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Abstract

The oxidation behavior of hydride-bearing uranium metal corrosion products from Zero Power Physics Reactor
(ZPPR) fuel plates was studied using thermo-gravimetric analysis (TGA) in environments of Ar-4%0,, Ar-9%0,, and
Ar-20%0,. Ignition of corrosion product samples from two moderately corroded plates was observed between 125°C
and 150°C in all environments. The rate of oxidation above the ignition temperature was found to be dependent only on
the net flow rate of oxygen in the reacting gas. Due to the higher net oxygen flow rate, burning rates increased with
increasing oxygen concentration. Oxidation rates below the ignition temperature were much slower and decreased with
increasing test time. The hydride contents of the TGA samples from the two moderately corroded plates, determined
from the total weight gain achieved during burning, were 47-61 wt% and 29-39 wt%. Samples from a lightly corroded

plate were not reactive; X-ray diffraction (XRD) confirmed that they contained little hydride. © 1999 Elsevier Science

B.V. All rights reserved.

1. Introduction

The reaction of uranium metal with water vapor has
been extensively studied; several detailed reviews have
been published [1-3]. The reaction nominally produces
UQO,, according to the formula

U + 2H,0 — UO, + 2H,. (1)

The oxide formed was found to be slightly supers-
toichiometric in an early study by Baker et al. [4],
however, more recent studies [1,5-7] have reported the
formation of stoichiometric UO,. Some researchers also
report the presence of uranium hydride, UHj;, in the
reaction product. The reported values of the percentages
of UHj; in the reaction product vary [4,8-10]; the exact
mechanism of hydride formation has not been conclu-
sively identified. The formation of higher percentages of
UH; appears to be limited to crevice-type corrosion
where there is limited access of the ambient environment
to the reaction product. UH; has also been observed to
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form as isolated inclusions in the metal phase of cor-
roded metallic uranium spent nuclear fuel (SNF) [11].

The formation of UH;3 as a product of uranium
corrosion by H,O is a safety concern due to the reac-
tivity of UH; at low temperatures. Pure UH3;, which
forms as a fine powder, is reported to exhibit pyrophoric
behavior in air [12]. An early report on U metal fires [13]
concluded that UH; formation and reactivity plays a
strong role in the initiation of metal fires. Despite this
known hazard, few studies have been performed to fully
characterize the reaction of hydride with oxygen. The
reaction is known to produce U;Og [12,14]:

3UH3 + ?Oz - U30g + gH2O (2)
and liberates a significant amount of heat, 1490 kJ/mol
UH;. A recent literature review of UH; properties with
respect to uranium corrosion was performed by Rob-
inson and Thomas [15].

Two quantitative studies of the reaction of UH; with
0, and air were performed by Stakebake [16] and
Longhurst [17] using thermo-gravimetric analysis
(TGA). Stakebake performed oxidation tests on pure
UH; prepared by reaction of U metal with H, (hydrid-
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ing). Tests were performed in pure oxygen at 0°C, 50°C,
and 100°C. Contrary to typical oxidation behavior, the
rates observed were higher at 0°C and 50°C than at
100°C; the apparent anomaly was not explained.
Longhurst also performed tests on pure UH; formed by
hydriding. In these tests, air was introduced gradually to
the hydride, with no immediate reaction. Subsequent
heating of the UHj; in air produced a vigorous reaction
which began at 140°C. The heat generated by the reac-
tion was sufficient to melt the Pt sample pan (melting
temperature of 1772°C). The weight gain of the sample
showed essentially a step function when the reaction
occurred. No burning rate was reported.

Interest in the oxidation kinetics of UH; has been
recently renewed due to the extended underwater stor-
age of metallic SNF and the anticipated interim to long-
term dry storage of SNF and uranium metal feedstock.
The principal concern with such extended storage of
uranium metal is degradation due to corrosion by H,O
(in both liquid and vapor forms) and the possibility of
forming corrosion products containing UH;. Informa-
tion on the behavior of UH; is needed for analyses of
potential accident scenarios involving corroded metal or
SNF. Specifically, kinetic rate laws for the UH3;-O; and
UH;-H,O reactions are of interest.

