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High temperature X-ray diffraction study of the U,O, formation
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The surface oxidation of UO, sintered plates at 170-275° C was studied in situ by high temperature X-ray diffractometry.
At very low oxygen concentration, UQ, is oxidized to U,O,, while at 300 ° C and argon—20 vol% oxygen it is oxidized up to
U,0,. X-ray diffraction profiles of the UO,, U,Oy and U,0, phases were well characterized during the transformations. The
activation energy for the transformation of UO, to U,Qy, obtained from X-ray diffraction data, was found to be 117+9
kJ/mol and 90 + 14 kJ /mol for the 8-(311) and «-(200) reflections, respectively.

1. Introduction

The oxidation of UO, pellets and powders has been
widely studied [1-13]. The kinetic behavior of UO,
following the formation of intermediate metastable
phases, has also been intensively investigated.

It is generally accepted [6] that the oxidation of UO,
proceeds in two steps: firstly, to a tetragonal phase of
composition U,0, in the parabolic form, and then, to
U;O4 in the S-shaped form. Although the existence of
the UO,, U,0,, U,0, and U,O; phases is well estab-
lished, several papers [6,9,12,13] regarding the UO,
surface oxidation, at low temperature, did not dis-
tinguish the U,O, phase during the UQ,-U,;0, oxida-
tion. Taylor [9] asserted that no information was ob-
tained on the presence of UQ, 35 (U,Oy), and he derived
the activation energy for the oxidation of UO, to 8-
UO, ;3 (U,;0,) from X-ray data. The kinetic investiga-
tion of the progress of the UQO, oxidation by continuous
monitoring of the formation of the intermediate phases
by high temperature diffractometry is still lacking in the
literature.

Since the structure of the oxides varies continuously
with composition, it is possible to follow the kinetic
reaction by measuring the changes in the Bragg reflec-
tion intensities and also to observe the change in the

reflection positions of the phases due to oxygen absorp-
tion.

The purpose of this study is to follow in situ alter-
ations observed in the UO, X-ray diffractograms due to
its reaction with oxygen. With these informations we
wish to identify the phases formed during the oxidation,
and to evaluate the oxidation kinetics of the UO,-U,Oq
transformation.

2. Experimental
2.1. Specimens

The UO, samples were prepared by IPEN’s Nuclear
Metallurgical Center in the following steps: calcination
of ammonium diuranate (ADU) at 700°C for 3 h to
form U,03 and reduction under hydrogen atmosphere
at 700°C for 1.5 h, to UO,. The pellets (40 mm
diameter) were compacted and sintered to a final den-
sity of 10.5 g/cm®, The samples were cut to form plates
of 23 X 15 X 1.2 mm and then the surface to be studied
was polished. The main impurities detected by a spec-
trographic method were (in ppm) Si(82), Al(200), Cr(12),
Ni(6), Mn(3.6), Cu(0.9), B(0.1), Pb(< 1), Sn(< 1), Bi( <
1), V(< 3), Mg(<2.4), Cd(<0.1), P(<55), Mo(<2),
Zn(< 10) and Fe(= 20).
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2.2. Diffractometry

A commercial goniometer (Rigaku-Geigerflex)
equipped with a step scanning system and a high-tem-
perature chamber was used to perform the line profile
measurements. The experimental setting of step scan-
ning was 0.02° and the time fixed for counts was 20 s.
The reflections were measured with CuK, and CuKy
radiations. The high-temperature chamber was equipped
with a platinum resistance furnace and a Pt/Pt-13%
Rh thermocouple.

The stages of oxidation were characterized by meas-
uring the peak position (28) and the integrated intensity
for each reflection (hkl), for each phase. Afterwards, the
samples were ground and analysed in a Guinier-Higg
chamber.

Fig. 1 shows the a-(200) and $-(311) line profiles of
UO, (disappearing) and U,O, (appearing) during iso-
thermal treatment at 235°C.

