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The kinetics of the reactions between mixed powders of BaC0, and CuO, as well as 
BaC0, and Y203, have been studied using DXRD techniques as a jianction of particle 
size, temperature, and CO, pressure. Except for initial nucleation phenomena, the reac- 
tion rates are governed by shrinking core behavior for BaCO, particle sizes between 6 
and 33 pm. During the initial stages of the reactions, the surface reaction kinetics are 
governing, whereas the difision of CuO, Y203, and CO, are limiting factors at later 
stages in the reactions. Quantitative conversion data were used to determine the ualues 
of the activation energies and the pertinent difisivities in these Jystems. 

Introduction 
With the advent of large-scale processing of ceramic pow- 

ders, particularly those that are synthesized on a nanosize 
scale, interest in the kinetics of solid-solid reactions has 
grown. Tamhankar and Doraiswamy (1979) have reviewed the 
state of information on this subject as of 1979, but progress 
has been slow. One of the difficulties is the lack of a phase- 
specific probe capable of following the extent of solid-solid 
reactions in real time. The relatively recent development of 
time-resolved X-ray diffraction, particularly dynamic X-ray 
diffraction (DXRD) (Thomson, 198Y), now affords an unam- 
biguous experimental technique for quantitative studies of the 
rates of solid-solid reactions. A good example of a solid-state 
reacting system in need of a systematic kinetic study is the 
Y-Ba-Cu high-temperature superconductor (123 HTSC). 
Since good superconducting properties are highly dependent 
on the ability to obtain a phase-pure product, a knowledge of 
the governing kinetics under processing conditions would be 
highly desirable. 

Due to the lack of detailed knowledge about the solid-state 
reaction mechanism leading to the formation of the 123 
HTSC, many different sintering processes have been used in 
different laboratories. In one study (Jiang et al., 1988) using 
differential thermal analysis (DTA), thermogravimetric anal- 
ysis (TGA), and X-ray diffraction (XRD), mixed powders of 
Y,O,, BaCO,, and CuO were sintered to produce the tetrag- 
onal 123 phase. Although the particle size of the powders 
was not given, the reaction leading to the final product was 
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initiated at about 1,073 K in air and consisted of the forma- 
tion of barium cuprate by 

BaCO, + CuO + BaCuO, + CO,, (1) 

which then reacted with the oxides of yttrium and copper 
from 1,073-1,203 K to give 

Y203 + 4BaCu0, + 2CuO + 2YBa,Cu306 + -0, 1 (2) 2 

They concluded that during the sintering process, BaCuO, 
formed prior to the 123 phase and promoted the decomposi- 
tion of BaCO,, but also became the primary source of unde- 
sirable phases in the 123 HTSC if it remained unreacted due 
to unsuitable heat treatment. The two-step process was de- 
termined to be controlled by a second-order chemical reac- 
tion and had an activation energy of about 192 kJ/mol. The 
effect of the gaseous environment on the reaction was also 
studied, and the results showed that the reaction tempera- 
tures were reduced by 100 K when the system was sintered in 
an oxygen-free environment. 

Because the presence of BaCO, was originally thought to 
hinder the rapid formation of the 123 HTSC due to its low 
decomposition rate at temperatures between 1,173 and 1,223 
K, Ruckenstein and Wu (1988) conducted a study in an at- 
tempt to avoid this apparent rate-limiting step. They found 
that reaction rates could be increased if BaCO, and CuO 
were first reacted to form BaCuO,, which was subsequently 
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reacted with Y,O, and CuO to form the 123 HTSC in air, 
consistent with the reaction scheme given in Eqs. 1 and 2. 
Furthcrmore, the particle size of the BaCuO, product was 
classified with sedimentation techniques to show the de- 
pendence of the reaction rate on the particle size of the start- 
ing materials. By using the classified BaCuO, particles, the 
tetragonal phase of the 123 superconductor formed at 1,203 
K in less than 2 h and had a narrow particle-size distribution 
( - 1-1.5 ym)  compared to the broad particle-size distribu- 
tion ( -  1-20 ym) that was obtained when the unclassified 
ternary mixture was sintered for 20 h. Unfortunately, the au- 
thors did not report on the particle sizes of their precursors 
other than to mention that the reactants agglomerated, re- 
sulting in heterogeneous products as a consequence of 
macroscopic diffusion limitations present in the - 100-g sam- 
ples used. Furthermore, the bulk density and T, of the final 
product were found to increase when the calcination times 
were shortened. 

