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The crystallisation kinetics and effects of doping on Bi,Sr,CaCu,O5 (BSCCO) glass ceramic system with
0.0%, 0.1%, 0.3% and 0.5% PbSe were investigated in this study. Differential thermal analysis (DTA) was
used to investigate the effects of PbSe doping on glass transition, nucleation and crystallisation temperature of
glass were investigated. The DTA results were analysed using the Ozawa, Augis—Bennett, Takhor and
Kissinger equations for nucleation kinetics to determine the activation energies and Avrami parameters.
Thermogravimetric analysis revealed that the amount of oxidation in the structure increased with increasing

PbSe-doping concentration.

Keywords: glass, glass ceramics, BSCCO, PbSe, Avrami parameter, DTA/TG.

INTRODUCTION

Glass is an amorphous structure formed by rapid cooling
to room temperature of a pure molten mixture of organic and
inorganic materials in specific proportions. Glass forms
when crystallisation is prevented during this cooling process,
and it does not have a fixed melting point. Glass ceramics, in
contrast, are polycrystalline materials that are produced
when a glass mixture including special components is en-
couraged to crystallise in a controlled heating process that in-
cludes nucleation and crystal growth stages.

Today, glass ceramics are used in many industries be-
cause of their characteristics, such as hardness, corrosion re-
sistance and high-temperature durability. Examples of
glass-ceramic applications include: nuclear-reactor control
rods, radioactive waste regulation and reactor closures, ra-
dars for use in outer space, infrared conductors, thermal pro-
tectors, biomedical applications, superconducting materials,
vacuum technology, high-dielectric-constant materials, and
some of the baseplates used in electronics [1 — 8].
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Differential thermal analysis (DTA) is one of the most
used techniques for the kinetic analysis of glass systems.
DTA requires the measurements of the temperature diffe-
rence of a test material and a reference material heated to-
gether in a closed system provides information about the
glass transition, crystallisation rate and the activation energy
of the system. Changes in the structure can be analysed with
different additions and/or substitutions to the structure. The
thermogravimetric analysis (TGA) method allows one to
analyse values like mass increase (oxidation) and/or mass
loss (gas outlet) during the sintering process.

Bi,Sr,CaCu,05 (BSCCO) systems are important super-
conducting structures. Since these structures can be produced
using glass-ceramic techniques, many researchers have pre-
pared glass ceramics with different additives. These studies
have improved the understanding of the fundamentals of
BSCCO superconductors to make them suitable for techno-
logical applications, including terahertz frequency genera-
tors, microwave radiation detector, high-velocity logic gates,
superconducting quantum interference devices (SQUIDs)
and Josephson junctions [9]. Many research groups have
analysed the crystallisation mechanisms to improve the
superconducting properties of BSCCO systems [10 — 13].

There are many studies in the literature on the use of
PbSe as an additive and its low temperature superconducting
properties [14 — 16]. In a study on BSCCO glass ceramics, it
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Fig. 1. Typical crystallisation ratio for non-isothermal analysis
methods.

was observed that PbSe additive had significant effects on
the mechanical properties of the structure [17]. The undoped
and PbSe-doped superconducting samples exhibited Indenta-
tion size effect behavior and retained their elastic properties,
but they were fragile and exhibited the reverse indentation
size effect behavior in glass samples. In this study, the
changes in the glass structure to the ceramic structure were
examined and DTA results were analysed using the Ozawa,
Augis—Bennett, Takhor and Kissinger equations for nucle-
ation kinetics to determine the activation energies and
Avrami parameters. Thermogravimetric analysis revealed
that the amount of oxidation in the structure increased with
increasing PbSe-doping concentration.

THEORETICAL BACKGROUND

Activation energy is generally the most important para-
meter for the crystallisation of amorphous materials. It can
be calculated from the energy required for the crystallisation
of the samples, the energy required for glass transition and
the energy required for melting [18]. Matsushita and Sakka
[19] proved that one must consider the mechanism of glass
growth to find the crystallisation activation energy. Other-
wise, no significant prediction is possible. In this study, the
activation energy required for the glass transition is also cal-
culated in addition to the activation energy required for the
crystal transition.