Characterization of metallic uranium fuel plates used
in the Zero Power Physics Reactor (ZPPR) that had
corroded during extended vault storage was undertaken
in 1996 to obtain needed information on the formation
of UHj; during storage. The plates are U metal coupons
clad in stainless steel jackets with porous metal end-
plugs. The presence of the cladding and the access of the
ambient gas environment, which included water vapor,
to the metal via the endplugs led to severe localized
corrosion. Examination of the loose corrosion products
associated with the plates revealed that they contained
high levels of UH3, 50-85% in some cases [10,18]. These
figures did not include adherent oxides remaining on the
plates.

Because of their high UH; contents, these corrosion
products represent a good test material for measuring
the kinetics of UH; formed by corrosion of uranium
metal. This paper presents the results of TGA oxidation
testing of the corrosion products undertaken to quantify
their reactivity in terms of ignition temperatures, oxi-

dation rates, and hydride fractions. TGA testing was
performed with three O, concentrations — 4%, 9%, and
20% — to assess the effect of O, concentration on ignition
temperatures and oxidation rates. The results of specific
surface area measurements of the corrosion products,
performed using a technique based on the Brunauer,
Emmett, and Teller (BET) theory of gas adsorption, are
also presented, along with X-ray diffraction (XRD) an-
alyses of the products performed before and after TGA
testing.

2. Experimental procedures
2.1. Corrosion product sampling

Six corroded U metal ZPPR fuel plates were selected
to obtain products for BET, TGA, and XRD analysis.
The corrosion products are mixtures of UO, and UH3;
detailed descriptions of the ZPPR plates and their cor-
rosion products may be found in Refs. [18,10]. Table 1
lists the plates, their degrees of corrosion, and the testing
performed on their corrosion products. The degree of
corrosion was assessed both by a visual ranking of the
relative degree of cladding bulging and by the amount of
loose corrosion product collected. The previous char-
acterization work had identified exterior bulging of the
cladding as an indicator of severity of localized corro-
sion [18]. The plates were de-clad in a pass-through Ar
glovebox (O, content less than 0.15%; H,O not ana-
lyzed), and the loose corrosion products were separated
from the plates with a horse-hair brush and collected.
The brushing left an adherent oxide layer on the metal
plates. The moderate and severely corroded plates had
significantly larger quantities of loose corrosion prod-
ucts than the lightly corroded plates. There was little
difference, however, between the amount of loose
products collected from moderately corroded plates and
that from severely corroded plates, contrary to indica-
tions from exterior appearance. The total metal mass for
each plate was approximately 220 g. After collection, the
product samples from the three plates were transferred
into a purified Ar glovebox (O, and H,O contents less
than 10 ppm each) for storage, preparation of BET and
XRD samples, and TGA testing.

Table 1

Corrosion extent and analysis techniques for ZPPR plates

Plate ID Relative corrosion extent Mass of loose corrosion product (g) BET TGA XRD
2249 Light 1.42 X X X
2652 Moderate 4.35 X X X
2962 Severe 3.39 X

3401 Moderate 4.03 X X

3411 Severe 2.40 X

3930 Light 1.67 X
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2.2. Specific surface area measurement

Specific surface area measurements were performed
on corrosion product samples from all six plates using a
Quantachrome Quantasorb gas sorption analyzer and
standard BET techniques [19] with Kr gas as the ad-
sorbate, He gas as the carrier, and N, gas for calibra-
tion. Adsorption was carried out at liquid N,
temperature (77 K); three consecutive measurements
were made on each sample. The test matrix and results
are shown in Table 2.

2.3. Oxidation testing

Oxidation testing of corrosion products from plates
2249, 2652, and 3401 was carried out using a modified
Shimadzu TGA-51H TGA in a purified Ar glovebox.
Modifications to the instrument were made to enable
control of gas composition, flow rate, and pressure in
the sample chamber and to allow the use of a computer
located outside the glovebox for TGA control and data
acquisition. The TGA balance has a stated resolution of
1 pg. The accuracy of the balance was checked against
NIST-traceable weight standards of 5, 20, and 50 mg.
The TGA reading was accurate to greater than 2% for
all weights. The accuracy of the TGA control thermo-
couple was checked against a second, calibrated ther-
mocouple and found to agree within 5°C.