In a follow-up study (Ruckenstein et al., 19891, the combi- 
nation reactions of Y203, BaCO,, BaO, CuO, BaCuO,, and 
Y,Cu,O, were analyzed using XRD on air-quenched sam- 
ples ( - 0.5 g) calcined at 1,213 K in air for various time in- 
tervals. Two reaction pathways were suggested as being most 
efficient: (a) preparation of BaCuO, in a first step followed 
by its reaction with Y,Cu,O, in a second step; (b) prepara- 
tion of BaCuO, in a first step followed by its reaction with 
CuO and Y203 in a second step. In the latter case, however, 
the intermediate compounds of Y,BaCuO, (211) and 
Y,Cu20, were present in larger amounts than when BaCuO, 
and Y,Cu,O, were employed to prepare the superconduct- 
ing compound. It was proposed that when the ternary mix- 
ture of BaCuO,, Y,O,, and CuO was used, trace amounts of 
211 and Y,Cu,O,, undetectable by XRD, may have been 
present and unable to react even after long calcination times, 
thus affecting the critical current density of the final product. 
It was concluded that the decomposition of BaCO, was the 
major limiting factor in both cases, and it was suggested that 
in order to achieve a high-density product, the particle size of 
the BaCO, should be as small as possible and the particle-size 
distribution should be sufficiently narrow. 

Gadalla and Hegg (1989) used TGA and DTA to study the 
reaction kinetics of the ternary mixture ( - 0.12 g) of BaCO,, 
CuO, and Y203. The reaction was carried out in an air envi- 
ronment, and the particle sizes of the starting materials were 
not given. To determine the intermediate phases appearing 
during the formation of the 123 compound, the constituents 
were mixed, fired at different temperatures for different peri- 
ods of time, and examined by X-ray diffraction (air- 
quenched). They concluded that the 223 HTSC formed by 
the reaction of the two intermediates, BaCuO, and (211). By 
using dynamic analysis methods, which is the determination 
of the degree of transformation as a function of time during a 
linear increase of temperature, they were able to conclude 
that the reaction was diffusion controlled but did not specify 
the controlling species. Finally, the activation energies of their 
six-step process ranged from 40 to 800 kJ/mol. 

Since the particle size of the starting materials was consid- 
ered to greatly influence the overall formation reaction of the 
123 HTSC, Huang et al. (1989) made use of differential scan- 
ning calorimetry (DSC) and TGA to study particle-size ef- 
fects. Ternary mixtures ( - 0.4 g) of various cationic stoichio- 

metric ratios of Y203, BaCO,, and CuO with particle sizes 
ranging from 0.5 to 8 microns were used in their study. XRD 
on interrupted, air-quenched specimens indicated that the 123 
HTSC formed from two consecutive and overlapping steps 
during continuous heating; the reaction of previously formed 
BaCuO, with Y203 and CuO as well as the reaction of previ- 
ously formed Ba,CuO, with Y,O, and CuO. The two steps 
had activation energies of 502 and 753 kJ/mol, respectively. 
All of the experiments were conducted in air and when the 
average particle size was reduced from 8 to 0.5 microns, the 
optimum isothermal temperature for forming the 123 HTSC 
phase was lowered from 1,200 to 1,163 K. 

Finally, Wu et al. (1990) studied the single reaction, 
Y,BaCuO, + 3BaCu0, + 2CuO --f 2YBa2Cu,0,,_, + xO,, 
using TGA and XRD. The reaction of the calcined powders 
( - 100 g samples) was carried out in air and, by fitting the 
data to their developed model, it was established that the 
reaction was controlled by the diffusion of Ba+’ and was best 
described by a three-dimensional diffusion mechanism con- 
taining a particle-size dependence. However, the experiments 
were only conducted with powders of one average particle 
size (3 pm), so the validity of the model could not be tested. 
The activation energy was determined to be 2,176 kJ/mol. 

In a previous study (Sobolik et al., 1993), the reaction path- 
ways leading to the formation of the YBa,Cu,O,, high-Tc 
superconductor (123 HTSC) were observed using DXRD 
(Thomson et al., 1989). The effect of particle size and the 
gaseous environment on the binary reaction paths of the three 
precursors Y203, BaCO,, and CuO were observed but not 
quantified. The use of DXRD avoided the necessity of 
quenching or indirect measurements such as mass or en- 
thalpy changes, thereby providing unambiguous observations 
of each of the crystalline transformations as they occur. By 
using this technique, all reaction intermediates, tempera- 
tures, and environments were readily observed. The results 
showed that when the particle size of the precursors was re- 
duced from 6-10 pm to 6-120 nm in conjunction with the 
amount of oxygen and carbon dioxide present, the tempera- 
ture requirements necessary to favor reaction products were 
reduced by 20 to 150 K. Furthermore, in both air and helium 
environments, the only observed reaction in the nanometer- 
sized system leading to the formation of the 123 HTSC was 

Y,O, + 4BaC0, + 6CuO + 2Y2Ba,Cu30,, + 4C02 (3) 

In the mixture containing the larger particles, however, bar- 
ium- and copper-containing compounds were also observed, 
with the major intermediate being BaCuO,, which formed by 
Eq. 1. Since the reaction temperatures necessary to form the 
123 HTSC by Eq. 3 were very similar to those required to 
form BaCuO, by Eq. 1, it is likely that BaCuO, is a species 
that is very influential in determining the quality of the final 
123 HTSC product. 