Kinematic studies were performed with a differential
thermal analyser using the non-isothermal technique. This
method provides information about the glass transition tem-
perature and the crystallisation and nucleation mechanisms
[20]. The first endothermic peak is referred to as the glass
transition temperature (7, ), especially for glass materials,
but sometimes this endothermic peak may not appear. In this
case, the intersection point of the tangents drawn from the
peak side to the starting point is accepted as 7, . The follow-
ing peaks (7,) are crystallisation peaks; with some calcula-
tions, these peaks provide information about crystallisation,
which appears in the form of successive peaks with the in-
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crease of the heating rate. At a common temperature value,
the crystallisation ratios can be obtained from the areas under
the peaks before a certain cut-off. The crystallisation ratio
must be calculated separately for each heating-rate analysis
[21, 22]. Figure 1 illustrates how to analyse a typical crys-
tallisation peak for non-isothermal analysis.

In Fig. 1, T, and T; are the temperatures at which
crystallisation begins and ends, respectively, 7}, is the crys-
tallisation peak temperature, 7 is any selected temperature
value used to find the crystallisation ratio of the sample, 4 is
the total area under the peak and A, is the area under the
curve between T, and 7'[23].

The relation used to calculate the crystallisation rate
from the curve obtained with the non-isothermal analysis
method is

o=—=. M

In the Johnson—-Mehl-Avrami equation, the ¢ value is
given as

¢ ()=T—exp[-(kt)"]. 2

Here, ¢ is the conversion rate, & is the reaction rate con-
stant, and 7 is the Avrami constant.

In order to calculate the size of crystallisation, the John-
son—Mehl-Avrami equation is rearranged as follows [24]:

dIn[-In(1-¢)] L, 3)
dInp

Here, [ is the heating rate and the slope of In [-In (1 — ¢)]
versus In B gives the value of —n.

The Avrami parameters obtained from the surface to the
inside according to Xie and Gao [25] are as follows:

e 1 = 1: surface nucleation and one-dimensional growth

e 1 =2: volume nucleation and one-dimensional growth

e 1 =3: volume nucleation and two-dimensional growth

e 1 =4: volume nucleation and three-dimensional growth.

Displacements in exothermic peak temperatures, which
are the result of the heating rates, are also used in the calcula-
tion of the activation energy [26]. The crystallisation activa-
tion energy (E,) was calculated in this study using the
Kissinger, Takhor and Augis—Bennett methods, which are
based on the Johnson—-Mehl-Avrami equation [27]. The acti-
vation energies of the samples can be obtained with the
Kissinger method using the following equation [28, 29]:

Ea

RT,

In(B/T;)=- )

In this equation, E, is the activation energy and R is the
universal gas constant (R= 8.314J-mol-'-K~'). The
slope of In (B/sz) versus 1000/7,, plot is equal to £, /R ac-
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Fig. 2. DTA plots of sample 4 at different heating rates (§ = 5, 10,
15 and 20 K/min).

cording to the crystallisation-temperature peaks achieved
from the DTA curve.

The Takhor method is another method to calculate the
activation energy. The activation energy, according to this
method, is given by [30]

dinp _E, )
dIn(1/T7,) R’

Expressions in this equation are the same as in the Kis-
singer method. From the slope of the In B versus (1000/T; b)
plot, the activation energy can be calculated.

Another alternative method of calculating the activation
energy is the Augis—Bennett method. According to this
method, the activation energy is given by [31]

din(B/(T, ~Ty)) _ E, (6)
aa/1,) R’

Here, T}, is the absolute temperature. The activation ener-
gy can be calculated from the slope of In (B/(T, »— 1)) ver-
sus (1000/T, ), as in the other methods.