The TGA test matrix and results are shown in Ta-
ble 3. Most tests were performed under ‘isothermal’
conditions at temperatures from 50°C to 250°C. For
isothermal tests the TGA furnace was programmed to
ramp to the test temperature and then maintain that
temperature. Ramp rates varied from 5°C/min to 30°C/
min; the test chamber was purged with ultra-high purity
Ar during the heat-up period. When the test temperature
was reached and stabilized, an Ar-30%0, reacting gas
was admitted into the chamber by opening a solenoid
valve in its supply line. The net O, concentration in the
chamber was controlled by varying the flow rates of the
reacting gas and the pure Ar purge gas. The two gas
streams mixed just prior to entering chamber. A few
tests were performed in which the gas flows were not set
properly prior to testing, and hence the O, concentra-
tions and flows were not as planned (ZPPR 17, 19, and

30). The actual O, concentrations and flows are re-
corded in Table 3.

The weight of the sample was recorded for the du-
ration of the test. Ignition in an isothermal test was in-
dicated by a rapid increase in sample weight and a
simultaneous increase in furnace thermocouple reading,
the latter due to heat evolved by oxidation.

Several tests performed were of the ‘burning curve’
type. The burning curve test has been commonly used in
the past to measure ignition temperatures. For this type
of test the furnace temperature was programmed to in-
crease at a constant rate (15°C/min) until the desired
temperature was reached. Both reacting and purge gas
flows were on during the entire heat-up period. Ignition
was indicated by either a rapid increase in sample weight
and commensurate increase in furnace thermocouple
reading, or a rapid increase in sample thermocouple
reading and commensurate increase in furnace thermo-
couple reading. The latter was observed for tests in
which a sample thermocouple was placed in contact with
the sample. For these tests the weight of the sample
could not be measured.

No specific measures were taken to insure that indi-
vidual TGA samples were representative of the overall
corrosion product from a given plate. The 100-300 mg
samples were simply scooped out of the polyethylene
bottle in which the corrosion products from that plate
were stored and placed into a platinum sample pan for
testing. The samples tested were a mixture of UO, (and/
or U;05) and UH; (see Section 3.3). The oxide generally
took the form of gray flakes or powder, while the hy-
dride was a black powder [10]. All tests were performed
at a nominal total pressure of 70 kPa. A total gas flow of
3.3 cm®/s was used for nearly all tests, with exceptions as
described above.

2.4. X-ray diffraction

XRD was used for identification of phases present in
the loose corrosion products of plates 2249 and 2652,
and for determining the stoichiometry of oxides formed
during TGA oxidation of the loose corrosion products.
All samples were crushed to a fine powder in a high-
purity Ar glovebox and then loaded into a sealed envi-
ronmental chamber. Diffraction was performed on a

Table 2

BET test matrix and results

Plate ID Sample weight (g) Surface area (m?) Specific surface area (m?/g)
2249 1.09 0.54-0.57 0.50-0.52

2652 0.71 0.54-0.57 0.75-0.80

2962 2.11 2.00-2.20 0.95-1.04

3401 3.07 2.25-2.40 0.73-0.78

3411 2.30 1.69-1.75 0.74-0.76

3930 1.56 1.18-1.21 0.76-0.77
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Scintag X1 powder diffractometer using Cu K-alpha
radiation. The scan range was from 20° to 100° 20 with a
scan rate of 0.75 degrees per minute. Standardless
quantitative analysis of the diffraction patterns from the
corrosion product samples was performed using Si-
etronics XRD phase analysis software to estimate the
fraction of hydride present in the samples for compari-
son with the TGA results.

3. Results
3.1. Specific surface areas

Table 2 presents specific surface areas measured for
the loose corrosion products collected from the six
plates. Given the wide range in extent of corrosion
among the six plates tested, the specific surface areas
measured were remarkably consistent. Values ranged
from a low of 0.51 m?/g for plate 2249 to a high of 1.00
m?/g for plate 2962. The specific surface areas of four
out of six plates were between 0.74 and 0.80 m?/g.

3.2. TGA results

3.2.1. Data analysis

Table 3 presents data obtained in TGA oxidation
testing of corrosion products from plates 2249, 2652,
and 3401. The data for isothermal tests were analyzed by
plotting the weight gain of the sample as a function of
test time. The initiation of reacting gas flow was taken to
be the start of the test. For nearly all tests, the weight
gain of the sample was ascribed to reaction of UH; with
O, to form uranium oxide. This oxide was assumed to be
U;0Og for tests in which burning occurred. XRD analysis
of the reacted material, described in Section 3.5, sup-
ports this assumption.