2.3. Kinetics

The kinetic study was performed under a continuous
flow of argon (with =150 ppm O,) in three series of
isothermal heat treatments: 170, 235 and 275 + 5°C.
The (200) reflection was measured with CuKa radia-
tion and the (311) reflection with CuK, radiation.

The fraction of conversion f from UQO, to U0y was
obtained by means of the following equation (1):

1(U,0,)
/= 100, + 1(U,0,)° 1)

where 71(U,Oy) and I{UQ,) are the integrated intensi-
ties of the (hkl) reflections of the U, 0y and UG,
phases, respectively. The f values were calculated for
the same (hk!) reflection of UQ, (fcc) and U Oy (fcc).
The integrated intensity values were obtained by the
ANACRON [14] package with the step scanning data.

The rate constants k were obtained by using the
following rate equations [6]:

[1-a-n"7] =k ()
~3 - (1) =k, (3)

where ¢ is the time, k is the rate constant which
includes the diffusion coefficient of oxygen in U,O;.
These equations are used when the diffusion of oxygen
through a surface layer of a new phase (U,0;), on the
matrix (U0O,), is the rate-controlling process.

The activation energy is obtained by means of eq.
(4), from the Arrhenius plot k versus (1/7T).

k = ko exp(—Q/RT). ()

Fig. 1. The a-(200) and B-(311) diffraction peaks of UQ, (left)

and U, Oy (right) during isothermal oxidation at 170 ° C (a) and

235°C (b) and (c). (The first number means the day and the
second the month).
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3. Resuits and discussion
3.1. Thermal expansion

The behavior of the lattice parameter a, as a func-
tion of temperature of IPEN’s U0, and Gronvoid’s [3]
samples (UQO, 9, UO, s and UO, ;,) were compared.
The composition (O/U) of UO, (IPEN) ranged from

2.05 to 2.10 and its average linear thermal expansion

10 g —6 1~ 1

coeficient (10.5 X 107" Yy is in
the literature [2,3,11].
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3.2. Phase relaiionships

Even though some papers [1,5,6,9,10,12,13] indicate
the direct oxidation of UG, (fcc) to U;0, (tetragonal),
at low oxidation temperature, in this work the forma-
tion of the U,Q, (fcc) phase was observed before the

U,0, (tetragonal) phase appeared.
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Fig. 2. Diffraction patterns of the observed phases: (a) UO,, (b) U,O, + UO, (after 290 h at 235° C) and (c) U;0,.
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Fig. 2 shows the diffraction patterns of UO,, U,Q,
+ UO, (after 290 h at 235°C) and U;0,. The last
pattern was obtained by raising the temperature (to
300°C) and the oxygen concentration (to 20 vol%) of
the argon gas. Fig. 3 shows the UQ, (disappearing) to
U,0, (appearing), and U,O, (disappearing) to U,0,
(appearing) transformations for the $-(311) (fig. 3b) and

B-(220) (fig. 3a) reflections . Fig. 4 presents the a-
(200, 220, 311, 422, 511) step-scanning reflections of the
two phases after 290 h at 235°C. A diffraction peak
(hki), observed with a parafocussing diffractometer, is
generated solely by crystallites with the (hk/) plane
parallel to the sample surface. Using the high tempera-
ture chamber, the sample stand is fixed during the
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Fig. 3. Changes in (a) 8-(220) and (b) 8-(311) X-ray diffraction profiles during the UO, (fcc) to U, 0, (fcc) and to U0 (tetragonal
transformation (temperature and oxygen concentration not constant).



S.R. Teixeira, K. Imakuma / U,Oy formation on UQ, sintered plates 37

a- 200
//Lo
a-220
J\/\a
J/\;
o-3M
Kaz
Q- 422 d
Koo

KQ'.I
-5 &
KGQ
S *
U0z Ua09

Fig. 4. Comparison of (a) (200), (b) (220), (c) (311), (d) (422)
and (e) (511) a-reflections, after 290 h at 235°C.

