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The kinetics of binary mixtures of Y,0;—BaCO,(Y - Ba), BaCO;—CuO(Ba~-Cu)
and Y,0;~-CuO(Y ~Cu) prepared by citrate sol — gel techniques were studied in both air
and helium. Particle sizes resulting from the sol— gel preparation were between 5 and
100 nm, and the prevailing kinetics differed significantly from those observed in the
companion study of micron-sized particles. That is, nucleation-growth kinetics of the
Avrami~ Erofe’ev type adequately model the kinetics over the entire conversion range as
opposed to the diffusion mechanisms that describe the kinetics in larger sized particles.
An alternate nucleation-growth model, which neglects overlapping volumes during reac-
tion (Austin— Rickett model), was also adequate in the Ba—Cu system where particle
size/spacing was larger, but was only applicable in other reaction systems at lower con-
versions. Activation energies obtained from the Avrami— Erofe’ev were consistently lower
than those from the Austin— Rickett model, because the former model contains two

parameters that are temperature-sensitive.

introduction

Recent advances in the large-scale synthesis of nanosized
powders have implications relative to the design of process-
ing units to produce materials derived from these powders.
One such implication is that a knowledge of the kinetics asso-
ciated with materials production will be of increasing impor-
tance. In the first part of this study, Sobolik and Thomson
(1995) have described an experimental technique, dynamic
X-ray diffraction (DXRD), which provides experimental
measurements necessary for kinetic studies of solid—solid re-
actions, and have pointed to the lack of kinetic information
relative to the formation of the “123,” Y-Ba—Cu high-tem-
perature superconductor YBa,Cu,0, (6 <x <7). In their
study, which concentrated on particle sizes in the micrometer
range, the kinetics were found to be dependent on the reac-
tion rates at solid—solid interfaces as well as on solid-state
diffusion through product layers. Nanosized materials, how-
ever, are far more reactive and, typically, nucleation /growth
phenomena are the controlling factors (Avrami, 1939, 1940,
1941).

Although there has been some effort to elucidate the de-
tails of the phase diagrams for these mixtures (Wang et al.,
1987; De Leeuw et al.,, 1988; and Hinks et al., 1987), virtually
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all of the reaction kinetics studies have utilized relatively large
particles (micron-sized) and the observed reaction rates were
diffusion limited. Furthermore, it is known that smaller parti-
cles not only induce higher reaction rates, but can also lead
to different reaction products. Using DXRD, and a system-
atic approach, Sobolik and Thomson were able to determine
the slowest reaction step among the three binary pairs of mi-
cro-sized particles and to successfully model their results us-
ing accepted diffusion-limited rate models. Here we present
a similar study using identical techniques, but utilizing
nanometer-sized particles derived from citrate sol-gel tech-
niques.

Theoretical Considerations

Since it is likely that nucleation and growth phenomena
will govern the reaction rates, at least during the initial stage
of the reactions (Sobolik et al., 1994), it is useful to review
the theoretical development of rate expressions based on such
models.

The nucleation and growth mechanisms developed by
Avrami (1939, 1940, 1941) and Erofe’ev (1946) can be used to
describe either a heterogeneous reaction or a phase transfor-
mation. In such reactions, a new phase is nucleated by germ
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Table 1. Kinetic Models for Solid-State Reactions

Rate Controlling
Mechanism
Zero order
First order
1-D diffusion
2-D diffusion
Diff. (Jander)
Diff. (Ginstling and Brounshtein)
Diff. (Carter)
Phase boundary (disk)
Phase boundary (sphere)
Nucl. (1-D Avrami-Erofe’ev)
Nucl. (2-D Avrami-Erofe’ev)
Nucl. (general Avrami-Erofe’ev)
Austin-Rickett
Prout-Tompkins
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nuclei contained in the old phase and could be reactants or
foreign particles. The new phase can then grow through acti-
vation and become a grain/particle once the size is larger
than the critical size needed for the growth. For example,
Burgers and Groen (1957) studied the phase transformation
of tin and found that the transformation from gray to white
tin followed the Avrami-Erofe’ev nucleation mechanism.
Hulbert and Klawitter (1967) studied the reaction between
zinc oxide {particle sizes 0.1-1.0 wm) and barium carbonate
(particle sizes 0.1-3.0 pm) and found that the reaction rate
could also be described by the general Avrami~Erofe’ev nu-
cleation mechanism.

