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Two reversible reactions are involved in YBa,Cu306 + , formation: a reaction be- 
tween BaCO,, and CuO forming BaCuO, and CO,, and a reaction of BaCuO, with 
Y,03 and CuO forming YBa,Cu306 which undergoes phase transformation to 
YBa,Cu306 , upon cooling. In-situ isothermal time resolved HT-XRD of a thin film 
was used to quantib the effect of CO, on the kinetics of the first reaction. Increased 
CO, partial pressure shifts the reactions to higher temperatures. At high CO, partial 
pressure ( >2 vol. %), the rate of the first reaction becomes essentially a step process 
with a very high activation eneqy. Noninstantaneous nucleation of the reaction prod- 
ucts occurs at low CO, partialpressure (0.5-1%) and temperatures (700°C). The data 
fit a 2-0 difision-controlled mechanism with a zero nucleation rate for BaCO, de- 
composition and a second-order nucleation rate for YBa,Cu,06 formation. A compar- 
ison of the kinetics of a thin film (10 pm)  as determined by HT-XRD with those of a 
thick sample (2 mm) determined by TG revealed that the transport of CO, within the 
sample pores and to the ambient gas sign$cantly affect the decomposition of BaC0,. 
For example, the formation of YBa,Cu306 in a thick precursor layer occurs in the 840 
to 940°C range, exceeding by about 200°C that in which it is formed in thin films. 

Introduction 
Solid-state reactions are involved in the synthesis of many 

important products such as metallurgical solutions, ceramics, 
cements, catalysts, fertilizers, drugs, and organic pigments. 
Knowledge of the kinetics of these reactions is essential for 
understanding their mechanism, improving product proper- 
ties and purity, and reactor design and scale-up. Solid-state 
kinetic data are conventionally measured either by thermo- 
gravimetry (TG), differential thermal analysis (DTA), differ- 
ential scanning calorimetry (DSC) or by the “quench and an- 
alyze” XRD technique in which separate samples are heated 
in a furnace in a specified sequence, and then quenched and 
analyzed by X-ray diffraction. High-temperature X-ray 
diffraction (HT-XRD) provides in-situ qualitative and quanti- 
tative information on the identity and quantity of all the crys- 
talline chemical components and solid phases in the sample. 
In general, HT-XRD provides a more detailed and accurate 
description of solid-phase reactions. For example, Gerard‘s 
(1974) study of tungsten oxide reduction in hydrogen using 
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TG suggested an apparent single-stage reduction. However, 
HT-XRD measurements revealed a considerably more com- 
plex reaction network involving three intermediates. Fawcett 
et al.3 (1985) HT-XRD study of the fusion of polyethylene 
showed that the process is much more intricate than that sug- 
gested by DSC measurements. The main obstacle in the past 
in the use of HT-XRD in kinetic studies was the requirement 
of fast data acquisition. This obstacle has been overcome by 
the advent of fast detection systems such as position sensitive 
detectors (Gabriel, 1977). Thus, the use of HT-XRD in kinet- 
ics studies of solid-state reactions is increasing (Nix et al., 
1987; Thomson et al., 1988; Walker et al., 1989; Forster et 
al., 1994). 

Several investigators have studied the rate of formation of 
YBa,Cu,O,+, high temperature superconductors. The con- 
ventional kinetic investigations of YBa,Cu,O,+, formation 
from mixed oxides were performed by Ruckenstein et al. 
(1989), Gadalla and Hegg (19891, Wu et al. (19901, and Sinha 
et al. (1993) using TG and the “quench and analyze” XRD. 
HT-XRD investigations of the reaction pathways and kinetics 
of YBa,CU&+, formation from a spray roasted precursor 
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of BaCO,, Y203 and CuO were performed by Thomson et 
al. (19891, Shie and Thomson (19921, Formica et al. (1992), 
Forster et al. (19921, and Milonopoulou et al. (1994). These 
investigations were conducted either in inert or in oxidizing 
atmospheres. These studies show that two main reactions 
are involved in YBa,Cu,O,+, formation in oxidizing 
atmospheres 

and 

4BaCuOy,, +2CuO,,, +Y,O,,,, 0 2YBa2Cu,0,(,, +0.50,,,,. 

