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RATE CONTROLLING FACTORS IN THE CARBOTHERMIC PREPARATION
OF U0,-UC,~C MICROSPHERES

D. P. Stinton, S. M. Tiegs, W, J. Lackey,
and T. B. Lindemer”

ABSTRACT

Rate controlling factors in the conversion of U0, + C
microspheres to UCy + C were investigated using a 13-cm-diam
fluidized bed furnace. X-ray diffraction, ion microprobe, and
microstructural examination revealed that the conversion of U0,
to UCy, began at the surface of the microsphere and progressed
toward the central unreacted core. Kinetic models for solid
state reactions in spheres were evaluated by using quantitative
mass spectrometric data on the rate of evolution of carbon
monoxide during conversion. This analysis revealed that the
rate of conversion was controlled by reaction at the outer
surface of the microsphere. Also, decreased partial pressures
of carbon monoxide were found to accelerate the rate of reaction.

INTRODUCTION

The fissile fuel for High-Temperature Gas-Cooled Reactors is composed
of uranium-bearing microspheres about 360 um in diameter.! These micro-
spheres or kernels are fabricated from uranium-loaded ion-exchange
resin.?»3 Ton-exchange resins are utilized because of the ease of their
fabrication in a remote system, the superior irradiation performance of
such fuel, and the great versatility in the control of chemical and
physical properties of the microspheres. A controlled heating to about
800°C in the absence of oxygen thermally decomposes the resin, removes
all water, and leaves a very porous carbon matrix that contains finely
dispersed UO,. The kernels are then heated to 1500-1800°C in the absence
of oxygen to carbothermically reduce the U0, according to the following

overall reaction:

U0, + 4C - UCp + 2CO .

*
Chemical Technology Division.



This reaction is not carried to completion because an overall composition
of 65% U0, and 35% UC, plus a large excess of carbon is thought to give

optimum irradiation performance.L+

The relative proportions of UO, and
UC, are determined by the conversion temperature, gas flow rate, fluidi-
zing gas environment, charge size, and the reaction time.”>% Since
reaction mechanisms are not well understood, the extent of reaction is
guided by past experience in that conditions that gave a certain percent
conversion before are assumed to give the same percent conversion if
repeated.

FEarlier work assumed that the reaction of U0y with carbon occurred
evenly throughout the microsphere since the U0, is finely dispersed in
a very porous carbon matrix (Fig. 1). However, during a study to
determine particle-~to-particle variation in percent conversion, it was
learned that the reaction does not proceed uniformly throughout the
microsphere but begins at the outer surface and progresses toward the

center (Fig. 1). This observation stimulated work to better understand

the process and to determine the rate-controlling mechanisms.
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Fig. 1. Schematic showing the progression of the reaction of U0
to UCy; by both the prior and the proposed models.



PROCEDURE

The furnace used for the conversion of UO, to UCy; was a 13-cm-diam

fluidized-bed furnace.’

The furnace is heated by a graphite electrical
resistance heating element capable of reaching 1800°C. Normally, 500-g
batches of particles are fluidized by argon passing through a porous
plate gas distributor® throughout the conversion process. During this
experiment, both charge size and flow rate of argon were varied system-
atically for a total of nine runs (Fig. 2). Prior experience consisted
of several hundred similar runs.

Four techniques were used to study the kinetics of the reaction
between UO, and carbon. The first method was analysis of the gases
liberated throughout the conversion process by use of an on-line time-
of-flight mass spectrometer. Since the reaction, U0, + 4C - UC, + 2CO,
yields carbon monoxide as a product, the extent of the reaction can be
easily followed by monitoring the carbon monoxide evolved. The products
and reactants (U0, and UC,) were studied by examining the x-ray diffrac-
tion patterns of the particles. Examination of the microstructures of
the particles and an ion microprobe analysis also helped to define the

rate-controliling mechanisms of the reaction.
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Fig. 2. Experimental plan used to determine the effect of charge
size and argon flow rate on the reaction rate of U0,.