For tests in which ignition occurred, the weight gain
as a function of time was approximately linear, as shown
in Fig. 1. The slope was taken to be the burning rate of
the sample, i.e. the rate of oxidation above the ignition
temperature. Burning rates are reported in Table 3. The
burning rates are given in units of mg/s rather than mg/
cm?/s because the observed rates of weight gain were
independent of sample size and hence surface area.
Normalizing the burning rates by surface area consid-
erably increased the scatter in the data, which was very
consistent without normalization.

Oxidation of samples for which ignition did not oc-
cur was characterized by a decreasing rate of weight gain
with increasing test time. Attempts to fit the low-tem-
perature oxidation data with parabolic or paralinear
rate kinetics for the entire test duration were not suc-
cessful; no single rate law provided a good fit to all tests.
In order to make comparisons between tests at different
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Fig. 1. Plot of weight gain and furnace temperature for ignition
and burning of plate 3401 corrosion product in Ar-9%0,
(ZPPR 4A).

temperatures, best linear fits were made to the weight
gain versus time curves. The fits were made to all of the
data after the initial parabolic weight gain. Because the
rate of oxidation did not change significantly over the
course of a test, the error introduced by the somewhat
arbitrary fit was small, especially relative to the overall
scatter in the rates as a function of temperature.

The hydride contents of the oxide-hydride samples
were calculated from the total weight gain observed after
completion of burning, which was clearly indicated by
the sample weight becoming stable (Fig. 1). The calcu-
lation was performed by computing the weight of hy-
dride needed to produce the weight gain observed
according to the stoichiometry of reaction (2) and then
dividing this weight by the total sample weight to obtain
the hydride fraction. The weight gain due to conversion
of UO, to U30; or U;0z was neglected due to the
limited maximum sample temperature (~500°C), short
test duration, and the low percentage weight gains for
these reactions relative to UH; oxidation. Further basis
for this assumption is presented in Section 4.3.

The computed hydride fraction was further used to
compute the original hydride surface area in the sample,
which was taken as the product of the specific surface
area, the original sample mass, and the hydride fraction.
For the purposes of calculation, the hydride component
of the sample was assumed to have the same specific area
as the oxide component. The validity of this assumption
is supported by the similarity of specific areas for cor-
rosion products with differing hydride contents.

Most samples that were tested at lower temperatures
and which did not ignite were subsequently tested again
at a higher-temperature in order to completely oxidize
the sample and compute a hydride fraction. The second,
high-temperature test for a given sample is denoted by
the suffix A. The results from these tests are also
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included in Table 3, as the small amount of oxidation
incurred in the first test was not believed to alter the
burning kinetics observed in the second, high tempera-
ture test. The consistency of results from the A tests with
other tests at same conditions supports this assumption.
For samples which were not completely oxidized in a
second test, the average hydride content of other sam-
ples from the same plate was used to compute the hy-
dride surface area. The hydride surface area (computed
or measured) was used to normalize oxidation rates for
all low-temperature tests.

3.2.2. Plate-to-plate variations

Table 4 summarizes the TGA reactivity characteris-
tics — ignition temperature, burning rate, and hydride
content — of the corrosion products from plates 2249,
2652, and 3401. Plates 2652 and 3401 were both mod-
erately corroded, while plate 2249 showed very little
corrosion. The ignition temperatures and burning rates
of products from the two moderately corroded plates
were very similar. The ignition temperature of the one
sample from plate 3401 tested in a burning curve mode
in Ar-9%0, was 142°C. The two ignition temperatures
measured in a burning curve mode for samples from
plate 2652 were 134 and 137°C. These tests were per-
formed in Ar-20%0O,. For isothermal tests in Ar—
20%0,, ignition was observed occasionally at 125°C and
consistently at 150°C for samples from both plates. The
burning rates in Ar-20%0, were also very consistent.
The rates for samples from plate 3401 varied from 0.095
to 0.141 mg/s; the rates for plate 2652 varied from 0.112
to 0.128 mg/s.

The hydride content measured by TGA was observed
to differ for the two moderately corroded plates. The
hydride fractions for plate 3401 samples varied from 47
to 61 wt%, while the hydride fractions for plate 2652
samples varied from 29 to 39 wt%. The properties of
plate 2249, which did not show significant localized
corrosion, were very different from the other two plates.
Ignition was not observed in any of the samples tested
from this plate, even at temperatures of up to 500°C (in
the one burning curve test). The rate of weight gain in an
isothermal test at 150°C was approximately 4 x 1076
mg/s, several orders of magnitude less than the burning
rates observed for the two other plates at the same
temperature.

