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ABSTRACT 

Thermal curves obtained at constant heating rates of 3, 5 and lO*C min-r were used to 
study the kinetics of the solid state reaction of BaCO,, Y203 and CuO to form Ba,YCu,O, 
in air. It was evident that three overlapping steps occurred during the formation. After 
complete formation on cooling, and then on further heating, three reactions occurred. The 
last three correspond to reactions with partial melting. 

From the position of the thermal peaks obtained using different heating rates, Reich’s and 
Kissinger’s techniques were used to establish the activation energies for the above reactions. 
Based on weight loss and using Coats and Redfern’s and Satava and Skvka’s techniques 
during heating, the activation energy for the six reactions were determined and the mecha- 
nisms fitting the results were determined. 

fNTRODUCTfON 

Thermogravimetry (TG) and differential thermal analysis (DTA) can be 
used to study thermal de~m~sition reactions. The dynamic method, which 
is the determination of the degree of transformation as a function of time 
during a linear increase of temperature, has the advantage, compared to the 
isothermal or static method, that the kinetic parameters can be calculated 
over an entire temperature range in a continuous manner and fewer samples 
are required. 

Classical chemical reaction kinetics has mainly been concerned with 
homogeneous reactions and terms such as reaction order and frequency 
factor are generally meaningless when applied to heterogeneous reactions. In 
limited cases, only when the reaction order is 0, l/2, 2/3 or 1, the equations 
have theoretical significance. This paper reviews methods for dealing with 
the kinetics and the reaction mechanisms for the super~nd~~ting 
Ba,YCu,O, (213) as described by Gadalla [l-4]. 

* Author to whom all correspandence should be addressed. 
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Simultaneous TG, DTG, and DTA curves for the 213 compound obtained 
at different heating rates were used to establish the reaction mechanism and 
the kinetic parameters. 

THEORY 

Assuming that the reaction is controlled by an activated process, then the 
kinetic equation could be written in the general form [1,2,4] 

Pg =&la) exp( - j&) 
Values of f( ar) for possible mechanisms are shown in Table 1. 

If f(a) is unknown, Carol1 and Manche [6] recommended plotting 
ln(j3 &x/H’) versus l/T at a fixed value of (Y obtained from a series of TG 
curves carried out at different heating rates. The slope of the straight line 
obtained is equal to -E/R, so the activation energy can be evaluated. 

In the presence of consecutive reactions or mechanisms, Carroll and 
Manche’s technique will yield inaccurate results [1,2,4]. The results are also 
sensitive to slight variation in the slope &/l3T. 

The above methods depend on determining the first derivative and are 
thus known as differential methods. Integral methods can be deduced by 
rearranging eqn. (1) and integrating 

da)=$irexp(-j$) i3T 

where g(a) = Jo” &/f(a), These values are shown for the various possible 
mechanisms in Table 1. 

To find the values of g(rw), Reich 171 expressed the exponential part 
(roughly) in terms of the maximum reaction rate temperature (T,) read 
from the DTG curve. This assumption is valid if the reaction occurs over a 
narrow temperature range. The activation energy can be calculated from 
Reich’s equation using the results obtained at two different heating rates 

Kissinger [8] used DTA to evaluate the activation energy based on a 
power-law kinetic equation. Since T, cannot be read from the DTA curve, 
he used the peak temperature Tp instead of T,. Accurate results can thus be 
obtained if rP is close to T, 

ln(gl=ln(;j-ln A+& (9 
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In addition to the assumption that the activation energy and pre-exponen- 
tial factor are constants, methods based on the maximum reaction rate 
temperature (Reich’s and Kissinger’s) give accurate results only if the 
reactions take place within the range of 0.9-1.1 T,. The above mentioned 
methods can neither establish the operating mechanisms nor differentiate 
between overlapping mechanisms or reactions. 

Coats and Redfern’s approximation [9] gives accurate results. Although 
their initial equations were based on a power-law kinetic equation, their 
equations could be modified and generalized to suit heterogeneous reactions 

(6) 

When plotting log(g(a)/TT2) versus l/T for all possible mechanisms, the 
rate controlling mechanism will give a straight line. The activation energy 
and the pre-exponential factor can be evaluated from the slope and the 
intercept, respectively. 