In general, solid-state reactions can be controlled by (a)
diffusion-controlled reactions; (b) processes occurring at in-
terfaces, that is, phase boundary-controlled reactions; and (c)
nucleation and growth-controlled reactions. The mathematics
describing the different reaction rate controlling mechanisms
are summarized in Table 1. In all of these mechanisms, the
conversion a (the fraction of product formed or reactant
consumed) is related to the time ¢ under isothermal condi-
tions. The kinetics of these mechanisms can generally be ex-
pressed in differential form as

da x
e f(a) )

where X is either ¢ or In(z) and & is a value that depends on
the shape of the nucleus and the number of electrons neces-
sary for the formation of a stable nucleus. In integral form,
Eq. 1 can be expressed as

o da

X
—=[kdX 2
/;) fla) Jx,
or, after integration, as
Fla)=kX+C (€)]

where X, is the initial condition corresponding to a =0, C
is a constant, and F(a)= [¢[da/f(a)] The particular form
of F(a) depends on the specified rate controlling mecha-
nism, as listed in Table 1.
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Based upon the theory of nucleation and growth mecha-
nisms for a heterogeneous reaction or a phase transforma-
tion, as developed by Avrami (1939, 1940, 1941) and Erofe’ev
(1946) in the 1940s, Eq. 3 takes on the form

1
lnln(T——)=klnt+lnB 4)

where B is related to the nucleation rate by
B=0G%Nyn. (5)

In Eq. 5, o is determined by the shape of the nuclei, G is the
linear growth rate from a growth nucleus, N, is the initial
number of nuclei, and » is the formation probability of growth
nuclei. For linear growth processes, k varies with tempera-
ture, n, and the shape of growth nuclei. According to Eq. 4,
both B and k can be determined at any given temperature by
plotting Inln [1A1— a)] vs. In(¢), where the slope is k and
the intercept is In(B). Since new phase growth is an activated
process, we can rearrange Eq. 4 and then differentiate it so
that it is in a form more typical of kinetic rate expressions,
namely,

da
— = kBt* " 1(1- a). 6)
dt

Since both & and B vary with temperature, we can take the
product, kB, to vary in an Arrhenius manner so that

E
kB=ACXp[—'7_\;T]. @)

Therefore, the activation energy can be obtained by plotting
In kB vs. 1/T and finding the slope.

Under conditions where the reaction is isothermal, the new
phase is typically very finely grained (Avrami, 1940), and the
overlapping of the transformed volume is sufficiently small
that it can be ignored. In this case, Austin and Rickett (1938)
empirically determined the following special case of the
Avrami-Erofe’ev nucleation and growth mechanism
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ln( t )=klnt+]nB (10)
1-a

where B is a function of temperature only and k is a con-
stant. This rate expression has a differential form of

da

- Bt~ '(1—a)’, (11)

and consequently we expect that, at each temperature, a plot

of
o
ln( )
1-«

vs. Int should yield straight lines of constant slope k and
intercept In B. On this basis, B should be dependent on T in
an Arrhenius manner, that is,

E
B=Boexp[—-é—T—]. (12)

In this study, the reaction rates of the three binary combi-
nations of the precursors to the 123 high-temperature super-
conductor, BaCO,/Cu0O, Y,0,;/BaCO,;, and Y,0,/CuO,
were determined when the binary mixtures were prepared
from citrate sol-gels (Pechini, 1963). The experiments were
conducted in both air and helium environments, and the ra-
tio of metal elements for all three mixtures was Y:2Ba:3Cu,
the same as in the 123 high-temperature superconductor,
Y,Ba,Cu;0, (6 <x<7). The conversion data were then
placed into the form of Eq. 3 and evaluated as to their com-
patibility with the reaction mechanisms tisted in Table 1. The
activation energies for the reaction of each mixture in both
air and helium environments were then calculated from the
temperature dependency of the conversion-time data result-
ing from a series of isothermal experiments on each binary
system.