When BaCO, reacts according to Eqs. 1 and 3, CO, is 
released and becomes locally concentrated near its equilib- 
rium value. These stagnant regions of CO, can inhibit the 
progress of Eqs. 1 and 3 as well as cause the decomposition 
reaction of the 123 HTSC (the reverse of Eq. 3) that pro- 
duces undesirable phases that ultimately contribute to the re- 
duction of the critical current density of the final product 
(FjellvHg et al., 1988; Gao et al., 1990; Cooper et al., 1991; 
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Selvaduray et al., 1992). Ideally, when a better understanding 
of the events leading to these alterations is achieved, correc- 
tive steps can be taken during processing to improve the 
quality of the final product. 

In light of the work of others, it becomes evident that the 
partial pressure of CO, within the reacting system and the 
particle size of BaCO, have a major impact on the rate limi- 
tations that hinder rapid formation of the 123 HTSC. Since 
the reaction between BaCO, and CuO plays a major role in 
the processing of the 123 HTSC, a study that delineates the 
mechanism that controls Eq. 1 is necessary. In order to assess 
the effect of particle size on the rates of Eq. 1, this study was 
conducted using BaCO, with three different particle sizes 
(6.2, 14, and 33 pm). Furthermore, the reaction study was 
conducted isothermally (1,083-1,153 K) in different partial 
pressures of CO, (0.03-0.27 kPa). Finally, these same parti- 
cle sizes of BaCO, were reacted with Y,O, under similar 
conditions in order to compare the characteristics of the two 
systems since the BaC0,:CuO reaction is common to the 
processing of the 123 HTSC while the Y,O,:BaCO, reaction 
is not. 

Theoretical Development 
The reaction of carbonates is an equilibrium process con- 

trolled by the CO, partial pressure at the reaction interface 
(Campbell, 1978). The mechanism for the reaction of carbon- 
ates is initiated by a formation of nuclei within the crystal 
lattice sites, followed by the growth of the nuclei across the 
surface and interior of the crystal. The simplest kinetic 
scheme results when the nucleation and surface growth are 
fast, and therefore the rate of reaction is determined by the 
progression of the reaction front into the particle (Figure 1). 
Based on this information, one can write the rate of reaction 
for Eq. 1 as 

where k,  and k ,  are the forward and reverse rate constants, 
respectively; a(i) is the activity of each phase present; and 
Pco, is the partial pressure of CO, at the reaction front. By 
assuming that the activity of the mobile phase, CuO, is pro- 
portional to its concentration at the reaction surface, Eq. 4 
can be rearranged to give 

( 5 )  

At equilibrium 

(6) 

and assuming that the activity of BaCO, is proportional to 
the surface area at the BaC0,-BaCuO, interface, Eq. 6 be- 
comes 

0 Y 
co 

2 
2 

CUO 

Figure 1. Reaction sphere. 

where k ,  = kfkgaC03kCuc, and Ccuo and Pco, are the values 
at the reaction interface, that is, at R, .  

To confirm the assumptions that BaCO, and BaCuO, were 
the stationary phases while the CuO was the mobile phase 
responsible for diffusing through the product layer, an elec- 
tron beam line scan was conducted on a partially reacted 33- 
p m  BaCO, particle with a Cameca Electron Micro-Probe, 
and the resulting backscatter electron image is shown in Fig- 
ure 2. Figure 2a shows the scan of the elemental Ba and 
demonstrates that barium is present throughout the entire 
body of the particle. Figure 2b, however, shows the scan of 
elemental Cu and demonstrates that copper is present only 
on the outer edge of the particle, which confirms our as- 
sumption that the copper diffuses through the stationary 
BaCuO, product to react with the BaCO, core. 

The rate of Eq. 1 may also be controlled by the rate of 
diffusion of CuO to the reaction front as well as the rate of 
diffusion of CO, away from the reaction front as shown in 
Figure 1. Diffusion-controlled solid-state reactions occur 
when these resistances to diffusion through the product layer 
control the rate of reaction. The steps leading to an expres- 
sion between time and dimension are twofold (Levenspiel, 
1972). Initially, a relatioriship for the flux is obtained for a 
particle that has partially .reacted, assuming quasi-steady-state 
conditions. This relationship for the reaction flux is used to 
determine the rate of disappearance of the unreacted core 
and is integrated over time to obtain an expression for R,( t ) .  