3.2.3. Burning kinetics

The results of the tests performed in varying O, con-
centrations (4%, 9%, and 20%) showed that burning was
not as vigorous in Ar-4%0, as it was in Ar-9%0, and
Ar-20%0,. As described in Section 3.2.1, ignition and
burning was indicated by a rapid rate of weight gain and a
corresponding increase in furnace control thermocouple
temperature. In Ar-9%0, and Ar-20%0,, a high rate of
weight gain was maintained until oxidation was nearly
complete, and the furnace temperature increase was
substantial. Fig. 1 shows a typical plot of weight gain and
furnace temperature during burning in Ar-9%Q0, at
150°C. In contrast, the shapes of the weight gain versus
time curves for burning in Ar-4%Q0, were characterized
by an initially high, linear rate of weight gain which
underwent a marked slowing after approximately three-
quarters of the sample was consumed. In addition, the
increase in furnace control thermocouple reading was
smaller. Fig. 2 is a plot showing this behavior.

There was little, if any, effect of O, concentration on
ignition temperature. In Ar-20%Q0;, the ignition tem-
peratures measured in two burning curves tests (ZPPR
21 and 22) were 134°C and 137°C. The burning curve
ignition temperature in one test in Ar—9%0, (ZPPR 07)
was 142°C, and the burning curve ignition temperatures
measured in two tests in Ar-4%0, (ZPPR 26 and 27)
were 143°C and 145°C.

The rates of oxidation above the ignition temperature
were found to be strongly dependent on O, concentra-
tion, contrary to the lack of an effect observed for the
ignition temperature. A strong correlation was found to
exist between the burning rate and the net rate of O,
flow in the sample chamber. The net rate of O, flow was
computed as the total flow rate multiplied by the O,
concentration. Fig. 3 is a plot of burning rate in mg/s
versus net O, flow rate in cm?/s showing this trend. Data
from plates 2652 and 3401 at a variety of O, concen-
trations are plotted.

Two burning curve tests were performed to measure
the maximum sample temperatures achieved during
burning in Ar-20%0, and Ar-4%0,. Fig. 4 shows a
plot of furnace and sample thermocouple temperatures
as a function of time for a burning curve test in Ar—
20%0, (ZPPR 22). At the ignition temperature, the
sample thermocouple reading dramatically increased to
a maximum value of 487°C and then gradually de-

Table 4

Ar-20%0, reactivity characteristics summary

Plate ID Ignition temperature (°C) Burning rate (mg/s) Hydride (%)

3401 BC ?: 142 (9% 0O,) isothermal: > 125 0.10-0.14 average: 0.11 47-61 (TGA)

2652 BC: 134-137 isothermal: > 125 0.11-0.13 average: 0.12 29-39 (TGA) 47 (XRD)
2249 ignition not observed no burning rate at 150°C: 4 x 107° 3 (XRD)

4 Burning curve.
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Fig. 2. Plot of weight gain and furnace temperature for ignition
and burning of plate 2652 corrosion product in Ar-4%0,
(ZPPR 24).
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Fig. 3. Variation of burning rate with net oxygen flow rate.

creased as the sample was consumed. As shown in
Fig. 5, the maximum burning temperature observed for
a similar test in Ar-4%0, (ZPPR 27) was much lower,
only 201°C. The difference is attributed to the consid-
erably slower rate of burning in Ar—4%0,.

3.2.4. Low-temperature oxidation kinetics

There appeared to be little effect of oxygen concen-
tration on oxidation kinetics below the ignition tem-
perature. Fig. 6 is an Arrhenius plot of the low
temperature oxidation rates versus temperature. All data
fall roughly into a straight line, with a large scatter at
100°C (where several tests were performed) clearly evi-
dent. The data obtained in 4% O, fit reasonably well
within the scatter of the higher O, concentration data.
Fig. 6 also shows a linear regression fit to the data. The
rate equations obtained are

1
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Fig. 4. Sample and furnace thermocouple readings for burning
of plate 2652 corrosion product in Ar-20%0, (ZPPR 22).
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Fig. 5. Sample and furnace thermocouple readings for burning
of plate 2652 corrosion product in Ar-4%0, (ZPPR 27).

k = 67exp(—Q/RT)mg/cm’ /s, (3)

0 = 63+ 4 kJ/mol 4)

where k is the linear rate constant and Q is the activation
energy. The linear rate constant applies to a rate equa-
tion of the form AW = kt, where AW is the weight gain
per unit surface area and ¢ is time. The relation is valid
over the temperature range of 50-150°C.