EXPERIMENTAL PROCEDURE

The preparation of glass ceramics requires detailed infor-
mation about the crystallisation process of the material. To
prepare the samples with a BSCCO composition, high-purity
Bi,0;, SrCO;, CaCO;, CuO and PbSe chemical powders
were mixed in appropriate stoichiometric proportions, in an
agate mortar for 1 h at room temperature, until a homoge-
neous mixture was obtained. The resulting mixture was put
into an alumina (a-Al,O5 ) crucible and heated up to 1423 K
in a programmable furnace with a 12.5 K/min heating rate.
After 1.5-h holding time at this temperature, a molten mix-
ture was obtained. This mixture was poured between two
pre-cooled plates. As a result of this rapid cooling procedure,
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Fig. 3. DTA plots of the samples under an oxygen atmosphere at a
5 K/min heating rate.

0.5 — 0.8-mm-thick glass was obtained [17]. Hereafter, we
will refer to the resulting samples with 0.0%, 0.1%, 0.3% and
0.5% PbSe additive as samples 4, B, C and D, respectively.

The SII 7300 EXSTAR thermal analyser was used to
take DTA and thermogravimetric measurements from glass
samples of approximately 10 mg each. An empty alumina
pan was used as the reference sample for non-isothermal
DTA tests. The measurements were performed under oxygen
gas at four different heating rates.

RESULTS AND DISCUSSION

Differential Thermal Analysis

DTA plots of the undoped sample A measured at =5,
10, 15 and 20 K/min are given in Fig. 2. The exothermic
peak widths and heights increase and shift towards higher
temperatures as the heating rate increases. For instance, the
crystallisation temperatures (7,) for heating rates B =35, 10,
15 and 20 K/min were 746.7K, 755.1K, 762.0K and
765.0 K, respectively, for sample A. This trend is related to
the nucleation rate of the sample. As shown in Fig. 1, the en-
ergy required for nucleation will increase more quickly at
higher heating rates. Thus, the cross section available for nu-
cleation will decrease. This means that more of the energy
required for nucleation is provided at higher temperatures in
the crystallisation process. To guarantee sufficient nucle-
ation, the sample must be held at the nucleation temperature
for 30 — 120 min. The whole crystallisation process can take
up to 5 h in some cases. In order to analyse the variation of
the crystallisation peak temperature according to the amount
of added PbSe nucleation agent, DTA plots for all samples
are shown in Fig. 3. These measurements were taken from
samples crystallised with a 5 K/min heating rate. In Fig. 3,
while the crystallization peak temperature (7,) is almost un-
changed, the area value under the peaks increases with the
nucleation agent added (Table 1). At the same time, the
hump-like structure increases significantly with the increase
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Fig. 4. The plot of In [-In (1 — ¢)] versus In B for all samples.

in the added amount of PbSe. It is seen from the DTA plots
(Fig. 2) that nucleation is not fully completed at high heating
rates, and a hump-like structure appears as the high heating
rates. However, for undoped samples, this hump-like struc-
ture is only seen with high heating rates. This difference in
the results indicates that PbSe affects the glass structure as a
catalyser and enables the formation of nucleation sites at
lower temperatures. The appearance of the hump-like struc-
ture at high heating rates is due to the lack of sufficient time
for nucleation [32]. The crystallisation initiation temperature
and the peak temperature for sample A were determined as
734.8 —749.0 K and 746.7 — 765.0 K, respectively. The DTA
plots with four different heating rates of all samples from 5 to

TABLE 1. Peak Temperature of Crystallisation of Samples at Dif-
ferent Heating Rates

Heating T T T A o=
Samples rate g S p X A A, /4
A 5 734.8 740.7 746.7 7.560 7.860 0.962