Poeppel et al. (1990) and Balachandran et al. (1991) found 
that vacuum processing of a mixed oxide precursor under 
controlled total oxygen pressure resulted in YBa,Cu,O,+, 
formation at 800"C, while at atmospheric pressure, the same 
reaction occurred at temperatures exceeding 800°C. Grader 
et al. (1989) found that vacuum processing of finely ground 
mixed-oxide precursor caused the first reaction to be almost 
complete at 550-60O0C, while in air the reaction occurred at 
temperatures higher by more than 150°C. These results indi- 
cate that CO, removal by the vacuum accelerates the reac- 
tion. Sundaresan (1992) studied YBa,Cu,O,+, formation 
from a spray roasted precursor containing BaCO,, Y203, and 
CuO. He showed that in thick samples 123 phase formed first 
in the exterior layer of the sample in both N, and 0, envi- 
ronments. Subsequently, the product front propagated into 
the specimen. His study indicates that the rate of CO, re- 
moval from the interior of the sample significantly affects the 
progress of the reaction. 

We report here a study on the influence of CO, concentra- 
tion in air on the intrinsic kinetics of the BaCO, reaction 
with CuO and YBa,Cu,O, formation in thin sprayed sam- 
ples by in-situ time resolved HT-XRD. These measurements 
are compared with the kinetics of thick samples, deter- 
mined by isothermal TG experiments. The comparison and 
data about the influence of sample size and gas velocity pro- 
vide useful information on the impact on the inter- and 
intrasample diffusional limitations of the evolved carbon 
dioxide on the observed reaction rate. 

Experimental System 
In-situ HT-XRD measurements were conducted using a 

Siemens D-5000 diffractometer in a vertical 8/2 8 configura- 
tion, which are equipped with a Buhler HDK 2.3 high tem- 
perature (hot) stage and a Braun position sensitive detector 
(PSD). Radiation from a fine focus 1.5 kW sealed-tube source 
with a Cu anode was focused by a Ge [ l l l ]  incident beam 
monochromator yielding K a ,  radiation. The PSD was con- 
figured to collect intensities over 5.26" 28 at a rate which is 
two orders of magnitude faster than a scintillation detector. 
The intensities collected by the PSD were sorted bY angle 
into a multichannel analyzer (MCA) and were later trans- 
ferred to a host Micro VAx 11 Computer. 

The powder samples were sprayed onto a gold plated 90% 
platinum/lO% rhodium strip [0.009 in. (0.23 mm) thick], which 
had been electroplated with a 0.5-pm-thick gold layer on the 
central 1.0-1.5 cm part of the strip (Dixie Electro Plating 
Inc.) to prevent the formation of barium-platinum-oxides at 
high temperatures. The sample strip was surrounded by a 
nearly cylindrical platinum/rhodium heater, roughly 30 mm 
in diameter, from which the upper 30" arc is removed to al- 
low passage of the X-ray beam, while minimizing any thermal 
gradients near the sample. The sample temperature was 
monitored by an S-type thermocouple (Pt-Pt 10% Rh), spot- 
welded to the underside of the heating strip. 

The thermogravimetric experiments were carried out in a 
Seiko simultaneous thermogravimetric differential thermal 
analyzer model TG/DTA320. The sample and reference ma- 
terials were placed in SOpL, Platinum crucibles, mounted on 
Platinum/Rhodium sample holders in the front side of the 
two balances beams. 

The powder used in this study was Y B ~ , C U , O ~ + ~  spray 
roasted precursor containing BaCO,, Y203, and CuO manu- 
factured by Seattle Specialty Ceramics, Inc. (SSC). The solid 
and particle densities are 4.2 and 2.9 g/cm3, respectively. De- 
tailed characterizations of these powders were reported by 
Shelukar (1993) and Shelukar et al. (1994). ICP measure- 
ments showed that the precursor powder contained BaCO,, 
CuO and Y203 in the proper stoichiometric ratio to form 
123. Thus, the initial mass fraction of BaCO, in the precur- 
sor powder is 0.53. 

