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Abstract

Disks of sintered, unirradiated UO2 fuel with di�erent surface roughness were oxidized in air at 250°C. X-ray pow-

der di�ractometry was used to quantify the rate of U3O8 formation. The variation of the rate of U3O8 formation was

most signi®cant when the particle size of the polishing media was in the range 1±18 lm. The time to reach a given per-

centage conversion of UO2 to U3O8 decreased by about a factor of 4 between the smoothest and roughest surfaces. This

corresponds to an increase of about two orders of magnitude in the composite nucleation-and-growth rate constant, j.

This e�ect is attributed to a combination of increased surface area and increased surface density of nucleation sites, as

well as a crystallographic orientation phenomenon. Ó 1998 Published by Elsevier Science B.V. All rights reserved.

1. Introduction

The two-step oxidation of UO2 to U3O8 has been in-

vestigated intensively for over 40 years ([1] and refer-

ences therein]). One reason for the sustained interest is

that the 36% volume increase, 1 associated with conver-

sion of UO2 to U3O8, can cause swelling and splitting of

previously defected fuel elements stored in air at elevated

temperatures [3±5]. Therefore, it is important to under-

stand the kinetics of U3O8 formation.

The surface roughness of a UO2 specimen is one of

many variables that can in¯uence the kinetics of oxida-

tion of UO2 to U3O8 [1,6,7]. It is known that the rate

of conversion to U3O8 is faster on a rough surface than

a highly polished surface. The dependence of reaction ki-

netics on surface roughness can be attributed to a com-

bination of factors, discussed in Section 3. Previous

studies have only demonstrated this phenomenon quali-

tatively; here, we describe an attempt to quantify the ef-

fect of surface roughness on oxidation kinetics.

2. Experimental

Disk-shaped specimens of polycrystalline UO2, ap-

proximately 12 mm diameter and 2 mm thick, were pre-

pared from pellets of unirradiated CANDU 2 fuel. First,

a pellet was embedded in epoxy resin and the dished end

was cut o�, using a low-speed diamond saw, to produce

a ¯at surface. This surface was then polished to the de-

sired surface ®nish, using a Buehler Mini-met 1000 pol-

ishing device. The grinding and polishing media had the

following particle sizes: 100, 45, 23 (400 grit), 17 (600

grit), 15, 7.5, 1.0, and 0.05 lm. The abrasive medium

was SiC for the 400 and 600 grit ®nishes, and diamond

for all others. Samples were polished for 5 min with each

type of abrasive paper. Those samples polished ®ner

than 400 grit were successively polished with progres-

sively ®ner media starting with 400 grit, e.g., the 15 lm

®nish was achieved by polishing for 5 min with a 400-

grit medium, then a further 5 min with 600-grit and ®-

nally another 5 min with 15 lm abrasive paste. After ®n-

ishing this outer surface, the disk was then sawn from

the pellet, and removed from the epoxy mount before
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oxidation. Additional disks, with di�erent surface

®nishes, could then be cut from the same pellet.

It should be noted that the particle size of the grind-

ing media is not a direct measure of the amplitude of

surface roughness. This point is illustrated in Fig. 1,

which shows scanning electron microscope images of

fractured cross sections of two UO2 specimens, one

ground to a 400-grit ®nish, and the other polished to a

0.05 lm ®nish. The amplitude of surface roughness in

the former case is about 2 lm, whereas the latter surface

is essentially smooth and ¯at at the level of resolution of

the microscope image.

Polished samples were oxidized in air at 250°C in a

Blue M tube furnace with temperature control accurate

to within 2°C. After heating, the samples were cooled to

room temperature for analysis by X-ray powder di�rac-

tometry (XRD). Some specimens were heated only once,

while others were re-heated after the XRD analysis and

oxidized further; the heat±cool±analyse cycle was repeat-

ed until U3O8 powder began to spall from the sample

surface. The total duration of oxidation varied between

24 and 200 h.

Samples were analyzed by XRD to determine the de-

gree of surface conversion to U3O8. The XRD data were

obtained directly from the specimen surfaces, using a

Rigaku Rota¯ex di�ractometer equipped with a 12 kW

rotating-anode Cu Ka source and a di�racted-beam

monochromator. The di�ractometer scanning rate was

10° (2h) minÿ1 for qualitative peak identi®cation and

1° (2h) minÿ1 for integrated intensity measurement of

speci®c peaks.

3. Results and discussion

The XRD data were used to estimate the fraction, F,

of UO2 converted to U3O8 on the sample surface follow-

ing the procedure described by Choi et al. [8]. For this

purpose, the integrated intensity of the combined, over-

lapping [2 0 0] and [1 3 0] peaks was measured for U3O8

(2h � 26.0° with Cu Ka radiation) and compared to the

[1 1 1] feature for U3O7/U4O9 (2h � 28.5°) 3. The frac-

tion, F, is given by

F � IU3O8

IU3O8
� aIU3O7

; �1�

where IU3O8
is the integrated intensity of the U3O8 peak,

IU3O7
is the analogous intensity for the U3O7/U4O9 peak.