Experimental Studies

The citrate sol-gels were based on the Pechini method
(Pechini, 1963) using citric acid, ethylene glycol, and the met-
als as metal oxides or carbonate. A mixture of citric acid and
ethylene glycol was first heated to about 438 K to achieve
cross-linked structures. This mixture was then diluted with
water, and two of the three compounds (Y,0;, CuO, and
BaCO,) were added with the desired stoichiometry. After the
mixture had been heated to remove excess solvent, the sam-
ples were dried in air at room temperature for 3—4 weeks to
produce a transparent gel. Powder samples were obtained by
a “burnout” procedure that involved repetitive heating in air
to 873 K, interspersed with regrinding. This was done at least
three times with a typical total burnout time of about 10 min-
utes.

DXRD (time/temperature resolved) (Thomson, 1989) was
used to monitor crystal structure changes in the binary sam-
ples. The DXRD apparatus was utilized in the same manner
as described in Part I of this study (Sobolik and Thomson,
1995) except that the lower reaction temperatures associated
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with the small particles sizes allowed for the use of an in-
conel rather than a Pt heating strip and the gas flow-through
rate was lower (120 mL/min). The samples were rapidly
heated to the desired temperature (typically in about 30 s)
and then held at that temperature in either air or helium
environments for continuous X-ray diffraction (XRD) scans.
A set of isothermal experiments was typically carried out at
five different temperatures for each binary mixture. The in-
ternal standard method (Cullity, 1978) using BaZrO; as the
internal standard was employed to obtain mole fractions of
the crystalline species present as a function of time. A Hi-
tachi 600 transmission electron microscope (TEM) was em-
ployed to characterize the particle sizes of the starting mate-
rials. Typical TEM preparation methods were employed:
samples were mixed with water, placed on a copper grid, and
then dried under a lamp prior to the TEM scans.

Results and Discussion

The TEM images are shown in Figure 1 and are typical of
all these powder samples. For the Y—Ba binary, the particle
sizes range from 5 to 25 nm (average value of 7 nm), and
from 5 to 35 nm (average value of 10 nm) for the Y-Cu mix-
ture. The Ba—~Cu binary mixture had the largest particle size,
ranging from 55 to 190 nm with an average value of 120 nm.
Qualitative elemental scans of the TEM images all indicated
that both binary metallic elements were always present in the
observed particles.

The isothermal experiments were extremely sensitive to the
temperature under which the experiments were performed;
even a small variation in temperature (45 K) could result in
very different results, as shown in Figure 2. Since the limita-
tions of the temperature controller made it very difficult to
repeat isothermal experiments to this degree of precision, the
isothermal experiments were conducted at the actual isother-
mal temperature achieved after the rapid heatup. In order to
demonstrate that the measured data are reproducible, three
nonisothermal reactions under identical conditions were per-
formed by heating the sample at 5 K/min from 873 K to the
temperature at which the reactions were complete. Conver-
sion as a function of temperature for three of the duplicate
nonisothermal experiments is shown in Figure 3 for the
Ba—Cu system in air and, as can be seen, the results are very
reproducible.

Figure 4 shows typical isothermal results for conversion as
a function of time for all three mixtures in an air environ-
ment. The different temperatures for each mixture reflect the
different reactivities of the binaries. In air there was only one
product for each reaction; specifically,

BaCO, + CuO = BaCuO, + CO, (R1)
Y,0, +4BaCO, = Ba,Y,0, +CO, (R2)
Y,0, +2Cu0 = Y,Cu, 0, (R3)

Note that the conversions in Figure 4 are based on the limit-
ing reactants except in the case of the Y-Cu system, where it
is based on Y,Cu,O;s since this was a more accurate XRD
peak. In all cases the quantities of each reactant and product
for all reactions were individually calculated, and the mass
balances were in good agreement with the stoichiometry of
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Figure 1. TEM images.
(a) BaCO; /CuO; (b) Y,04/BaCOj3; (¢) Y,05/CuO.

the reaction equations shown in Eqs. R1-R4. When these
same reactions were carried out in a helium environment, the
product for the Y-Ba system was also Y,Ba, O, but in the
Ba—-Cu system, the following reaction took place
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Figure 2. Example of temperature sensitivity
(BaCO,(«)-CuQ in air).
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Figure 3. Reproducibility under nonisothermal condi-
tions (BaCO,(a )-CuO system in air, from 873
K at 5 K/min).