RESULTS AND DISCUSSION
Mass Spectrometry

The reaction mechanisms were examined in detail with the aid of a
time-of-flight mass spectrometer. The mass spectrometer was used to
monitor the effluents from seven of the nine conversion runs. These
runs were all performed at about 1700°C with varying charge sizes and
varying flow rates of argon as previously described. The samples were
heated from room temperature to 1700°C in about 30 min and held at this
temperature for 26 min. The major effluent shown by the mass spectrometer
was carbon monoxide with a typical rate of evolution, as shown in Fig. 3.
At about 1050°C, there was a small unexpected release of CO. Because

the temperature was too low for the reaction of UO, and carbon, the CO
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Fig. 3. Typical plot showing the evolution of carbon monoxide
during a conversion run.



was suspected to be from the reduction of hyperstoichiometric UO,. As
the temperature increased further, more CO was evolved until the reaction
temperature was reached. During the 26 min at 1700°C, the rate of CO
evolution gradually decreased. When nearly all the U0, had reacted, the
evolution of CO decreased sharply. 1In some runs the temperature was
reduced before the reaction went to completion. In these cases, the CO
evolution decreased rapidly as the temperature was decreased. From the
carbon monoxide releases~vs—time plot and the final percent conversion,
as determined by subsequent oxygen analyses, the percent conversion at
any given time could be calculated. The oxygen analyses were performed
by reacting the oxygen with carbon and monitoring the products for

carbon monoxide by infrared detection. The oxygen contents were verified
by the difference from the carbon and uranium determinations. The
accuracy of the oxygen analysis has been established as 0.5%.

Models for solid state reactions in spheres are given in the
literature.?~!"% These models apply when a product layer lies symmetrically
over the reactant core. The reactants and products were spherically
symmetrical in this study, as shown by metallography, x-ray diffraction,
and the ion microprobe examinations to be discussed later. Results from
a recent study15 of the uranium loss from coated resin particles confirmed
that the reaction had proceeded from the outside of the kernel toward
the inside. The models can be divided into three categories, depending
on the controlling factors for the rate of reaction. The controlling
factors are: (1) diffusion of a species through the product layer, (2)
reaction at the inner product-reactant interface, and (3) reaction at
the outer surface of the sphere.

The reaction is diffusion controlled if the limiting factor®~11l

is the removal of oxygen from the oxide core through the product layer

by solid state diffusion. A model® for diffusion control is

3 - (%)2 (1-3,) = %ereet s )

where r is the average radius of the inner core of U0, at a given time

and ry is the radius at time zero. The ratio r/rg was determined at



various times from geometric considerations since the percent conversion
at any given time could be calculated from a plot of carbon monoxide
flow rate vs time (Fig. 3) and the final percent conversion which was
analytically determined. The proportionality constant is KD and has
units of cm?/s. Since KD and ¥y are constant, the left side of Eq. (1)
must be equal to some constant multiplied by time if the reaction is
diffusion controlled. The left side of Eg. (1) was plotted versus time
for each conversion run. A typical plot for one of the conversion runs
is shown in Fig. 4 by the closed circles. Time zero in this plot
represents the time when the reaction temperature was reached. A small
amount of conversion had already occurred; therefore, the curve does not

go through the origin. The curve in Fig. 4 passes through point A at
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Fig. 4. Plot of three functions for rate-controlling mechanisms
versus time. The plot for surface control is most linear, indicating
that the reaction is largely surface controlled. Each curve passes
through the point marked "A" because the material was 1007 converted
after 26 min.



26 min because this material was 1007% converted at that time. Since

such plots were not linear for any of the seven conversion runs, this is
taken as evidence that the reaction is not diffusion controlled. Table I
shows typical data as a function of time for percent conversion, r/rg,
and reaction model calculations for the conversion depicted in Fig. 4.

Data for the other conversion runs are available in the appendix.

