U™ (here I, is the nucleation rate, U is the crystal
growth rate and n and m have their usual parameters) with the condition that all these three parameters
(k, I, and U) have Arrhenian temperature dependence in the temperature range of crystallization peak,
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having k, as the maximum value [9]. By substituting the value of n and m computed through the
plot of Ina versus In[-In(1-y)], the order of magnitude of the frequency factor k, can be estimated.
These values of k, are also given in Table 4. Further, the constant In(0.37nk,) appearing in the Gao-
Wang model also provides direct information about the frequency factor k,. The computed values of
the intercepts and frequency factor k, are also listed in Table 4.

Table 4. Kinetic parameters determined by the three methods.

First peak Second peak
Method Eg n k, Eg n k,
(kJ/mol) (1/s) (kJ/mol) (1/s)
Augis and Bennett 106.63  2.74* 2.36x10" 175.51 267" 1.99x10*
Gao Yiqun and Wang 115.62 425" 7.18x10™ 179.58  3.45°  1.94x10™
7.17x10'* 1.95x10%*
Matusita and Sakka 132.83 468 1.16x10" 182.79 3.28 2.17x10”

* average value calculated from Table 2.
® average value calculated from Table 3.
¢ computed from the intercept In(0.37 nk,).

Table 4 summarizes the values of Eg, n and k, obtained through the above three methods.
From Table 4 it can be seen that the results from the three methods show certain differences. As to the
activation energy, Eg, the values from the three methods may be considered identical for the two
crystallization peak. The differences in parameter n are greater between the Augis and Bennett method
with the other two methods for the two crystallization peaks. There are consistent with the n-values
obtained from Gao Yiqun et al. and Matusita et al methods (see Table 4). Also, it can be seen in Table
4 that the order values of k, obtained from Matusita et al model differ from the other two models. This
differences may be attributed to different assumptions lying in their formulations, which have already
been discussed above.

5. Conclusion

The crystallization behavior of Cugs (SSey)os chalcogenide glass was studied using non-
isothermal analysis method. The DSC results indicate that the glass transition temperature of the
investigated glass is 309.4 ~ 321.6 K, the crystallization reactions begin to occur from 342 ~ 361.9 K
and 375.3 ~ 393.8 K, and the temperatures of maximum precipitation are 349.8 ~ 374.3 K and 381.9 ~
399.7 K. The crystallization kinetic parameters were investigated using three mathematical treatment
methods. The constants appearing in the different models provide information about the frequency
factor k,,.
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