BaCO, +2Cu0 = BaCu,0, + CO, +(1/2)0, (R4)
When the Y-Cu binary was heated in helium, multiple reac-
tions occurred and thus kinetic analyses of the type shown in
Table 1 could not be carried out over a wide temperature
range. This reaction system is addressed in more detail at the
end of the article.

In all cases, the conversion curves rise rapidly and then
level off (as in Figure 4), a characteristic of nucleation-growth
phenomena (Avrami, 1939). In order to evaluate compatabil-
ity with the appropriate reaction mechanisms, conversion data
for each reaction were fitted for all the kinetic models listed
in Table 1 by plotting F(a) against X and then examining
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Figure 4. Conversions in air.

a = BaCO;(a) in Ba—Cu at 1,068 K; @ = BaCO,(B) in
Y-Ba at 1,143 K; @ =Y,Cu,0; in Y-Cu at 1,043 K.
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Figure 5. F(«) vs. In(t): BaCO,(a)-CuO in air at 1,068
K.

A-E = Avrami-Erofe’ev; A-R = Austin—Rickett; G-B =
Ginstling-Brounshtein.

the linearity of the plots. We found that only the
Avrami-Erofe’ev (A-E) and the Austin—Rickett (A-R) nu-
cleation models were able to fit the data over reasonable
ranges of conversion. Given the shapes of the conversion
curves in Figure 4, it is not surprising to find that only the
mechanisms in Table 1 with X = In¢ give reasonable fits. In
the following discussion, we will limit ourselves to only these
two mechanisms.

A test of the linearity of plots of F(a) vs. In (¢) for the
reaction between BaCO; and CuO in air are shown as an
example in Figure 5. In addition to the A-E and A-R mod-
els, an evaluation of the Ginstling—Brounshtein (G-B) diffu-
sion model (Ginstling and Brounshtein, 1950) is also shown.
As can be seen, a straight line provides an excellent fit for
both the A-E and the A-R nucleation models, to conver-
sions of 98% and 94%, respectively. On the other hand, when
the data are applied to the Ginstling—Brounshtein model, the
data do not fit the model over any reasonable range of con-
version. Since the latter model was successfully used by Sobo-
lik and Thomson (1995) to model the kinetics for 5-45 pum
particles of this same reaction system, it points to the signifi-
cance of particle size in modeling the kinetics of these reac-
tions. It is clear from Figure 5 that either the A-E or the
A-R model is compatible with the Ba—Cu kinetic data. While
all the other four reactions showed similar results, namely,
that the A-E model fit the data over the entire conversion
range, the A-R model was only able to fit the data up to
certain conversions, Table 2 shows the highest conversion at
which the A-R modei fits the data (at the highest tempera-
tures employed in each system) and ranges from 94% in the
Ba—Cu (air) system (1,068 K) to as low as 60% in the Y-Ba
(air) system (1,183 K). A possible explanation for the fact that
the A—R model consistently fails to fit the data at high con-
versions is that this mechanism ignores the overlapping vol-
ume of transformed matter during the growth of particles.
This is a valid assumption only up to conversion values where
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Table 2. Upper Conversion Limits for Applicability of A-R

Model
Reaction Conversion Limit ()
System Air Helium
Ba-Cu 0.94 93
Y-Ba 0.60 0.75
Y-Cu 0.75 -

the overlapping effect is small. When the conversion get large,
however, the overlapping of the volume of transformed mat-
ter can be significant. As indicated in Table 2, the A-R model
can be applied to the Ba—Cu system in both air and helium
environments, up to 94% conversion, the highest conversion
of all of the investigated reaction systems. This result is also
consistent with the neglect of the overlapping volumes during
reaction. That is, referring to the TEM images of the initial
Ba-Cu mixture (Figure 1a) it can be seen that, due to the
large particie sizes in this mixture (on the order of 100 nm),
the particle spacing is also much larger than in the other two
binary systems. Therefore, in the Ba—Cu system there is more
room for particles to grow individually, and volume overlap-
ping could easily be negligible until conversions become very
high. Thus the A~E model appears to be the model of choice
for all three binary reaction systems, and examples of how
well this model fit the conversion data can be gleaned by
comparing the model-derived curves with the experimental
data points in Figures 2 and 4.