The empirical factor (a) was previously determined to be

0.450 � 0.033, by XRD analysis of a series of identical

UO2 specimens, oxidized for various lengths of time [8].

The XRD analysis depth in our samples is approxi-

mately 1 lm, i.e., 95% of the di�racted X-rays originate

less than 0.9 lm below the surface for the XRD peaks

used in the present study [8,10]. The formation of U3O8

on the surface of the 12 mm disks can thus be approxi-

mated by a two-dimensional nucleation-and-growth re-

action mechanism, which can be described by the

expression

F � 1ÿ exp ÿ pjt3

3
� p2j2t6

180
ÿ 11p3j3t9

45 360
� 5p4j4t12

399 168

� �
;

�2�
where t is the time and j is a composite rate constant de-

®ned by

j � K2
g Kn; �3�

where Kn (sÿ1 mÿ2) is the rate of nucleation per unit area

of UO2 and Kg�m sÿ1� is the rate of linear (radial)

growth of the circular nuclei of U3O8 [11].

Fig. 1. Scanning electron micrographs of fractured cross sec-

tions of UO2 specimens prepared with the following surface ®n-

ishes: (a) 400-grit; (b) 0.05 lm.

3 Oxidation of UO2 to U3O8 proceeds through an interme-

diate oxygen-rich phase with a modi®ed ¯uorite-type structure.

The predominant phase with pure UO2 starting material is

usually U3O7; in the case of irradiated Light Water Reactor

fuel, the intermediate oxidation product resembles c-U4O9, but

has a composition approaching UO2:4 [1,9]. We use U3O7/U4O9

as a generic term to describe these intermediate products.
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Table 1

Experimental XRD data, calculated values of F and the composite rate constant j, and T0:2, the estimated time to reach F� 0.2

Polish Time (h) IU3O8
IU3O7

F j (hÿ3) T0:2 (h)

100 lm 96 671 5013 0.2293 2.8 ´ 10ÿ7 91

100 lm 24 51 10103 0.0111

48 495 9164 0.1072 7.4 ´ 10ÿ7 66

96 1438 3445 0.4812

45 lm 96 146 4949 0.0615 6.9 ´ 10ÿ8 146

45 lm 24 87 11722 0.0162

48 714 10283 0.1337 8.6 ´ 10ÿ7 63

96 1878 3784 0.5245

400 grit 96 683 4555 0.2499 3.2 ´ 10ÿ7 88

400 grit 24 0 14238 0.0000

48 23 7636 0.0066

72 231 12973 0.0381

96 378 7155 0.1051 7.6 ´ 10ÿ8 142

120 551 6746 0.1536

148 888 6676 0.2282

172 1395 5649 0.3543

196 1539 5059 0.4033

600 grit 96 1012 4717 0.3228 4.3 ´ 10ÿ7 80

600 grit 24 0 14737 0.0000

48 25 7784 0.0071

72 233 13356 0.0373

96 349 7470 0.0941 6.0 ´ 10ÿ8 153

120 447 6546 0.1318

148 717 6898 0.1876

172 1142 6241 0.2891

196 1270 5623 0.3342

15 lm 200 252 5725 0.0891 1.1 ´ 10ÿ8 268

15 lm 24 0 15035 0.0000

48 32 14407 0.0049 3.7 ´ 10ÿ8 180

96 127 7804 0.0349

7.5 lm 200 107 5358 0.0425 5.2 ´ 10ÿ9 346

7.5 lm 24 0 14824 0.0000

48 31 14157 0.0048 3.3 ´ 10ÿ8 187

96 107 7604 0.0303

1.0 lm 200 89 6279 0.0305 3.7 ´ 10ÿ9 388

1.0 lm 24 0 13960 0.0000

48 0 7604 0.0000

72 52 14030 0.0082

96 0 8539 0.0000 2.8 ´ 10ÿ9 425

120 0 8012 0.0000

148 48 9190 0.0115

172 62 8829 0.0154

196 83 8398 0.0215

0.05 lm 200 88 6134 0.0309 3.8 ´ 10ÿ9 384
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Table 1 shows measured values of IU3O7
and IU3O8

to-

gether with calculated values of F and j, for each UO2

specimen. The values of j were calculated by minimizing

the sum of the squares of deviations between calculated

and experimentally observed values of F according to

Eq. (2). The origin was included as a data point in the

determination of j values.

In Fig. 2, the calculated values of j are plotted as a

function of the particle size of the polishing agents used

to prepare the various specimens. For each value of j in

Table 1, the time required to achieve an F value of 0.2

was calculated. These times are plotted as a function

of the particle size of the polishing agents in Fig. 3,

which clearly shows that U3O8 was formed more rapidly

on rough than highly polished surfaces. The time to

achieve a given fraction of surface conversion to U3O8

was about four times longer on the smoothest UO2 sur-

faces than the roughest ones. The magnitude of the sur-

face-roughness e�ect is consistent with that reported

previously [7] for U3O8 formation on 400-grit, 15 and

3 lm surfaces at 200°C to 300°C.