Experimental Procedure and Data Analysis 
In-situ time-resolved HT-XRD 

Standard X-ray powder diffraction analysis is done on sam- 
ples sufficiently thick to either diffract or absorb the entire 
incident beam. Use of thin samples is preferred in high tem- 
perature X-ray diffraction (HT-XRD) kinetic studies to mini- 
mize the thermal gradients in the heated sample. Uniform, 
thin coatings of precursor powder on the heating strip were 
prepared by spraying a solution of suspended precursor in 
absolute ethanol with an artist's airbrush, and allowing the 
ethanol to evaporate. The effective sample thickness was de- 
termined prior to each high temperature scan by a procedure 
described by Forster et al. (1994). The sample temperature 
was calibrated using the thermal expansion of MgO following 
the procedure reported by Forster et al. (1994). 

Prior to all high temperature experiments, the hot stage 
was flushed with the desired gases (N,, 0,, CO,) for at least 
3 h. Next, a preliminary continuous scan of angular range 
20" < 2 8 < 50", 0.02" resolution and a scan velocity of O.S"/rnin 
was used to check sample purity and to measure sample 
thickness. Each high temperature experiment started with a 
60 s fixed scan, 0.05" resolution at 30°C. In the experiments 
which followed the BaCO, decomposition, the intensities of 
the [ l l l ]  and [021] reflections were followed in the 22.5" to 
27.5" 28 range. 

The time dependence of the BaCO, mass fraction was de- 
termined from the ratio of the integrated intensity (peak ar- 
eas) of the [111] and [021] reflections at time t and time = 0. 
CO, evolution by the decomposition reaction (Eq. 1) leads to 
a 12.9% sample weight loss upon Complete conversion. The 
weight fraction at time t ,  w ( t )  is computed by the relation 
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(3) 

Any absorption corrections that may apply in this case es- 
sentially cancel, as the angular separation between the two 
reflections is small and the sample is very thin. The Rietveld 
refinement showed that there was no preferred orientation. 

After heating at l.S°C/s to 100°C and holding for 5 min, 
the sample was heated to the desired temperature at the rate 
of 10°C/s. Up to 60 multiple high temperature fixed scans (60 
s long, 0.05" resolution) were performed at the set tempera- 
ture. The opening and closing of the X-ray tube shutter re- 
sulted in a 2 s delay between scans. Following this, the sam- 
ple was quenched at 20"C/s, and a final 60 s fixed scan was 
taken at 30°C. High temperature isothermal experiments fol- 
lowing the 123 peaks were performed in the 28.5" to 33.5" 20 
range. This angular range includes the following reflections: 
the [lo31 and [110] of YBa,Cu,O,; the [600] and [611] of 
BaCuO, and the [211], [204], and [013] and Y,Cu,O,. After 
heating at 1.5"C/s to 100°C and holding for 5 min, the sample 
was heated to the desired temperature at 10°C/s and up to 
50 multiple high temperature fixed scans (60 s long, 0.05" res- 
olution) were performed. The first 30 successive fixed scans 
were taken with only a 2 s delay between scans to capture the 
initial stages of the reaction. The remaining scans were taken 
every 3 min. The sample was then quenched at 20"C/s and a 
final 60 s fixed scan was taken at 30°C. At the conclusion of 
the in-situ experiment, a continuous slow scan of the angular 
range 20" < 2 0 < 70" at 0.02" resolution was taken with a scan 
velocity of 03"/min for the BaCO, experiments and 0.2"/min 
for the YBa,Cu,O, experiments. The final room tempera- 
ture scan in the experiments was used for quantitative analy- 
sis of the reaction products. The final mass fraction was cal- 
culated by a Rietveld refinement of the room temperature 
scan using the General Structural Analysis System (GSAS) 
developed at Los Alamos. 