Table 1. Percent Conversiona as a Function of Time;
Calculations for Rate-Controlling Mechanisms

Interface Surface Diffusion

Time Conversion T Control Control Control
e TG T Ty () (3
0.0 24 0.912 0.088 0.2414 0.0073

4.3 40 0.843 0.157 0.4009 0.0221

8.7 54 0.772 0.228 0.5399 0.0441

13.0 67 0.691 0.309 0.6701 0.0758

17.3 80 0.584 0.416 0.8008 0.1251

21.7 92 0.430 0.570 0.9205 0.2014

26.5 100 0.000 1.000 1.0000 0.3333

“Run 1 (0.50 kg U, 28 liters/min Ar).

The reaction may also be controlled by reaction at the interface of

the UC, and U02.9’13 The model? that describes interface control is

r
ro

1 - = KIt/I‘O , (2)

where KI is a constant expressed in centimeters/second and the other

terms are as previously defined. Since KI and ry are constant, 1 - r/rg
can be equated to a constant multiplied by time if the reaction is
interface controlled. A straight line will be obtained if 1 - r/ry is
plotted against time, provided the reaction is interface controlled.

This function is plotted in Fig. 4 as open circles. A straight line was



not obtained. Similar plots for the other conversion runs were also
nonlinear; therefore, the reaction must not be interface controlled.
The final reaction mechanism is surface control.!0»1%* This model

is described by the equation

1 - (;3)3 - 3Kt/ - (3)

The constant ks is expressed in centimeters/second. Again, since 3ks
and ry are constant, 1 - (r/ro)3 must be proportional to time if the
reaction is actually surface controlled. This function is plotted in
Fig. 4 with triangles, and the resulting line is nearly straight. Plots
for the other conversion runs were also straight up to nearly 10Q%
conversion. The reaction, therefore, appears to be mainly surface
controlled. A typical batch of converted particles has a mean diameter
of 360 pm, but the size varies from 330 to 390 um. Assuming the surface-
controlled model is obeyed, then this variation in size would cause the
percent conversion from particle to particle to vary from 60 to 72% if
the average 360-um particle were converted to 65%.

Several batches of microspheres were examined that were converted
using a constant batch size but varying argon flow (different partial
pressures of carbon monoxide). The percent conversion is plotted against
time for three runs (Fig. 5). The flow rates of argon were 28, 57, and
85 liter/min. As determined from Fig. 5, the lowest argon flow rate
(highest partial pressure of CO) yielded a conversion rate of 3.23%/min.
When a 57-liter/min flow was used, the rate increased to 5.64%/min, and
the highest flow rate of argon (lowest partial pressure of CO) yielded
the fastest rate of 6.25%/min. Therefore, the reduced partial pressures
of carbon monoxide increased the rate of reaction. These results appear
to indicate that carbon monoxide diffuses through a thin layer at the
surface of the microsphere. This gives apparent surface control; however,
the surface mechanism is diffusion because the diffusion rate is propor-
tional to the gradient in CO partial pressure across the thin surface

layer. However, the reaction is not entirely surface controlled since
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Fig. 5. Correlation of percent conversion with time. The correla-
tion shows that an increase in argon flow rate increases the reaction
rate. A charge of 500 g was used for all runs.

the reaction rate decreases slightly as the percent conversion increases
(Fig. 5). 1If it were, the rate of reaction would remain constant

throughout the conversion process.

X-Ray Diffraction

Results obtained from x-ray diffraction measurements indicated that
the reaction of U0y to UCyp did not proceed uniformly throughout the
microsphere. An individual microsphere from a converted batch was
sealed in a glass capillary, and a Debye-Scherrer x-ray diffraction
pattern was made from crystal monochromatized CuKa radiation. These
results primarily indicated the composition of the outer few microns of
the microsphere. The processed films measured by a precision densitometer
showed that the microsphere contained no U0y, so complete conversion had
occurred. This disagreed with a precise analytical determination of the

overall oxygen content of samples that consisted of several thousand
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photograph is UC, + C, and the inner layer is U0, + C. When fully
converted samples (1007 UCy) were examined, the microstructure still
revealed a layered structure; however, more than two layers were present.
The compositions of the different layers were not known. The distinct
layers that were observed confirm that the reaction did not occur
uniformly throughout the microsphere. It should be pointed out that the
starting resin appeared uniform and was not layered. The layers apparent
in Fig. 6 were not visible even in converted material until etched to

differentiate between carbide and oxide.