Examination of data from 11 di�erent oxidation tests

on UO2 disks with 400-grit ®nish, originating from ®ve

di�erent fuel pellets, indicated that the uncertainty

(95% con®dence limit) in individual values of j is about

one order of magnitude or 2.3 natural log units, com-

pared with the range of about 5 natural log units be-

tween j values for rough and polished specimens in

Fig. 2. The variability between di�erent pellets was

greater than that between di�erent disks cut from the

same pellet. The sources of this variability are not well

understood; one likely factor is local variation in density

and grain size within individual pellets. Results are also

sensitive to the accuracy of temperature control [1,7,11].

The relationship between j and surface roughness is

not linear. The experimentally determined values of j
are essentially independent of the particle size of the pol-

ishing agent when the latter is either very ®ne (6 1 lm)

or coarse (18±100 lm). For polishing media with a par-

ticle size between 1 and 18 lm, the j values increase with

increasing particle size; we attribute this to an increase in

Kn, the rate constant for nucleation.

The acceleration of U3O8 formation on UO2 with in-

creasing roughness can be attributed to a combination

of at least three factors. First, with increasing roughness,

the microscopic surface area increases, and therefore the

geometric (macroscopic) surface density of nucleation

sites will be expected to increase in proportion. Second,

and probably more important, a rough surface will have

sharp edges and points that are likely to promote nucle-

Table 1 (Continued)

Polish Time (h) IU3O8
IU3O7

F j (hÿ3) T0:2 (h)

0.05 lm 24 0 13971 0.0000

48 0 7692 0.0000

72 0 14132 0.0000

96 0 8465 0.0000 2.8 ´ 10ÿ9 425

120 0 8499 0.0000

148 51 9438 0.0119

172 63 8985 0.0153

196 81 8348 0.0211

Fig. 2. Calculated values of the composite rate constant j as a

function of the particle size of the polishing medium used to

prepare the UO2 specimens. Open symbols represent calculated

values of j from single oxidation tests; closed symbols represent

®tted values from sequential oxidation tests.

Fig. 3. Calculated times for surface oxidation to proceed to val-

ues of F� 0.2; symbols have the same meanings as in Fig. 2.
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ation of U3O8, thus increasing the microscopic surface

density of nucleation sites. Previous studies have shown

that the nucleation sites of U3O8 on polished UO2 disks,

at temperatures below 300°C, are sparsely distributed

and tend to be localized at surface irregularities or areas

of locally high porosity [7]. The localized, patchy distri-

bution of U3O8 nucleation sites is also often apparent by

visual inspection of oxidized UO2 specimens. Thus, the

rate of U3O8 formation is likely independent of the pol-

ishing-medium particle size when it is less than �1 lm

because the rate of nucleation has reached an inherent

value related to the density of macroscopic ¯aws in the

sintered UO2. The independence of j on grinding-medi-

um particle size for very coarse media (>18 lm) indi-

cates that the surface state is essentially the same for

any media that are much coarser than the UO2 grain size

(�10 lm).

The third factor a�ecting the rate of U3O8 formation

is a more subtle, crystallographic nuance [7,12]. Nearly

all of the 36% expansion associated with the conversion

of UO2 to U3O8 is accommodated in the á1 1 1ñ crystal-

lographic direction of the original UO2, which becomes

the 0 0 1 direction (c axis) of U3O8. Thus, grains in

which a á1 1 1ñ axis lies normal to the surface are oxi-

dized preferentially. With a polished surface, the 0 0 n

XRD peaks for U3O8 are thus enhanced (the peaks are

generated by those grains that are oriented with a specif-

ic crystallographic plane parallel to the geometric sur-

face). On a rough surface, individual grain faces are

generally not parallel to the geometric surface of the

sample, therefore the preferred orientation e�ect in the

XRD pattern is diminished. On a surface that is rough

on a sub-granular scale, the probability that part of

the surface of a given grain is normal to á1 1 1ñ will also

be greater than in the case of a highly polished surface.

Sintered UO2 pellets themselves do not display any pre-

ferred orientation, i.e., the relative intensities of the

XRD peaks for the unoxidized disks were always close

to the theoretical values for UO2.

4. Conclusions

The rate of formation of U3O8 on disks of sintered,

unirradiated UO2 by air oxidation depends on surface

roughness, among other factors. The e�ect of surface

roughness on the rate of U3O8 formation is most signi-

®cant when the particle size of the polishing media is

in the range 1±18 lm. The increase in the rate of U3O8

formation with increased surface roughness can be

attributed to a combination of increased surface area,

increased surface density of nucleation sites, and a pre-

ferred-orientation phenomenon related to the crystallo-

graphic relationship between the UO2 precursor and

U3O8 product phases. The time to reach a given degree

of conversion of UO2 to U3O8 varies by about a factor

of four between the roughest and smoothest UO2 speci-

men surfaces investigated. Data obtained for the oxida-

tion of rough surfaces can therefore be considered

conservative when used judiciously to calculate U3O8

formation rates on UO2 fuel, i.e., the calculations are

unlikely to underestimate the rate of U3O8 formation.

It should also be noted that the roughness of a fuel sur-

face may vary in the course of oxidation when U3O8

powder spalls from the surface and exposes fresh mate-

rial to oxidation.
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