In deriving the mechanism that takes the diffusion of both 
CuO and CO, into account, CuO is considered to move in- 
ward toward the unreacted core and CO, migrates outward 
from the reaction front. But the progression of the reaction 
front is much slower than the flow rates of CuO and CO, to 
and from the unreacted core, respectively (the system is un- 
der "quasi-steady-state" conditions). Because of this, it is as- 
sumed, in considering the concentration gradients of each 
species in the product layer at any time, that the unreacted 
core is stationary. By using this assumption, the rates of reac- 
tion of CuO and CO, at any instant in time are given by their 
respective rates of diffusion to and from the reaction front, 
or 
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When Eq. 10 is solved with the boundary conditions Eqs. 11 
and 12, an expression for Ccuo(r) is obtained 

Similarly, the mass balance for CO, in the product layer 
yields 

- 0  -r2DC0,- - 
dr dr 
d dPC0, 

(14) 

with the boundary condition at r = R, 

and at r = R,, equating Eqs. 7 and 9 while using the ideal gas 
law gives 

Figure 2. Electron beam line Scan on a partially reacted where R, is the ideal gas constant and T is the temperature, 
which is assumed to be equal to the bulk temperature. When 
Eq. 14 is solved with the boundary conditions, Eqs. 15 and 
16, an expression for PCo,(r) is obtained 

33- pm particle. 
(a) Elemental Ba. (b) Elemental  Cu. 

and (17) 

The next step in obtaining the model involves evaluating 
dt dt - &o,- (9) Eqs. 13 and 17 at the reaction surface at R,, and placing the 

resulting expressions into Eq. 7. Variations of R ,  with time 
can be obtained from a mass balance on the unreacted core 

dNBaCO, dNCO, -4.rrR: --=-- 

where D(,) are the diffusion coefficients of each species. 
To solve Eq. 7, expressions for Ccuo and Pcoz as functions 

of r must first be obtained. This can be achieved by perform- 
ing a mass balance on both species in the product layer: R ,  5 
r I R. For CuO, we have 

(18) 

so that Eq. 7 becomes 

(19) 
d R ,  ~ ; C C U O ~ ~ ~  

- 
- 0  (10) 

d dCCU0 
z r 2 D c u o -  dr - 

dt PBaCO? 

with the boundary condition at r = R ,  
We can integrate Eq. 19 and solve for R,(t) provided we 

have expressions for Pco and CcuolR1. The approach is to 
independently assume that diffusion gradients are negligible 
forCO2 and thenforcuo .  In the former case, P c ~ ~ ~ ~ ~  p g : ?  
and Eq. 13 can be solved for CCuOIRl and, in the latter, 
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Equating Eqs. 7 and 8 at r = R,, the secondary boundary 
condition can be obtained from 

1782 

* l R l  
ccuo = egg. 



CCUOIRl=C~:];; and Eq. 17 can be solved for Pco 
yields 

. This 
'IR1 

Negligible COz Gradients 

Negligible CuO Gradients 

[ k;R$TCE:E ( R l - -  :)] dRl 
- Dco2 

Since the two resistances due to CuO and CO, given in 
Eqs. 20 and 21 act simultaneously, the time required to reach 
any stage of conversion is equal to the sum of the times 
needed if each resistance acted alone (Levenspiel, 1972), or 

ttotal = ~ C U O  alone + ~ C O ,  alone. (22) 

With this in mind, Eqs. 20 and 21 can be combined to give 

[ P& - P&F] /Ofdt, (23) 

which can be integrated in terms of fractional conversion, a, 
by noting that (R , /R)3  = (1 - a),  to give 

The model given by Eq. 24 accounts for the effects of the 
partial pressure of CO, and CuO concentration on the reac- 
tion itself as well as the limitations due to the diffusion of 
CuO and CO,. The first term on the left-hand side of the 
equation governs the reaction rate during the initial stages of 
the reaction when the product layer is thin and the diffusion 
of CuO and CO, readily takes place. As time progresses and 
the product layer grows, the reaction term becomes less in- 
fluential on the reaction rate as the diffusional rates of CuO 
and CO, become more predominant, making the second term 
on the left side of Eq. 24 more significant. 

Experimental 
To determine the validity of Eq. 24, experiments at various 

particle sizes of BaCO,,, partial pressures of CO,, and con- 
centrations of CuO were conducted over a temperature range 
of 1,083-1,153 K. Over this range, the only reaction that takes 
place in air environments is Eq. 1 (Sobolik et al., 1993). For 
comparison, Eq. 24 was also tested using similar experiments 
for the reaction 

4BaC0, + Y20, * Y,Ba,O, + 4C0, (25) 

This reaction has not been studied previously even though 
some of the 123 HTSC experimental conditions could have 
led to its progression. 

Kinetic measurements were performed in situ, using 
DXRD, which is based on powder diffractometry and con- 
sists of a diffractometer [CdK a )  radiation] equipped with a 
position-sensitive detector and a hot stage. To initiate an ex- 
periment, fine powder samples (0.03 g, - 50 p m  thick) were 
loaded onto a platinum heating strip, which was then en- 
closed in a chamber so that different gaseous environments 
could be introduced into the system. The heating strip tem- 
peratures were measured and controlled by a thermocouple 
attached to the heating strip. All of the experiments reported 
here were conducted under isothermal conditions in a He/O, 
(95%/5%) environment with various CO, partial pressures 
(0 < Pco2 < 0.3 kPa). 