Individual values of B and k were calculated from the
isothermal data, and the activation energies for these reac-
tions were obtained from corresponding Arrhenius plots, us-
ing Eqgs. 7 and 12 for the A—E and A-R models, respectively.
As mentioned earlier, each isothermal experiment was car-
ried out in a carefully chosen temperature zone so that the
reaction would proceed at a reasonable rate, but not so fast
that sufficient DXRD data could not be obtained. This tem-
perature range was rather narrow, ranging from 883 to 983 K
for the Ba—Cu system reaction in helium to as small as
1,123-1,183 K for the Y-Ba system reaction in air. Figure 6
shows typical Arrhenius plots for the A-E and A-R models,
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Figure 6. Arrhenius plots: A-E and A-R models
(BaCO,-Cu0 in helium).
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Table 3. Activation Energies: A-E and A~R Models

Temp.
Reaction Reaction E(A-E) E(A-R) E() Range
System  Environ. (kJ/mol) (kl/mol) (kJ/mol) x)
Ba-Cu Air 151 255 —109  973-1,053
Helium 111 145 —-14 883983
Y-Ba Air 772 1,157 -173 1,113-
1,183
Helium 773 848* -6 1,123~
1,173
Y-Cu Air 152 483 —-206  993-1,083

*Based on the disappearance of 8-BaCO;.

in this case for the Ba—Cu reaction system in helium. As can
be seen, the data form reasonable straight lines for both
models, and this type of fit was typical for all five reactions.

The values of the activation energies and the isothermal
temperature ranges used in the experiments are all listed in
Table 3 for the three reaction systems. The narrow tempera-
ture ranges over which these data were collected, less than
100 K, is a consequence of the high activation energies listed
in Table 3. It is interesting that the A—R model gives con-
sistently higher activation energies than the A-E model. This
is attributed to the fact that both k¥ and B vary with temper-
ature in the A—E model and, in fact, the specific form of the
temperature dependency of k& was found to vary substantially
with the particular binary system as well as with the sur-
rounding gas environment. In addition, the dependency of k
on temperature was, in all cases, an inverse dependency. For
example, in those systems where the differences in the activa-
tion energies between the A-E and A-R models were the
greatest, the inverse temperature dependency of & is also the
greatest, as can be seen from the apparent activation energy,
E(k), in Table 3. Again, this was another consequence of ac-
counting for volume overlapping in the A-E model.

While there is little significant difference in the activation
energies between the air and helium environments in the A-E
model, the activation energies appear to be significantly lower
in helium when using the A-R model. Again, the entire tem-
perature dependency in the A~R model must be accounted
for by the parameter B, and thus there is a wider variation
here. The fact that it is higher in air than in helium is proba-
bly due to the influence of the CO, concentration in the air,
which increases the reverse reaction rates of BaCO, and typ-
ically results in higher activation energies (Stern and Weise,
1969). Finally, consistent with its higher reaction tempera-
tures, the Y—Ba system has much higher activation energies
than the other two systems in both air and helium.

With the Y-Ba system in air, BaCO, first undergoes an
a — B phase transformation (beginning at 1,083 K) before
reacting with Y,0O5. In a helium environment, however, the
reaction temperatures are lower and the transformation oc-
curs simultaneously as it reacts with Y,0,. This is clearly
shown in Figure 7 where the presence of both BaCO, phases
is concurrent with the formation of the Y,Ba,O, product
when the isothermal temperatures are below 1,123 K. Since
we have previously observed that both the « and g phases of
BaCO; will react with Y,0; to form the Y,Ba,O, product
(Sobolik et al., 1993), there are three simultaneous reactions
here: the reactions of - and B-BaCOj; with Y,0; as well
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Figure 7. Phase changes in the Y-Ba system (1,088 K,
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as the & — B phase transformation of BaCO;. Consequently,
in order to have a consistent basis for comparison between
air and helium, the activation energies shown in Table 3 for
the Y-Ba system were based on the disappearance of
B-BaCO,. Thus, in the helium environment, only tempera-
tures above 1,123 K were used to calculate the activation en-
ergy (Table 3).