Equation (3) can be integrated and written in the form 

where 

p(x) = $. - /,m$ du 

=($_ye- 

(7) 

(8) 

and where x = E/RT and p(x) is a-function depending on both tempera- 
ture and activation energy [lO,ll]. Satava and Skvara [12] plotted p(x) 
versus T for various activation energies and tabulated the values of g( cu) for 
various mechanisms. They demonstrated that 

10g[g( a)] - log[ p(x)] = log( $) = constant (9) 

Plots of log[ g{(Y)] versus T are made for all possible mechanisms using the 
same scale as the temperature axis of the log[p( x)] charts. The curves are 
then shifted along the logf p(x)] chart’s ordinate until one of the log[g( Ly)] 
curves fits one of the log[p(x)] curves. From this, the activation energy and 
the rate controlling mechanism can be established. 

To explain why the results over a limited temperature range can fit 
more than one mechanism, reference should be made to Table 1. It can 
be seen that log[g((Y)n,] = 2 log]g(ru),J + constant and log[g(a),,] = 
n log[ g( a)*, 1. This indicates that both R, and D3 will give straight lines 
with different slopes and the activation energy for D, will be twice the 
calculated value for R,. Similarly if one of the Avrami-Erofeev mechanisms 
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operate, A, and A, will give straight lines with different slopes. Further, it is 
reported [1,2,4] that D, and R, are related by the equation 

ln(l - cw)fln(l - a) + (Y] = 1.89 ln[ 1 - (1 - ~)“2] + 0.4 

and D, and R, by 

ln[ 1 - #a - (1 - a)2’3] = 1.84 ln[ 1 - (1 - a)1’3] - 0.46 

These equations indicate that differentiation between D3, D4 and R, or D, 
and R, is difficult. Another difficulty is that the values of g(ar) for 
nucleation mechanisms are much smaller than others leading to straight line 
fits. This may lead to the wrong conclusion that these mechanisms are the 
controlling steps [1,2,4]. 

To overcome the above difficulties, Gadalla [1,2,4] recommended using 
techniques based on Kissinger’s, Reich’s or Carroll and Manche’s equations 
for determining the average activation energies as a guide to select the 
operating mechanism(s). 

EXPERIMENTAL TECHNIQUES 

BaCO, (Fischer graded ACS), Y,O, (Tsar graded 99.9% and CuO (Alfa 
graded ACS), in amounts corresponding to the stoichiometric composition 
of the 213 compound, were mixed together in an agate mortar. A powder 
sample of 120 mg was heated in a Netzsch STA 409 using heating rates of 3, 
5 and 10°C min-’ to obtain DTA, TG and DTG simult~eously. Burned 
kaolin was selected as the reference material and crucibles of 99.5% purity 
alumina supplied by Netzsch were used in this study. 

To determine the intermediate phases appearing during the formation of 
the 213 compound, the constituents were mixed, fired at different tempera- 
tures for different periods and examined by X-ray diffraction. The patterns 
obtained were compared with those for the constituents as well as with those 
for the binary and ternary compounds reported to exist in the 
BaO-Y,O,-Cu-0 system. 

RESULTS AND DISCUSSION 

Thermal curves obtained for the formation of the 213 compound using 
BaCO,, Y203 and CuO in stagnant air were used to study the kinetics of the 
solid state reactions. Figure 1 shows the first and second heating curve of the 
213 compound with a reproducible cooling curve obtained after complete 
formation of the 213 compound using a heating rate of 5OC min-‘. The 
peak at around 800” C on the first heating curve corresponds to a phase 
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Fig. 1. DTA curves for BaCO,, Y,O, and CuO in the stoichiometric ratio to form the 213 
compound. 

transitian of the BaCO, from rhombic ta hexagonal 11%IS]. The hexagonal 
to cubic transition expected to occur at 980” C f13-151, occurred at a 
slightly lower temperature and was accompanied by loss in weight, indicat- 
ing that during this r~~~gerne~t, the crystals were active and the solid 
state reaction started [16]. After cooling to room temperature and heating 
using the same rate, the transition of the BaCO, at around 800” C was 
absent confirming the complete consumption of BaCO,. The second heating 
and cooling curve shows three reversible reactions, which do not correspond 
to the endothermic peaks obtained in the first run. Accordingly six steps are 
expected to occur during the formation and decomposition of the 213 
compound_ 