The differential particle sizes of BaCO, (>  99.9% pure) 
were made by initially pressing BaCO, (344,650 kPa) into 
pellets that were 10 mrn in diameter and 5 mm thick. The 
pellets were then placed into an alumina crucible and cal- 
cined at 1,273 K for 12 h, after which they were ground by 
mortar and pestle until the resulting particles passed through 
a 45-pm screen. These particles were then screen separated 
into the two largest size fractions and analyzed with a scan- 
ning electron microscope as well as a Microscan Particle Size 
Analyzer. Finally, the smallest particle size was obtained by 
grinding the raw BaCO, in a ball pestle impact grinder for 10 
h. Figure 3 shows the results from the particle-size analysis 
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BaCO, particle sizes. 
Figure 3. Particle-size mass distribution of the three 
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where the mass average particle diameters for each of the 
three different samples were determined to be 6.2 k 4, 14 k 8, 
and 33 k 7 pm, respectively. The CuO and Y203 powders had 
mass average particle sizes of 5.1 -t 3 and 2.6 k 1 pm, respec- 
tively. 

Powders of CuO and Y203 were then mixed with 2 g of the 
BaCO, having three distinct particle sizes to achieve a 1:l 
and 1:2 cationic ratio for the BaC0,:CuO and Y,O,:BaCO, 
mixtures, respectively. The six resulting systems were then 
carefully mixed by mortar and pestle for a period of about 15 
min. To study the effects of stoichiometry, only the mixtures 
incorporating the 6.2 p m  BaCO, particles were investigated, 
and appropriate quantities of additional CuO and Y203 were 
mixed with BaCO, to obtain the desired concentrations. 

In order to obtain quantitative DXRD measurements, an 
appropriate quantity of an internal standard, BaZrO,, was 
combined with each of the mixtures to give a sample/ 
standard weight ratio of 5:l and 2:l for the BaC0,:CuO and 
Y,O,:BaCO, systems, respectively. The conversion of each 
reaction was calculated using the internal standard method 
(Cullity, 1978) by comparing the ratio of the product and 
standard peak areas to the same ratio when the reactants 
were completely consumed. 

To conduct an experiment, a sample was introduced into 
the reaction chamber of the DXRD. A gas of known compo- 
sition (0.03, 0.10, 0.16, or 0.27 kPa CO,) was allowed to flow 
(400 mL/min) through the chamber for a period of 15 min at 
room temperature to ensure a known reaction environment. 
The sample was then rapidly heated to the reaction tempera- 
ture (within a period of 30 s), after which the DXRD recorded 
the observed reaction. Figure 4 shows a plot of the typical 
raw data obtained from the DXRD as it monitored a typical 
Y,O,:BaCO, experiment. 

Results and Discussion 
Figure 5 shows the results of reacting CuO with the three 

different particle sizes of BaCO, at 1,133 K in a He/O, envi- 
ronment and also indicates the repeatability of the experi- 
ments. It can easily be observed that increasing the particle 
size of BaCO, greatly reduced the yield of the reaction. As a 
general observation, at the end of 25 min, the 14- and 33-pm 
particles, respectively, achieved only 60 and 30% of the con- 
version achieved by the 6.2-p.m particles. If one assumes that 
all three particles are identically spherical, the product layer 
thickness in each instance is very similar ( - 0.5 _+ 0.1 pm), 
implying that the reaction only proceeds until a specific prod- 
uct thickness is achieved, after which diffusion of either the 
remaining CuO reactant or the CO, produced cannot diffuse 
to and from the reaction front, respectively. 

To apply Eq. 24 to the experimental data, the equilibrium 
partial pressure of CO, must be determined. The equilib- 
rium partial pressure of CO, for Eq. 1 was determined ana- 
lytically (Fjellvlg et al., 1988) to be 

P& = 5 .O x 107exp - - ( 20,,,) 
(26) 

Since the CO, equilibrium partial pressure for Eq. 25 was 
not available in the literature, it was determined experimen- 
tally by heating and cooling (3 K/min) Y2Ba,0, in environ- 

Intensity , 

BaZrO, 

Figure 4. DXRD Spectra: Mixed powders of Y,O, and 
BaCO, (6.2 p m  BaCO, at 1,213 K in 0.10 kPa 
CO,). 

ments of various partial pressures of CO, and determining 
the temperature at which decomposition initiated. Details of 
these experiments are given elsewhere (Sobolik et al., 1993). 
Because XRD is only sensitive to species concentrations on 
the order of a few percent, the measured temperatures are 
estimated to be accurate to within 10 K. Noting this limita- 
tion, the effect of temperature on the equilibrium partial 
pressure was determined to be 

P& = 1.6 X l0’exp - - ( (27) 

for the Y,O,:BaCO, mixture. 
The rate-limiting mechanism(s) for the reaction in Eq. 1 

can be evaluated by applying portions of Eq. 24 to the experi- 
mental conversion data. For example, if mass transport is fast 