The time dependence of the YBa,Cu,O,+, mass fraction 
was determined from the ratio of the integrated intensity of 
the [lo31 and [I101 reflections at time I, and t = ff where ff 
corresponds to the final (room temperature) scan following 
the procedure described by Forster et al. (1994). Preliminary 
experiments showed that all the BaCO, has decomposed 
when the conversion to 123 exceeds 70%. The total weight 
loss associated with the reaction is about 12.9%. Approximat- 
ing this weight loss to be linear with w(t ) /w( t f ) ,  the mass 
fraction of 123 at time satisfies the relation 

The film thickness was determined by comparing the inte- 
grated intensities of the [111] and [021] of BaCO, with those 
of an infinitely thick sample. Reproducible results were ob- 
tained from films having pt in the range of (0.06-0.08), where 
p is the linear absorption coefficient ( - lo3  cm-'1. This 

yields an effective thickness t of about 0.6-0.8 pm. The ef- 
fective thickness was just an indication that the counting 
statistics were adequate and that the thermal gradients across 
the sample were minimal. Measurements under these condi- 
tions yielded reproducible results. Inspection of the film by a 
microprobe showed that it was essentially a single particle 
layer with a thickness less than 10 pm. 

Zsothermul TG kinetic study 
TG experiments were usually conducted with 20 mg sam- 

ples, which were purged with the gas mixture at flow rates of 
500 cmymin for 2 h. The samples were then heated rapidly 
(5-6 min) to a set temperature and their weight was mea- 
sured and recorded every second for 40 min to 4 h, depend- 
ing on the rate of the weight loss. At the end of the experi- 
ment, the sample was cooled to room temperature at the rate 
of 40"C/min. Sample masses were 20 mg, with the exception 
of the experiments, to check the impact of sample size and 
gas velocity. AlZO, was used as the reference material. A 
special set of experiments was conducted to determine the 
impact of the sample size and gas-flow rate. When the pow- 
der weight was less than 20 mg, the sample was placed on top 
of a N , 0 3  bed so that the total weight of the powder and 
N2O3 was 20 mg. 

The raw TG weight loss data was corrected for base line 
loss that occurs before the reaction starts due to several ef- 
fects such as: drift of the balance reading at high tempera- 
ture, desorption of water, and so on. The correction was done 
by subtracting the weight loss obtained in the case of no reac- 
tion (that is, at sufficiently high CO, concentration) from that 
obtained at lower CO, concentration and the same tempera- 
ture. Final conversions were calculated by dividing the over- 
all weight loss percent of the corrected data by the maximum 
possible weight loss of 12.9%. 

The TG temperature was calibrated by heating K,CrO, at 
5"C/min and comparing the temperature at which the en- 
dothermic peak of the a-to-p phase-transformation occurred 
to reported values (Garn and Menis, 1971). The weight loss 
was calibrated by heating of calcium oxalate CaC,O,- H,O 
at temperatures from 20-1,OOO"C at the rate of 40"C/min and 
comparing the weight loss to reported values (Seiko Opera- 
tion Manual, 1989). 

Experimental Results 
XRD studies of thin films 

The BaCO, decomposition reaction in thin films (10 pm) 
of YBa,Cu,O, precursor powder was studied in air mixtures 
containing 0.5, 1 and 2% carbon dioxide at several tempera- 
tures in the range of 645 to 765°C. Figure l a  describes a typi- 
cal time dependence of the X-ray diffraction patterns. Rais- 
ing the temperature increases the decomposition rate, while 
increasing the carbon dioxide concentration shifts the reac- 
tion to higher temperatures (Figure 2) and decreases the 
range of temperatures over which the reaction rate changes 
from negligible to essentially instantaneous within the experi- 
mental resolution of 60 s. For example, the range of tempera- 
tures corresponding to carbon dioxide concentrations of 0.5, 
1.0, and 2.0 vol. % are 65, 55 and 35"C, respectively. An in- 
duction period of 25 to 15 min exists at a temperature range 
between 645 and 655°C for a mixture of 0.5 vol. % CO,. A 
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33.5 

Figure 1. Multiple high-temperature scans of iso- 
thermal experiments following the BaCO, 
11111 and 10211 peaks (705"C,a) and the 
YBa,Cu,O, 11031 and 11101 peaks (715"C, b) 
in air containing 1 vol. % CO,. 