To understand the ~nterm~iate steps of the 213 formation, samples were 
reacted at 8@3,850,9oQ and 850 0 G with soaking periods of 2,4 and 6 hours 
The reacted samples were analyzed by X-ray diffractiun. ft was evident that 
3aCuU, and BaY,CuO, (121) were formed as intermediate compounds 
before the 213 compound was formed. X-ray diffraction was done without 
using an internal standard and accordingly the results can be used only 
qualitatively and not quantitatively. However, the amount of BaCO, was 
found to decrease and disappear quickly. BaCuO, and 121 increased, 
reached a max~mnm and disappeared. The latter is what is known as the 
green phase. These results were confirmed by Keating et al. [IT], who 
studied the heat treatment of spray dried powders between 625 and 9% 0 C. 
Their results show a maximum quantity for BaCuU, at 775°C and a 
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Fig. 2. DTA curves for the formation of the 213 compound in air using heating rates of 3, 5 
and 10°C min-‘. 

maximum quantity for 121 at 875 o C. The following reactions are thus 
suggested to represent the intermediate reactions 

BaCO, + CuO + BaCuO, + CO, 

Y203 + BaCuO, + BaY,CuO, 

BaY,CuO, + 3BaCu0, + 2CuO + 2Ba,YCu,O, 

This suggests three irreversible reactions occur during formation of the 213 
compound. To study the kinetics of these solid state reactions, three heating 
rates were selected. 

Figure 2 shows the DTA curves for 3, 5 and 10 o C min-’ obtained for the 
mixture of BaCO,, Y203 and CuO in air and it was evident that three 
overlapping steps occurred during the formation of the 213 compound. The 
TG curves are shown in Fig. 3 and the DTG curves in Fig. 4. The activation 
energy was calculated based on the maximum reaction rate temperature 
(7”) as it occurred in the DTG curves. 
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Fig. 3. TG curves for the formation of the 213 compound in air using heating rates of 3, 5 and 
10°C min-‘. 
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Fig. 4. DTG curves for the formation of the 213 compound in air using heating rates of 3, 5 
and 10°C min-‘. 
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Fig. 5. Dete~ination of the activation energy using Kissinger’s method. 

To perform Kissinger’s technique, ln( Ti/jI) was plotted against l/T 
(eqn. (5)) for each step (see Fig. 5). The slope of the straight lines is E/R. 
The calculated activation energies and the pre-exponential factors are given 
in Table 2. 

Reich’s equation (eqn. (4)) was then used to obtain the activation energy 
for each pair of heating rates. Average values for each step were calculated 
and are also given in Table 2. 

To apply Coats and Redfern’s technique, data points from the TG curves 
were used to calculate log[g( a)/T’] for each possible controlling mecha- 

TABLE 2 

Results from Kissinger’s and Reich’s methods 

Reaction Kissinger 

&al moi-‘) 
A 
(mill-‘) 

1. peak 351 6.2 x 1061 
2. peak 116 1.5 x 10’9 
3. peak 81 2.0 x 10’2 

Reich Eavg. 
(kcal mol-‘) 

391 
115 

81 
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Fig. 6. Variation of tosfg(a>/T*] with l/T for various mechanisms for steps 1-3 using a 
heating rate of 3*CC min-‘. 

nism from 800°C to about 1150°C. These were plotted against l/T. Such 
curves are shown in Figs. 6 and 7 when a heating rate of 3” C min-’ was 
used. Similar curves were obtained for the other heating rates. According to 
eqn. (6), the best straight line fitting the points determines the mechanism 
and fixes E and A. From Figs. 6 and 7, it was evident that six overlapping 
steps occurred during the formation of the 213 compound and their temper- 
ature ranges are given in Table 3. It was also observed that more than one 
straight line can fit the results. As explained above, straight lines with high 
correlation coefficients and low standard deviations were selected to repre- 
sent the possible mechanisms. The corresponding kinetic parameters were 
calculated and are shown in Table 4 separated by “or”. 

To use Satava and Skvara’s technique, charts showing the variation of 
log p(x) versus T were constructed for various activation energies. Values 
of log g( (Y) for the possible controlling mechanisms (Table 1) were calcu- 
lated using the data points from the TG curves and plotted against T using 
the same T-scale as the log p(x) charts. Figures 8 and 9 show the possible 
log g( (w) curves obtained using a heating rate of 3” C min- ‘. According 
to eqn. (9), the curve for g(a) which coincides with a p(x) curve determines 
the mechanism and fixes the activation energy. From Figs. 8 and 9, it was 



evident &at six overlapping steps occurred as already rne~ti~~~d under 
Coats and Redfern’s method. When more than one g(a) curve coincided 
with p(x) curves, the ~~~~sp~~~ing mechanisms and their activation en- 
ergies are presented in Table 4 separated by “or”, The pre-exponential 
factors were calculated lq use of Coats and Redfern’s equation feqn,_fS)). 