0.50 0.40 i - -  
n 
U v 

0.30 - 
v, 
[12: 
W 

0 u 

2 0.20 

0.10 

1 6.2 p,m 

0.00 I I 

0 10 TIME (rnins) 20 30 

Figure 5. BaC0,:CuO conversion (0.03 kPa CO, at 
1,133 K). 
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(D,,, = Dcoz + m), then a plot of 1 - 0  - a)" vs. t should 
yield a straight line. Similarly, if the kinetics at R, are very 
fast (k', +m), then either of the two diffusion terms in Eq. 24 
may dominate and a plot of 1 -3(1- a)v +2(1- a )  vs. t 
would produce a straight line. In these three situations, the 
slopes of the lines will be 

,y 1 C b u l k  CUO [ eg] 
S' = 1-- 

PBaCO, 
(28) 

when the surface kinetics control. 

when the diffusion of CO, controls, and 

(30) 

when the diffusion of CuO controls the system. 
By observing Figure 5 once again, it can be seen that the 

majority of the conversion takes place as the time reaches 
approximately 5 min, after which the conversion increases at 
a much slower rate. This may indicate a change in the mech- 
anism that is controlling the reaction; that is, the reaction is 
being controlled by the surface kinetics during the first 5 to 6 
min when the product layer is thin and, as the product layer 
grows, the diffusion of CuO and CO, through this layer may 
become the controlling factor. This was substantiated by the 
fact that neither the diffusion nor the reaction control mod- 
els were able to fit the data over the entire reaction time. 
With this in mind, 1 -(1- a)'P was applied to the smoothed 
conversion vs. time data (curves drawn through data, as in 
Figure 5) for the first 6 rnin of the reaction and l-3(1- 

+ 2(1- a )  was applied to the data thereafter, and the 
results are shown in Figure 6. Figure 6 contains the applica- 
tion of the two respective portions of Eq. 24 to the data ob- 
tained from the BaCO, (14 pm)  and CuO system reacted at 
three partial pressures of CO, at 1,133 K. First of all, it ap- 
peared that the very start of the reaction was most likely con- 
trolled by nucleation (Wang et al., 1993, particularly for the 
smaller particles at the lowest CO, pressure. Thus, the data 
corresponding to the first 1/2 min are given less weight to the 
straight line shown in Figure 6a. As can be seen, the plots 
produce reasonably straight lines in both cases, which indi- 
cates that the data are consistent with the hypothesized reac- 
tion limitations during the times shown. The inability of the 
diffusion model to fit the data over the entire reaction time 
can be seen by noting that the straight lines in Figure 6b do 
not back-extrapolate to the origin. Furthermore, the effect of 
CO, partial pressure on the reaction can also be observed. 
As shown in Eqs. 28 and 29, increasing the partial pressure of 
CO, should decrease the slope of 1 - (1 - a)" vs. time (Eq. 
28) when the reaction controls. It should also decrease the 
slope of 1 -3(1- +2(1- a )  vs. time (Eq. 29) when the 
diffusion of CO, controls the reaction rate. In both instances, 
it can readily be observed (Figure 6) that increasing CO, par- 
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Figure 6. Evaluation of kinetic and diffusion limitations 
(BaCO,:CuO, 14 pm BaCO, at 1,133 K). 
(a) Reaction controlled. (b) Diffusion controlled. 

tial pressures resulted in decreased slopes in both time peri- 
ods, and to the same degree (both slopes decreased by a fac- 
tor of about 5 when Pcgr was increased from 0.03 to 0.27 
kPa), consistent with Eqs. 28 and 29. 

Similarly, by observing Eqs. 28 and 30, it can be seen that 
the concentration of CuO should also affect the rate of reac- 
tion over both time periods if CuO diffusion is also limiting 
during the diffusion-controlled portion of the reaction. To 
determine the effect of CuO on the reaction rates, two differ- 
ent stoichiometric mixtures of BaCO, (6.2 pm) and CuO (1:l 
and 1:4) were heated at 1,083 K in the absence of CO,, and 
the resulting conversion vs. time data was manipulated by 
plotting 1-(1- a ) p  and 1-3(1- a ) v + 2 ( 1 -  a )  vs. time, 
as shown in Figure 7. As can be seen, it is quite evident that 
the concentration of CuO influences the rate of reaction ini- 
tially (Figure 7a) and throughout the entire progression of 
the reaction (Figure 7b), as suggested by the increasing slopes 
with increasing CuO concentrations in both cases. 