Ion Microprobe

An ion microprobe mass analyzer* was used to search for gradients
of oxygen, U0y, or UCy, across a metallographically polished section.
Both positive and negative secondary ion mass spectra from cross sections
through the midplane of the particles were investigated. An apparent
oxygen gradient across the kernel cross section was detected. More
oxygen appeared at the center of the kernels than near the periphery for
a 717%-converted specimen. This confirms the results of x-ray diffraction
and metallography that the reaction proceeds from the outside of the
particle. Many particles of different conversion levels were examined,
but it was impossible to identify distinct layers or to quantitatively

determine the composition of the various layers detected by metallography.

CONCLUSTIONS

From the analyses using metallography, ion microprobe, and x-ray
diffraction, it was concluded that the reaction between finely dispersed
U0, in a porous carbon matrix proceeded from the outside surface toward
the center of the sphere. This formed a layer of UC, + C that surrounded
the inner core of U0, + C. Mass spectrometer results helped to show
that the reaction was largely surface controlled. This was quite surpris-

ing because other studies that used dense UQO, microspheres reacting with

*

Manufactured by Applied Research Laboratories, Sunland, California.
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carbon were diffusion controlled.®>!3 Since the microspheres were
composed of a very porous carbon matrix, carbon monoxide understandably
would diffuse easily through the layer of UC, that had formed, so the
reaction would not be diffusion controlled. A surface-controlled reaction
implies that something occurs at the surface of the sphere which controls
the reaction. Perhaps a thin layer forms at the surface during processing
of the weak-acid resin and inhibits the flow of carbon monoxide across
the boundary.

The reaction of finely dispersed UOy in a porous carbon microsphere
formed from a weak-acid resin is mainly surface controlled. This surface-
controlled reaction can be affected by the reaction temperature and the

flow rate of argon through the fluidized bed.
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Data Showing Reaction Kinetics
of Six Conversion Runs at 1700°C

Interface Surface Diffusion
Time Conversion T Control Control Control
(min) (%) rg r ry\> 1 r \? 2r
- — 1 - —_— = _ - 1 - =—
rg (ro) 3 (fo) ( 3ro>
Run 2: 500 g U, 57 liters/min Ar
0.0 12.54 0.956 0.044 0.1263 0.0019
2.1 26.48 0.903 0.097 0.2637 0.0088
4.2 39.36 0.846 0.154 0.3945 0.0213
6.3 51.43 0.780 0.214 0.5144 0.0413
8.4 62.68 0.720 0.280 0.6268 0.0638
10.5 73.21 0.645 0.355 0.7317 0.0962
12.6 83.20 0.552 0.448 0.8318 0.1408
14.7 93.56 0.401 0.599 0.9355 0.2155
16.8 98.82 0.228 0.772 0.9881 0.2893
Run 3: 500 g U, 85 liters/min Ar
0.0 16.9 0.940 0.060 0.1694 0.0035
1.98 30.3 0.887 0.113 0.3021 0.0118
3.95 42.9 0.830 0.170 0.4282 0.0256
5.93 55.8 0.762 0.238 0.5575 0.0477
7.90 68.5 0.680 0.320 0.6856 0.0806
9.88 80.1 0.584 0.416 0.8008 0.1251
11.85 90.6 0.455 0.545 0.9058 0.1891
13.83 97.1 0.306 0.694 0.9713 0.2588
15.80 100.0 0.000 1.000 1.0000 0.3333
Run 4: 850 g U, 28 liters/min Ar
0.0 9.9 0.966 0.034 0.0986 0.0011
2.33 16.5 0.942 0.058 0.1641 0.0032
4.67 23.1 0.916 0.084 0.2314 0.0067
7.00 29.6 0.890 0.110 0.2950 0.0112
9.33 36.0 0.862 0.138 0.3595 0.0173
11.67 42.2 0.833 0.167 0.4220 0.0248
14.00 48.3 0.803 0.197 0.4822 0.0337
16.33 54.2 0.771 0.229 0.5417 0.0444
18.67 59.9 0.738 0.262 0.5981 0.0567
21.00 65.4 0.702 0.298 0.6541 0.0712
23.33 70.6 0.669 0.331 0.7006 0.0854
25.67 75.5 0.626 0.374 0.7547 0.1050
28.00 80.0 0.585 0.415 0.7998 0.1246
30.33 84.1 0.542 0.458 0.8408 0.1457
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Table A.1 (continued)