0.6 1 I 

E A A  
AAA spa 

a. O.5%v.CO2 
% 0.1 - "E 

710°C 
I I I 

I I I c. 2%V.CO2 
I I I 
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t [min] 

Figure 2. Kinetics of BaCO, decomposition in air con- 
taining (a) 0.5 vol. %; (b) 1 vol. %; and (c) 2 
vol. % co,. 

four minute induction period exists at 685°C for a mixture 
containing 1 vol. % CO,. An induction period was not ob- 
served for any experiment conducted at a temperature ex- 
ceeding 685°C. Increasing the CO, concentration reduced the 
temperature range in which an induction was observed. 

The YBa,Cu,06 formation kinetics was studied for mix- 
tures containing 0.5, 1, and 2 vol. % CO, in air at several 
temperatures in the range of 680 to 755°C. A typical time 
dependence of the X-ray patterns in the range of 28.5-33.5" 
2 0  (Figure lb) shows a gradual increase in the intensity of 
the tetragonal YBa,Cu,O, [lo31 and [110] peaks, and the ap- 
pearances of traces of Y,Cu,O, and BaCuO, peaks. As in 
the BaCO, decomposition, raising the temperature increases 
the reaction rate, while increasing the carbon dioxide concen- 
tration requires use of higher temperatures to maintain the 
same yield of the desired product (Figure 3). In all the exper- 
iments, the final yield of YBa,Cu,06 exceeded 73%. Re- 
peated experiments for YBa,Cu,O, production led to less 

1 
720°C 1 

a. O.5%v.CO2 

1 

0.8 

0.6 

I 0.4 

b I 
0.2 

c. 2%V.C0, 
0 I I I I I I 
0 10 20 30 40 50 60 

t [min] 
Figure 3. Kinetics of YBa,Cu,O, formation in air con- 

taining (a) 0.5 vol. %; (b) 1 vol. %; and (c) 2 
vol. % CO, partial pressure in air. 
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Table 1. Values of the Kinetic Parameters Used in Eqs. 1 and 2 

BaCO, Decomposition Y Ba Cu 0, -I Formation 
CO?, vol. c; T (K) k, (min-I) n k, (min-'1 T (K) k, (min-') k4 we 

0.5 655°C 0.006 1.27 0.018 680°C 0.69 1.00 0.76 
0.5 685°C 0.046 0.92 0.035 700°C 2.19 1.05 0.77 
0.5 700°C 0.221 0.69 0.108 720°C 4.28 1.16 0.80 
1% 685°C 0.042 0.78 0.019 695°C 1.41 0.87 0.73 
1% 705°C 0.106 0.82 0.064 715°C 3.16 0.90 0.83 
1% 715°C 0.159 0.79 0.096 735°C 10.49 0.94 0.95 
2% 745°C 0.014 0.87 0.008 735°C 1.63 1.01 0.89 
2% 750°C 0.060 0.55 0.011 745°C 1.69 1.64 0.87 
2% 755°C 0.155 0.55 0.034 755°C 3.45 2.20 0.95 

than 2% variation. The main experimental error is due to the 
uncertainty in the value of the sample temperature, which 
was determined from high temperature calibrations with 
MgO. On the same strip and film, up to *l"C differences 
may exist between two identical experiments. However, using 
different strips and films may increase this uncertainty to 
f 5°C. 