By observing Figures 6 and 7 it is evident that both CO, 
and CuO affect the system initially when the reaction con- 
trols the rate, as well as later on when diffusion appears to be 
the controlling factor. Because of the limited data during the 
first 5 min of the reaction, it is possible that the diffusion of 
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CO, and CuO could actually control the system throughout 
the entirety of the reaction (other than the initial nucleation 
period). In order to assess the validity of this possibility, ex- 
periments were also conducted at different temperatures. 
With this in mind, a BaCO, (14 pm):CuO mixture was re- 
acted in 0.03 kPa at four different temperatures ranging from 
1,123 to 1,153 K. If the diffusion of CO, and CuO were the 
sole limitations, the reaction rate during the first 5 min would 
not increase significantly over this small temperature range if 
their individual diffusivities had a relatively small de- 
pendence on temperature. However, this is not likely; for 
example, Jost (1960) reported that the diffusivity of He in 
S O ,  showed a temperature dependence of D = D, 
exp(-5,600/RT). It may also be possible that the CO, and 
CuO diffusivities have a strong dependence on temperature; 
for example, the diffusivity of 0, in YBa,Cu,O,-, was re- 
ported (Hase et al., 1993) to have a temperature dependence 
of D = Do exp ( - 433,000/RT), in which case the reaction rate 
would increase exponentially with temperature. It was ob- 
served that the rate increased exponentially with temperature 
during the first 5 min of the reaction as well as at greater 
times (5 < t < 30 min), when diffusion is prevalent, indicating 
that the diffusivities have a strong dependence on tempera- 

ture. Since the diffusion portion of Eq. 24 did not fit the data 
over the entire time range, however, we can conclude that 
during the initial stages of the reaction when the product layer 
is thin, diffusion readily takes place and the reaction is con- 
trolled by surface kinetics. With this in mind, Eq. 28 was re- 
arranged into 

and an Arrhenius plot of k', (Figure 8) yielded 

k; = 5.1 x 107exp - ___ i 27:3 
With the evidence that both the CuO and CO, concentra- 

tions affect the rate of reaction, and the fact that the reaction 
is very dependent on temperature, it can be concluded that 
all three portions of Eq. 24 are controlling in this system. 
With this in mind, Eq. 24 was multiplied by R2/k;, and the 
model was applied to the conversion vs. time data after the 
first minute of the reaction for all of the experiments incor- 
porating the three particle sizes of BaCO, and various CO, 
partial pressures at 1,133 K. The constants, k;, DCq2 and 
D,, were determined and the value of k;  was similar to 
that obtained in Eq. 32, while the values of Dco, and Dcuo 
were determined to be 9X cm2/s and 5 x 
lo-'' +2x lo-'' cm2/s, respectively. These values are the 
same order of magnitude as other diffusing species in solids; 
that is, 10-5-10-16 cm'/s (Jost, 1960). When these values 
were then placed back into the model (Eq. 24 multiplied by 
R2/k;), the right-hand side, Ypredicted was plotted vs. the left- 
hand side Yactual, and the results are shown in Figure 9. With 
the calculated diffusivities, it is evident that the predicted and 
actual portions of the model agree satisfactorily. Analysis of 
the data indicated that the reaction portion of the model was 
more prevalent in the initial stages of the reaction vs. the 
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Figure 8. Arrhenius plot for BaC0,:CuO system. 
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tures. 

latter stages as expected. Furthermore, by analyzing the 
residuals in Figure 9, the model underestimated the actual 
system at later times in the reaction. This may be explained 
by the fact that the reactions slowed down significantly as 
time progressed to a point where they appeared to stop, in 
which case the model would not apply. The same type of 
analysis was also done on the effects of CO, partial pressure 
and particle size. While CO, pressure did not have an effect 
on the residuals, there did appear to be an effect of BaCO, 
particle size. Specifically, it was found that the predicted val- 
ues underestimated the actual values when the small parti- 
cles were used and it overestimated the actual observations 
when the large particles were incorporated. Again, this is a 
consequence of the termination of the reaction when the 
product layer thickness reaches about 0.5 pm, independent 
of particle size. That is, the larger particles reach this thick- 
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ness very shortly (Figure 51, and thus a large fraction of the 
data points for the larger particles have little or no experi- 
mental change and give a false bias to the parity plot. The 
fact that the residuals for all the data scatter equally about 
the parity line and that kinetics obviously plays a role in the 
small particles (compare the conversion slopes at 25 min for 
the small and large particles in Figure 5) points to the neces- 
sity of considering both resistances in the model. 

A similar analysis was applied to the data obtained when 
Y203 and BaCO, were reacted at 1,213 K in various environ- 
ments of CO,. The conversion vs. time data for the system 
reacted in 0.10 kPa CO, are shown in Figure 10. Again, in- 
creasing the particle size from 6.2 to 33 p m  reduced the 
product yield at any given time by an amount similar to that 
observed in the BaC0,:CuO system. 