Interface Surface Diffusion
Time Conversion r_ Control Control Control
o TET w G Te Ly 1) (- 5)
Ty Ty 3 Ty 3rg
Run 5: 850 g U, 57 liters/min Ar
0.0 7.16 0.976 0.024 0.0703 0.0006
2.17 9.60 0.967 0.033 0.0958 0.0011
4.33 12,11 0.958 0.042 0.1208 0.0017
6.50 14.52 0.949 0.051 0.1453 0.0025
8.67 16.86 0.940 0.060 0.1694 0.0035
10.83 19.19 0.931 0.069 0.1930 0.0045
13.00 21.52 0.922 0.078 0.2162 0.0058
15.17 23.85 0.913 0.087 0.2390 0.0071
17.33 26.15 0.904 0.096 0.2612 0.0086
19.50 28.41 0.895 0.105 0.2831 0.0103
21.67 30.65 0.885 0.115 0.3068 0.0122
23.83 32.64 0.877 0.123 0.3255 0.0139
Run 6: 1200 g U, 28 liters/min Ar
0.0 13.73 0.952 0.048 0.1372 0.0022
2.13 18.29 0.935 0.065 0.1826 0.0040
4.27 22.79 0.917 0.083 0.2289 0.0065
6.40 27.13 0.899 0.101 0.2734 0.0095
8.53 31.27 0.882 0.118 0.3139 0.0128
10.67 35.31 0.865 0.135 0.3528 0.0166
12.80 39.27 0.847 0.153 0.3924 0.0210
14.93 43.12 0.829 0.171 0.4303 0.0259
17.07 46.94 0.808 0.192 0.4725 0.0322
19.20 50.75 0.789 0.211 0.5088 0.0383
21.34 54.53 0.768 0.232 0.5470 0.0455
23.47 58.29 0.747 0.253 0.5832 0.0532
25.60 61.99 0.724 0.276 0.6205 0.0622
27.74 65.35 0.702 0.298 0.6541 0.0712
Run 7: 1200 g U, 57 liters/min Ar
0.0 7.10 0.976 0.024 0.0081 0.0006
2.05 14.10 0.951 0.049 0.1399 0.0023
4.10 22.65 0.918 0.082 0.2264 0.0064
6.15 30.71 0.885 0.115 0.3068 0.0122
8.20 38.53 0.850 0.150 0.3859 0.0203
10.25 46.26 0.813 0.187 0.4626 0.0306
12.30 53.64 0.774 0.226 0.5363 0.0434
14.35 60.66 0.733 0.267 0.6062 0.0586
16.40 67.68 0.686 0.314 0.6772 0.0780
18.45 74.51 0.634 0.366 0.7452 0.1013
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Table A.1 (continued)

Interface Surface Diffusion
Time Conversion r Control Control Control
» L=/ - 3 2
(min) 3] Ty 1 - 1 - (E_) 1 (£_> (l _2r >
I‘O ro 3 I'O 3r0
Run 7: 1200 g U, 57 liters/min Ar

20.50 81.00 0.575 0.425 0.8099 0.1295

22.55 87.08 0.506 0.494 0.8704 0.1637

24.60 92.71 0.418 0.582 0.9270 0.2073

26.65 97.27 0.301 0.699 0.9727 0.2609
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