The rate of the BaCO, decomposition fits very well a dif- 
fusion controlled nucleation and growth mechanism of the 
form (Hulbert, 1969) 

where w and wo are the instantaneous and initial weight of 
the reactant, and to is the induction time. Except for three 

I a. 1%~.  CO. I 

. 705°C 

0.0 ' , I I I 
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Figure 4. Nucleation and growth mechanism (Eq.5) 
used to fit data of BaCO, decomposition in air 
containing 1 vol. % CO, partial pressure in air. 
(a) With least-squares fit of n ( = 0.78, 0.82 and 0.79 for 685, 
705 and 715"C, respectively); (b) with n = 1. 

experiments (0.5 vol. % CO, at 645 and 655"C, and 1 vol. % 
CO, at 685"C), the data fit closely a model with a zero induc- 
tion time. The values of n and k (reported as k , )  which give 
the best fit are listed in Table 1. The value of n varies be- 
tween 0.55 to 1.23 suggesting, according to Hulbert (19691, a 
one-dimensional diffusion controlled growth geometry (rods 
of the BaCuO, product) with a decreasing nucleation rate. 
Figure 4a describes the fit of the data at 1 vol. O/b CO, and 
various temperatures. The best fit of n for the temperatures 
of 685, 705 and 715°C were 0.78, 0.82, and 0.79, respectively. 
The data for most experiments could be fit adequately by 
assuming that R = 1, which corresponds to a two-dimensional 
diffusion controlled growth (plates) of the product with a 
zero-nucleation rate (that is, all nucleation sites are present 
initially). The data fit using n = 1 is shown in Figure 4b. 
Comparison of Figures 4a and 4b shows that imposing the 
value of n = 1 has only a minor impact on the quality of the 
fit. The corresponding rate constants are reported as k ,  in 
Table 1. The fit with R = 1 was not as good ( R  = 0.83) at 
750°C and 755°C with 2 vol. % CO,, that is, at the highest 
temperatures and CO, concentration. The poor fit under 
these conditions may be due to a change in the dimensional- 
ity of the product as the operating conditions are changed. A 
much better fit of these data ( R  > 0.96) is obtained for n = 
0.55. 

The rate constants k,  fit an Arrhenius temperature depen- 
dence. The corresponding pre-exponential factors and acti- 
vation energies are listed in Table 2. The activation energies 
(range of 280-1,230 kJ/mol) are much higher than those of 
common chemical reactions. The drastic increase in the acti- 
vation energies with CO, partial pressure is responsible for 
the shrinking of the temperature range over which the reac- 
tion rate changes from negligible to almost instantaneous. 

Milonopoulou et al. (1994) have shown that the rate of 
YBa,Cu,O, formation in air can be fit well by a two-dimen- 
sional diffusion-controlled nucleation and growth mechanism 
(plate geometry) with a second-order nucleation rate, that is 

Table 2. Values of the Preexponential Factor and Activation 
Energies of k,, k, and k, 

vol. % (min-I) (kJ/mol) (min-'1 (kJ/mol) log k, (k./mol) 
0.5% 15 280 20 360 1.5 30 
1% 20 430 20 410 0.75 15 
2% 60 1,230 15 320 15 330 

'OZ log kOZ Ek2 log k03 Ek3 Ek4 
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Figure 5. Nucleation and growth mechanism (Eq. 6) 

used to fit data of YBa,Cu,O, formation 
curves in air containing 1% CO,. 

I--=exp( W = ) / ( 1 + k 3 t f 4  k3k4t 
we 

(6) 

where w and we are the instantaneous and final YBa,Cu,O, 
mass fractions. Figure 5 shows that this expression fits all the 
data well with k ,  and k ,  values depending on carbon dioxide 
concentration. The parameters giving the best fit are re- 
ported in Table 1. The kinetic parameters fit closely ( R >  
0.93) an Arrhenius temperature dependence. The corre- 
sponding values of the preexponential factors and activation 
energies are listed in Table 2. For the experiments at low 
carbon dioxide concentration (0.5 vol. %), the temperature 
impact is not consistent due to experimental scatter. While 
k,, and its activation energies are rather insensitive to 
changes in the CO, concentration, k,, and E, are very sensi- 
tive to changes in the CO, concentration. 