10 7425 7493 7551 2720 4.420 0.615
15 7478 7554 762.0 0.510 7.730 0.066
20 749.0 7574 765.0 0.100 14.400 0.007
B 5 7338 740.6 746.7 2.600 2.770 0.939
10 736.0 749.2 7553 1470 5.280 0.278
15 7443 7551 7619 0.200 6.710 0.030
20 745.0 7593 766.2 0.290 11.690 0.025
C 5 7343 740.6 7455 3.850 4.110 0.937
10 7415 7494 7557 1.750 5.790 0.302
15 7443 7541 760.8 0.330 8.020 0.041
20 7475 7578 7654 0.220 13.220 0.017
D 5 735.5 739.4 745.1 4940 5.630 0.877
10 737.8 748.1 7543 1.650 9.290 0.178
15 7427 7539 760.7 0.640 15940 0.040
20 743.8 758.0 766.9 0.110 17.010 0.006
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Fig. 5. Crystallised fraction value as a function of temperature and
time at a 10 K/min heating rate.

20 K/min (Table 1) showed that the crystallisation peak tem-
peratures shifted to higher values with the increase of the
heating rate because that the energy needed for crystalli-
sation at lower heating rates was present at lower tempera-
ture values. However, the energy necessary for nucleation in-
creased quickly at the higher heating rates.

In Fig. 4a In[-In(1 —¢)] versus In 3 plot is given for
samples 4, B, C and D. The Avrami parameter can be found
from the slope of the curves in Fig. 4, which were plotted
using the Ozawa equation [Eq. (3)]. The Avrami parameters
were 4.325, 4.037, 3.768 and 3.767 for samples 4, B, C and
D, respectively. According to these values, volume nucle-
ation and three-dimensional growth occurred for samples A4
and B, and volume nucleation and two-dimensional growth
occurred for samples C and D. Figure 5 shows the crystal-
lised fraction of the sample as a function of temperature and
time at the 10 K/min heating rate. The ranges of tempera-
tures, from initial crystallisation to final temperatures, were
743.0-768.0K, 744.6-7658K, 745.0-773.2K and
742.0 —771.0 K for samples 4, B, C and D, respectively. The
crystallisation-temperature range was broader for the sam-
ples containing PbSe. The highest temperature range was
found with sample D; the crystallisation times at a constant
heating rate of 10 K/min were 2.64, 2.26, 2.98 and 3.08 min
for samples 4, B, C and D, respectively. Figure 6 shows the
crystallisation rate as a function of temperature at a
10 K/min heating rate for all samples. The crystallisation
temperature for samples A and B has a single narrow peak,
but for samples C and D, the hump-like structure occurs, and
the crystallisation temperature is higher. In Fig. 7, In (B/T pz )
was plotted as a function of 1000/7, » separately for all sam-

ples. This plot allows us to examine the displacements of the
exothermic peak temperatures associated with the heating
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Fig. 6. The crystallisation rate as a function of temperature at a
10 K/min heating rate for all samples.

rates of the crystallisation process. Activation energies were
calculated from the slope of the lines in Fig. 7 using the
Kissinger method in Eq. (4). In the same way, activation en-
ergies were calculated with the Augis—Bennet and Takhor
methods for all samples. The results are consistent for all
methods. The results in Table 2 showed that the activation
energy was decreased by the PbSe additive. For example, the
activation energy of sample D was approximately 47 kJ/mol
smaller than that of A4, according to the Kissinger method.
The activation energies for samples 4, B, C and D, calculated
using the Kissinger method, were 337.37, 334.24, 316.91
and 290.38 kJ/mol, respectively. These values show that the
activation energy decrease with the addition of PbSe. As a
result, adding PbSe makes the samples less stable.