It was noted that when Coats and Redfern’s or Satava and Sky&a’s 
techniques were applied fur the same reaction. the a~tivat~~~ energy and the 

TABLE 3 

Tamperatute ranges for the six steps 

Step 

i 
2 
3 
4 
5 
6 

Temperature range (” C) 

3°C min-’ sot tin-’ 

-- 800- 890 800- 895 
896 930 8P.s 835 
93% 970 93s 965 
9%- 990 965-IUIQ 
990-1075 ~~~#-~~~~ 

1075-1115 ~~$~-l~~~ 
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TABLE 4 

Possible controlling mechanisms and kinetic parameters for the formation and decomposition 
of the 213 compound 

Step 

1 

2 

3 

4 

5 

Coats and Redfern 

Mechanism E 
(kcal mol-‘) 

D3 10.6 
or D4 10.5 
or D, 10.4 

Dt 63.6 
or D, 64.9 
or D, 66.3 
or D4 65.4 

Dl 171.7 
or D, 181.5 
or D, 192.2 
or D4 185.0 

D3 103.6 
or D4 94.1 
or D, 89.3 

D2 28.5 
or D4 32.4 

A 
(mm-‘) 

2.93~10-~ 
2.67~10-~ 
7.64~10-~ 

8.99 x lo8 
1.73 x lo9 
1.13 x lo9 
7.22 x 10’ 

4.37 x 10 3o 
3.74x1o32 
1.65 x 1O34 
6.24~10~~ 

5.23 x 1016 
5.69 x lOI4 
1.91 x 1o14 

1.15 x lo3 
2.65 x 10 3 

Satava and Skvara 

Mechanism E 
(kcal mol-‘) 

D, 13.3 
or D4 12.7 
or D, 12.0 

D, 68.0 
or D, 69.3 
or D, 70.0 
or D, 70.0 

D, 122.7 
or D4 112.7 
or D, 105.3 

D, 53.3 
or D4 58.7 

I 
BOO 825 850 875 900 925 950 

TEMPER*T”RE ( ‘C ) 

Fig. 8. Variation of log g(a) with temperature for various mechanisms for steps l-3 using a 
heating rate of 3” C min-‘. 
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Fig. 9. Variation of log g(cu) with temperature for various mechanisms for steps 4-6 using a 
heating rate of 3” C min-‘. 

pre-exponential factor decreased with increasing heating rates. The values 
indicated in Table 4 represent the arithmetic average obtained using the 
heating rates of 3, 5 and 10” C min-‘. Gadalla [4] concluded that with 
increasing heating rate, the corresponding decrease of the pre-exponential 
factor tries to compensate the change in the activation energy with increased 
heat flux to give slight changes in the rate constant. 

Because, in this study, the DTA and the TG curves gave a different 
number of steps, Gadalla’s method [l-4] of using values obtained from 
techniques based on Kissinger’s, Reich’s or Carroll and Manche’s equations 
for determining the average activation energies as a guide in order to 
differentiate between the possible mechanisms cannot be used. In this study, 
values obtained using Satava and Skvara’s technique were used as a guide to 
differentiate between the best possible mechanisms. 

CONCLUSIONS 

The high temperature superconductor, the 213 compound, was found to 
form and decompose through six overlapping steps. The first three steps 
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produce the intermediate phases of BaCuO, and BaY,CuO, before the 213 
compound is formed. The last three steps are reversible and correspond to 
reactions with partial melting. All reactions are found to be diffusion 
controlled. 

LIST OF SYMBOLS 

A 

E 

g(a) 
k 

mii 
mT 

mv 
P(X) 
R 

T 

cl 
To 
Tp 
X 

o! 

P 

pre-exponential factor for Arrhenius equation (min-r) 
activation energy (kcal mol-‘) 

Jo* as/f(a) 
rate constant (mm-‘) 
mass at beginning of step (mg) 
mass at temperature T (mg) 
mass at end of step (mg) 
(emx/x) - J,” esu/u du 
1.987 cal mol-’ K-r, universal gas constant 
time (min) 
temperature (K) 
maximum reaction rate temperature from DTG curve (K) 
temperature at beginning of step (K) 
peak temperature from DTA curve (K) 
E/RT 

(m, - mdmO - m .), decomposed fraction 
al;/&, heating rate (“C mm-‘) 
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