Isothermal thenno-gradmetric experiments 
Isothermal TG weight loss measurements were conducted 

to study the impact of operating conditions, sample size and 
fluid velocity on the rate of reaction 1 during the synthesis of 
YBa,Cu,O, from a precursor powder in the presence of dif- 
ferent carbon dioxide concentrations in air. Most experi- 
ments were conducted using 20 mg samples, which com- 
pletely filled the 2 mm high sample holders. The total gas-flow 
rate was 500 cmymin. This leads to a superficial gas velocity 
of 10 cm/s in the 3 cmz cross section of the TG. 

The dependence of the weight loss due to the BaCO, de- 
composition at various CO, concentrations and the four dif- 
ferent temperatures is shown in Figure 6. An initial weight 
loss of slightly more than 2%, which is independent of the 
carbon dioxide concentration is associated with the heating 
of the sample to the set temperature. The results indicate 

t [min] t [min] 

0.1% 

10 20 30 40 50 60 
-m0 8 * ' 

t [min] 

Figure 6. Effect of CO, partial pressure in air on the TG 
weight-loss at four temperatures. 

that high CO, partial pressures and low temperatures de- 
crease the reaction rate and lower the final conversions of 
reaction 1. At 940°C, it takes 5 to 15 rnin to complete the 
reaction with increased CO, partial pressure, excluding 3% 
CO, at which the reaction is not completed even after 40 
min. The reaction is completed after 15 to 40 min at 900°C, 
50 to 100 min at 870"C, and 60 min to more than 4 h at 
840°C. With 0.5% CO, it takes more than 40 min to com- 
plete the reaction at 870°C, 20 rnin at 900°C, and the reaction 
rate is almost instantaneous at 940°C. The experiments show 
that for each temperature a critical CO, concentration exists 
above which the rate of the weight loss is negligible. This 
critical CO, concentration increases with increasing tempera- 
ture being 0.5 vol. % at 840°C and 4 vol. % at 940°C. The 
decomposition of these thick samples occurred at much higher 
temperatures (about 200°C) than those of the thin samples 
used in the XRD experiments. 

The actual rate of the BaCO, decomposition and the final 
conversion were determined by subtracting the weight loss 
obtained for the critical CO, concentration from that ob- 
tained at lower CO, concentrations. Figure 7 describes the 
dependence of both the initial weight loss rate and the final 
conversion on the decomposition temperature and CO, con- 
centrations. While the initial rate decreases smoothly with in- 
creasing CO, concentration, the final conversion drops 
rapidly as the CO, concentration exceeds some critical value, 
which increases with increasing temperature. This rapid con- 
version decrease is more pronounced at high temperatures. 

Measurements of the weight loss at 760°C and different 
pure air flow rates reveal a decrease in the weight loss rate 
with decreasing air velocity (Figure 8a). In still air practically 
no weight loss due to BaCO, decomposition is observed. With 
a flow rate of 50 cm3/min, the decomposition is slow (over 60 
min) and not complete. With 250 to 500 Cm3/min most of the 
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Figure 7. Effect of CO, partial pressure in air on the (a) 

final conversions; and (b) initial rates of the 
TG experiments. 

sample decomposes in less than 30 min. The experiments in- 
dicate that the carbon dioxide which evolves during the de- 
composition has a strong influence on the weight loss rate 
and can strongly inhibit the reaction rate if not removed by 
the flowing air from the system. The initial weight loss ex- 
hibits a linear dependence on the square root of the flow rate 
(Figure 8b). The laminar mass-transfer coefficient from a flat 
plate is proportional to the square of the Reynolds number. 
Thus, the square root dependence on the flow rate suggests 
that the rate of mass transfer from the sample to the flowing 
air has a strong impact on the observed rate and is a limiting 
step in the rate of YBa,Cu,O, synthesis. This mass-transfer 
coefficient is influenced by the shape and location of the 
sample holder in the furnace, the furnace dimension, and the 
location of the gas inlet and outlet. It is essential to account 
for the impact of the external transport-limitations in any at- 
tempt to determine the kinetics of the reaction or in the 
scale-up of the YBa,Cu,O, synthesis process. 