Thermogravimetric analysis

The percentile mass variation of the samples with in-
creasing temperature was also determined. TG% measure-
ments were performed under an oxygen flow of 100 ml/min.
An increase in the mass of the sample may be caused by oxy-
gen molecules filling the empty unit cells of the BSCCO sys-
tem, oxidation of some elements or formation of the new
crystalline phase. A TG% versus temperature plot of
PbSe-doped BSCCO glass with 0%, 0.1%, 0.3% and 0.5%
PbSe (4, B, C and D) prepared at a 5 K/min heating rate is
shown in Fig. 8. The mass gain for all samples began around
900 K and the oxidation process was complete around
1100 K. The total mass gain (Am), total mass gain per unit
temperature (Am/AT), total mass gain per unit time
(Am/At), total mass gain per unit time per unit oxygen atom
[((Am/At) x mo2] and total mass gain per unit temperature

per unit oxygen atom [(Am/At) x moz] were calculated for

samples 4, B, C and D from 5 to 20 K/min at four different
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Fig. 8. TG plots of samples under an oxygen atmosphere at a
5 K/min heating rate.

heating rates, and the results are tabulated in Table 3. These
results show that with increasing heating rate of an undoped
sample, the total mass gain, total mass gain per unit tempera-
ture, and total mass gain per unit temperature per unit oxygen
atom decrease, whereas the total mass gain per unit time and
total mass gain per unit time per unit oxygen atom increase.
In general, the total mass gain, total mass gain per unit tem-

TABLE 2. Crystallisation Activation Energies

Activation energy, E, (kJ/mol) (£0.01)

Augis—Bennett

Sample Kissinger method Takhor method method
A 337.37 349.93 340.09
B 334.24 346.80 336.97
C 316.91 329.47 319.64
D 290.38 302.95 293.11
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TABLE 3. Average Oxidation Rates of samples at Different Heating Rates

Mass increase
per temperature

. Total mass
Heating rate

Mass increase
per unit O, atom

Mass increase per
unit O, atom and

Mass increase
per unit time

(K /min) Sample  increase, Ain6(g) (Am/AT) (Ap/A?) (20.1 x (Am/At) x time (Am/At) x
GOLI0728) 01w 10-0g/K)  10-0g/see) g (atoms/K) Mg, (atoms/sec)

5 A 173.78 0.57 2.62 9.07 41.94

B 82.50 0.41 1.86 6.48 29.72

C 95.18 0.52 2.40 8.32 38.45

D 125.00 0.65 2.99 10.43 47.78

10 A 160.59 0.58 5.34 9.25 85.38

B 101.91 0.39 3.56 6.19 57.01

C 123.95 0.65 6.01 10.45 96.20

D 150.12 0.69 6.33 10.97 101.26

15 A 120.76 0.47 6.47 7.48 103.54

B 119.29 0.45 6.30 7.26 100.82

C 121.02 0.58 8.09 9.32 129.49

D 123.31 0.58 8.01 9.23 128.15

20 A 140.66 0.47 8.73 7.47 139.70

B 133.19 0.39 7.36 6.28 117.82

C 143.08 0.65 12.08 10.37 193.24

D 189.95 0.59 11.07 9.47 177.04

perature, total mass gain per unit time, total mass gain per REFERENCES

unit time per unit oxygen atom and total mass gain per unit
temperature per unit oxygen atom decrease as the heating
rate increases for lightly doped samples, but these values in-
crease with higher doping rates.

CONCLUSIONS

In this study, we investigated the crystallisation kinetics
and doping effects on PbSe-doped (0.0%, 0.1%, 0.3% and
0.5%) BSCCO glass ceramics. DTA measurements showed
that the crystallisation peak temperature was higher at more
rapid heating rates. The energy required for crystallisation at
a low heating rate is imparted at lower temperatures, whereas
at a higher heating rate, the energy required for nucleation is
surpassed very quickly, so that crystallisation begins at a
higher temperature. The activation energy values for the
crystallisation peaks in the DTA curves were calculated for
each glass sample using the Kissinger, Augis—Bennet and
Takhor methods. The results were consistent across the three
methods and showed that increasing the amount of PbSe ad-
ditive decreased the activation energy of the samples. The
TGA results showed that the addition of PbSe increased the
oxygen-capture capacity of the samples.
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