Although Eq. 25 shows 4 mol of CO, produced per mole 
of Y,Ba,O, produced, there was clear evidence in the XRD 
data that the reaction actually proceeds in two steps: 

BaCO,, + BaO + CO, (33) 

(34) 4Ba0 + Y,O, + Y,Ba,O, 

This is based on the fact that BaO XRD reflections were 
always observed at low CQ, pressures, and thus the presence 
of CO, in the gas phase served to lower the rate of Eq. 34, 
which appears to be the rate-limiting step. With this in mind, 
Eq. 24 can be used to analyze the BaCO,:Y,O, system by 
simply replacing Ccuo and Dcuo with Cy,o, and Dyzo3,  
respectively. When this was done, 1 -(1- a>'/" and 1 - 3(1- 
a ) v  + 2(1- a )  can be plotted vs. time, and straight lines 
should result if each respective constraint controls the reac- 
tion. Figure 11 shows an example of these manipulations on 
the data of the Y203 and BaCO, (14-pm particles) system in 
three different partial pressures of CO,, and it is evident that 
straight lines result. Note that nucleation is not a factor in 
this system. By observing Figure 11, it can be seen that CO, 
has a significant effect 011 the rate of the reaction during the 
initial stages of the reaction, but its effect on the diffusion- 
controlled portion is much less of a factor than it was in the 
BaC0,:CuO system (Figure 6b). As in the BaC0,:CuO sys- 
tem, it was found that the system was initially controlled by 
surface kinetics, followed by diffusion control of both CO, 
and Y203 at later times. The same exponential temperature 
dependencies were observed in this system, and the Arrhe- 
nius plot yielded 

k;,,, = 2.4 >: lo', exp (35) 

Finally, the diffusivities of CO, and Y203 were deter- 
mined to be 3 X lop6  f 6 X lo-, and 4.0 X lo-" * 1.6X lo-'' 
cm2/s, respectively. Note that the value of Dco, in the 
Y,O,:BaCO, system is approximately an order of magnitude 
greater than that in the BaC0,:CuO system, consistent with 
the reduced influence of CO, on the diffusion-controlled 
portion of the reaction (Figure llb). 

0 10 20 30 
TIME (mins) Conclusions 

Figure 10. Y,O,:BaCO, conversion (0.10 kPa CO, at From the preceding experiments, it can be concluded that 
Eq. 24 adequately describes the reactions of the BaC0,:CuO 1,213 K). 
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Figure 11. Evaluation of kinetic and diffusion limitations 
(Y,O,:BaCO,, 14 pm BaCO, at 1,123 K). 
(a) Reaction controlled. (b) Diffusion controlled. 

and Y,O,:BaCO, systems. The effects of changing the parti- 
cle size of BaCO, and the surrounding partial pressure of 
CO, were readily observed when the model was applied to 
the conversion vs. time data. In both cases, when the particle 
size of BaCO, as well as the partial pressure of CO, was 
increased, the rate of reaction decreased. Since neither the 
diffusion nor the reaction portions of the model were capable 
of fitting the data over the entire reaction time, both systems 
appeared to be controlled initially by the reaction until the 
product layer thickness became substantial, after which the 
diffusion of the migrating species became the controlling fac- 
tor. This is true in all three of the particle sizes studied; it is 
just that the cessation of reaction (at - 0.5 pm) occurs sooner 
in the large particles than in the smaller particles. It has also 
been shown that changing the concentration of both CO, and 
CuO had an effect on the rates throughout the reaction. It 
does not appear that either of these two species is more dom- 
inant and, since the data are adequately described by Eq. 24, 
it  is likely that both are equally important. 

In relating these findings to the processing of the 123 
HTSC, it becomes more understandable why the intermedi- 
ate BaCuO, is present while Y2Ba,07 is not: Y,Ba407 re- 

quires much more energy to form than the BaCuO,. Further- 
more, it has been shown that the rate of formation of both 
BaCuO, and Y2Ba40, is dependent on the diffusion of CO, 
away from the reaction front. As the reactions proceed, these 
localized CO, concentrations may indeed inhibit complete 
reactions that ultimately lead to other reactions, which form 
undesirable phases in the 123 final product. In summary, the 
reactions between BaCO, and the metallic oxides of CuO 
and Y,O, have been observed using DXRD and appear to 
follow the “shrinking core” behavior that is adequately mod- 
eled by Eq. 24 to give the dependence of the reaction rate on 
CO, pressure and the BaCO, particle size. 

Notation 
kBaCo, =proportionality constant, a B a C 0 , / 4 ~ r 2 ,  cm-, 

kBaCu02 =proportionality constant, a B a C u o 2 / 4 r r 2 ,  cm-* 
kcuO =proportionality constant, acuo/Ccuo, cm3/mol 

k’, =combined constant for BaCO,:Y,O, system, cm/min 
k’,,,, =combined constant for Y203:BaC03 system, cm/min 

K,, = equilibrium constant, kPa 
N, =moles of species i, mol 

r =instantaneous radius of particle, cm 
R =initial radius of particle, cm 

tcuo =time necessary for the reaction when mass transport of 

tCo2 =time necessary for the reaction when mass transport of 
CuO dominates, min 

CO, dominates, min 
pBaCO, =molar density of BaC03, mol/cm3 
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