As mentioned earlier, the reactions between Y,0; and
CuO in a helium environment were considerably more com-
plex due to the occurrence of simultaneous reactions that
produced more than one product. In our earlier study of re-
action paths (Sobolik et al., 1994), the binary products,
Y,Cu,05 and YCuO,, as well as Cu,O were observed under
nonisothermal conditions as the temperature was raised be-
tween 950 and 1,150 K. In this study we attempted to study
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the kinetics of these reactions by conducting isothermal ex-
periments at relatively low temperatures so as to isolate the
various reactions. Figure 8 shows the molar ratios of both
initial reactants and the three products at a temperature of
923 K in helium. As can be seen, initially reaction R3 takes
place, the same reaction observed in air, At about 60 min
reaction time, CuO is then rapidly reduced to Cu,O and is
closely followed by the appearance of YCuQ,. The reduction
of CuO is consistent with previous results (Sobolik et al.,
1993), but the constancy of Y,Cu,Os is not. Since Y,Cu,Os
was observed to reach a maximum concentration under non-
isothermal conditions at higher temperatures, it appears that
Y,Cu,0; does not decompose at these lower temperatures.
Rather, two separate reactions take place:

Y,0, +CuO = Y,Cu,0 (R3)

Y,0; + Cu,0 =YCuO, (R5)

This result affords us the opportunity of obtaining kinetic
data for both reactions R3 and R5. When the models listed
in Table 1 were applied to Eq. R3, it was found that the A-E
and A-R nucleation-growth models gave fits that were equally
as good as any of the diffusion models (Jander, Ginstling,
Carter). Undoubtedly, this is due to the relatively low conver-
sions that were achieved ( ~ 30%, based on Y,0,). Figure 9
shows the test of linearity for the A-E and A-R models for
reaction RS and, in spite of the data scatter (attributed to the
low concentrations), a reasonably good fit is achieved. In this
case none of the diffusion models was able to fit the data.
We conclude from this that the sudden appearance of Cu,0O
results in a near instantaneous formation of numerous nuclei,
and the reaction rate is likely governed by the growth of the
YCuO, product. Again, the applicability of both the A-E
and A-R models is due to the fact that the conversions are
low so that the neglect of overlapping volumes is a good as-
sumption.
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Figure 9. F(a) vs. In(t): Reaction RS in helium at 923
K.

A~E = Avrami-Erofe’ev; A—R = Austin—Rickett.
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Conclusions

Based on these results, it is clear that the kinetics of nano-
sized particles in the Y-Ba and Ba-Cu systems in both air
and helium as well as the Y-Cu system in air can be de-
scribed by using models based on the nucleation mechanisms
of the Avrami-FErofe’ev and Austin—Rickett types. While the
A-E model was found to be appropriate throughout the en-
tire conversion range, the A-R model was found to apply
only up to certain conversions ranging from as high as 94% in
the Ba~Cu system to as low as 60% in the Y—Ba system. This
is attributed to the failure of the A~R model to account for
the overlapping of the reacted volume that becomes more
important at higher conversions. The success of the A-R
model in the Ba—Cu system is likely a result of the larger
particles in this system, which would lead to larger void spaces
between the particles. The activation energies obtained from
the A—R model were consistently higher than those obtained
from the A-E model, and this is a direct result of the fact
that the parameter k varies inversely with temperature in the
A-E model. The fact that the activation energies from the
A-R model were higher in an air environment is attributed
to the presence of CO, in the air, which exerts a significant
influence on the reversible nature of these reactions. Finaily,
it has been possible to also model the complex reaction sys-
tem associated with the Y-Cu system in helium, and it was
found that nucleation models are also appropriate for the
second reaction in the sequence that is attributed to a “burst”
of nucleation sites resulting from the rapid reduction of CuO
to Cu,0.
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Notation

A,a = constant

f(a)= value for possible mechanisms
R = gas constant, 8.314 J/kmol
T = isothermal reaction temperature
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