Experiments using different amounts of precursor powder 
in the sample holder were carried out. Figure 9a shows the 
results at a temperature of 760°C and a flow rate of 500 
cmymin. The experiments reveal that an increase in the sam- 
ple weight, that is, height in the sample holder, decreases the 
reaction rate due to the evolved CO, in the sample voidage 
and pores. With 20 mg, it takes over 60 min for most of the 
decomposition to occur, with 10 mg it takes about 30 min, 
and less than 20 min with 5 mg. The initial rate depends 
linearly on the inverse mass, that is, the sample thickness 
(Figure 9b). The experiments indicate that removal of the 
evolved CO, from the sample limits the rate of YBa,Cu,O,-, 
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formation in thick samples. The observed reaction rate de- 
pends, in general, on the sample size, voidage, size distribu- 
tion, and porosity of the precursor powder and the mass 
transfer to the ambient gas. 

Discussion and Conclusions 
The HT-XRD experiments show that increased CO, par- 

tial pressure shifts the BaCO, decomposition reaction (lead- 
ing to YBa,Cu,O,-, formation) to higher temperatures and 
decreases the temperature range in which the reaction rate 
can be measured (with the time resolution of this instrument). 
At high ( > 2%) CO, partial pressures, the reaction becomes 
essentially instantaneous with very high activation energy. 
Noninstantaneous nucleation of the reaction products delays 
the initiation of the reaction at low CO, partial pressures 
(0.5-1 vol. %) and temperatures (70OOC). 

In a thick sample (2 mm), the reactions occur in the 840 to 
940°C range, which is about 200°C higher than that in a thin 
film (1 pm). In most HT-XRD experiments, the BaCO, de- 
composition was completed in less than 60 min, while in the 
TG experiments a high conversion was obtained only after 
several hours. The experiments showed that the rate of CO, 
diffusion within the sample pores and its transport to the am- 
bient gas limited the rate of BaCO, decomposition in thick 
samples. The effectiveness factor and hence the observed re- 
action rate of a diffusion-limited catalytic or gas-liquid reac- 
tion is, in general, inversely proportional to the thickness of 
the sample. This strongly suggests that the linear dependence 
(weight loss) of the initial rate on l/m (Figure 9b) is due to 
the interaction between the diffusion of the evolved CO, and 
the local reaction rate. We are currently attempting to deter- 
mine the dependence of the intrinsic reaction rate on the 
local CO, concentration to enable development of models 
predicting the impact of the sample thickness on the reaction 
rate. The common practice of estimating the reaction rate 
from TG experiments may lead to severe pitfalls in the de- 
sign of large-scale reactors, unless the samples are similar to 
the pellets used in the kiln. 

Shelukar et al. (1994) calcined the same precursor powder 
we used in a continuous rotary kiln using a countercurrent 
gas-solid flow to enhance the CO, removal with solid and 
gas-flow rates of 10 to 40 g/h and 4 L/min, respectively. When 
the average solid residence time in the kiln was about 80 min 
(with 2.5% maximum CO, partial pressure in the gas phase), 
a nearly pure product was obtained. The solids spent about 
25% of the residence time in the reaction zone, which was 
kept at a constant at 940°C. As a rough estimate then, forma- 
tion within the kiln was complete in about 20 min, in agree- 
ment with the data presented here (Figure 6d). This suggests 
that while TG experiments produce strongly disguised kinet- 
ics that are quite different from the HT-XRD results, they 
are useful in explaining the range of temperatures and corre- 
sponding residence times for continuous rotary kiln calcina- 
tion of YBa,Cu,O,-,. 

Our current understanding and ability to predict the rate 
of solid-solid reactions is very inferior to that of gaseous or 
liquid reactions. The combined use of HT-XRD and TG ex- 
periments provide a way of determining both the intrinsic ki- 
netics and the impact of the transport limitations. This infor- 
mation is of both scientific interest and of Practical in 

the design of large-scale processes for synthesis of advanced 
ceramic materials. 
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