Table 1
Lattice parameters (at 20+ 2°C) in nm of the samples before
and after oxidation (Guinier Hiagg chamber)

Phase Before oxidation After oxidation
uo, 0.5474 4+ 0.0003 0.5472+0.0003
U, 04 - 0.5453 -+ 0.0003
U0, - a = 0.5401 +0.0004

¢ = 0.5506 +0.0004

exposure time and so is the studied area of the sample.
Therefore, the corresponding UO, and U,O, peaks
arise from the same grains. In figs. 2-4, a distinct
behavior of each (hk!) reflection can be observed dur-
ing the UO,-U,0O, transformation. This indicates a
preferential direction of U,O, phase growth into the
UO, phase.

The lattice parameters obtained by use of the
Guinier-Hégg chamber are presented in table 1.

From figs. 2—4 it can be derived that the transforma-
tion occurs in the following way: (1) the diffracted
intensities of UQ, decrease while the corresponding
U,O, intensities increase, (2) the tetragonal U;0, phase
is characterized by the appearance of triplets like
(333, 511 + 151, 115), doublets like (311 + 131, 113) and
singlets of the type (hhh) after the U,O, formation. (3)
Finally, the gaps between the U,0, doublets increase
during the isothermal treatment, as does the c¢/a ratio.

3.3. Oxidation kinetics

The fraction f of UQ, converted to U,0O, is repre-
sented as a function of the reaction time in fig. 5. The
parabolic form of the rate curves characterizes the na-
ture of the oxidation kinetics, which is predominantly
controlled by oxygen diffusion through the U O, prod-
uct layer. As the diffusion of oxygen through the U,O,

Table 2

Activation energies obtained by different techniques

Activation energie (kJ /mol) Technique

113 ref. [6]
75-113 ref, {6]

105-126 ref. [6]

110 refs. [1,6]

103 ref. {6]

112 ref. {9]

11749 to g-311%
90+ 14 10 a-200 ¥

® Mean value from egs. (2) and (3).
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Fig. 5. Rate curves for the relative concentration f of U;Oq (8-(311) reflection).

(fcc) phase is the rate-controlling process, the rate egs.
(2) and (3) were used. It must be remarked, however,
that the rate constant (k) in eqgs. (2) and (3) is defined
for the spherical diffusion problem and, therefore, the
application to the present problem (plates) is only an
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Fig. 6. Plots of kt (egs. (2) and (3)) versus time and Arrhenius
plot for 8-(311) reflection.

approximation. The egs. (2) and (3) (and f? = k¢) give
similar activation energies. These equations were used
to normalize the k¢ values and to test the validity of the
results by comparing the activation energies obtained
from Arrhenius plots (In & versus 1/T), figs. 6 and 7,
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Fig. 7. Plots of k¢ (egs. (2) and (3)) versus time and Arrhenius

plot for a-(200) reflection.
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with values obtained by different techniques, table 2.
The values for the rate constants k for the oxidation
process were obtained from fig. 6 (for 5-(311)) and from
fig. 7 (for a-(200)). These figures also show the respec-
tive Arrhenius plots in which both eqgs. (2) and (3) were
used. The values of the activation energies (table 2)
obtained from Arrhenius plots are in good agreement
with those obtained by other authors for the oxidation
of UQ, to U,0,, using different techniques (TGA, mea-
surement of diffusion coefficients and X-ray diffrac-
tion).

4. Conclusions

The formation of U,O, by oxidation of IPEN UO,
fuel (plates) at 170-275° C has observed in situ by high
temperature X-ray diffractometry. The oxidation of UQ,
was followed up to the U;0, phase and proceeds in the
following sequence: UQ, — U,0, — U,0,. These three
phases was identified by X-ray diffraction techniques
(diffractometer and Guinier-Higg chamber). The
activation energies for the oxidation of UOQO, to U0,
from X-ray data are: 117+ 9 kJ/mol and 90 + 14
kJ/mol for the $-(311) and «-(200) reflections, respec-
tively. These values are in good agreement with litera-
ture data [1,6,9].
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