3.3. X-ray diffraction analysis
Standardless quantitative analysis of XRD patterns

from corrosion product samples of plates 2652 and 2249
provided a second means of measuring UH; contents.
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Fig. 6. Arrhenius plot of best linear fit oxidation rates versus
reciprocal temperature.

Using this technique, the sample from plate 2652 was
determined to be comprised of approximately 47 wt%
UHj; and 53 wt% UO,. The hydride fraction for plate
2652 determined by TGA analysis varied from 29 to
39 wt%.

XRD analysis of TGA samples after burning in en-
vironments of Ar-4%0,, Ar-9%0,, and Ar-20%0,
showed only oxide phases. The peaks observed in these
samples were very broad (this was also true for non-
reacted samples). Because of the peak width and the
similarity of lattice parameters, it was not possible to
differentiate between UO, and U;0; or U3;Og and UO;3
with any reasonable certainty. Based on literature in-
formation [1] and the results of TGA tests on plate 2249,
the oxide present in non-reacted samples is believed to
be UQO,. For samples tested in Ar-9%0, and Ar-20%0,
(ZPPR 04 and 13) both UOz/U307 and UxOg/UO3 were
observed. The higher oxides are believed to result from
the reaction of UH; with O,. The lower oxides could
either be UO, present in the sample prior to testing,
U;0; formed by oxidation of UO, during testing, or a
combination of the two. Oxide present in the loose
corrosion products from ZPPR plates has a distinct
flake-like morphology [18] which did not appear to
change as a result of TGA testing. The lack of change
suggests that the extent of UQO, oxidation in these
samples is small. Only UO,/U;0; peaks were observed
in the sample tested in Ar-4%0, (ZPPR 25). The lower
oxygen concentration in the reacting gas appears to have
prevented the formation of higher oxides during oxida-
tion of UHj;.

The sample from plate 2249 was found by XRD to
have only 3 wt% UHj (remainder UO,/U305) a result
which is consistent with the lack of reactivity observed in
the TGA tests. Due to the peak width and similarity of

the UO, and U;0; lattice parameters mentioned above,
it was not possible to verify using XRD that the weight
gains observed in these tests (ZPPR 34 and 35) were in
fact a result of UO, oxidation to U;O;.

Despite the variety of oxide phases observed in the
reacted TGA samples, for the purposes of calculating
UH; contents based on TGA weight gain only U;Og was
assumed to be formed. As stated above, the oxides with
peaks which could correspond to either U3;Og or UO;
were believed to be formed during TGA oxidation in 9%
and 20% O,. Of the two higher oxides, U;Og was chosen
for the calculations because it has been cited in the lit-
erature [12,14] as the reaction product of UH; with air.
The error introduced by the use of U;Og for UH; cal-
culations for tests in Ar-4%0, appears to be small since
the calculated UH; fractions for tests in Ar-4%0, lie
within the range of values computed for the samples
from the same plate (2652) tested in Ar-20%0,.

4. Discussion
4.1. Specific surface areas

The specific surface areas measured for the loose
corrosion products (mixtures of oxide and hydride) fall
within the range of values reported for pure UH;.
Longhurst [17] reported specific areas between 0.3 and
0.6 m?/g, Stakebake [16] reported 2.8 m?/g, and Alire
[20] reported 0.8-1.1 m?/g. All were prepared by hyd-
riding U metal. The specific areas of uranium oxide
powders vary greatly depending on the means of prep-
aration [21]. Oxides formed as corrosion products are
not typically analyzed for specific surface area, so a
direct comparison with the current data cannot be
made.

4.2. Ignition temperatures and burning rates

The behavior of the hydride-bearing ZPPR corrosion
products observed in this series of tests was very com-
parable to observed by Longhurst [17] in his tests on
pure UH;. The ignition temperatures in this series of
tests, 134-145°C, bracket the 140°C value reported by
Longhurst. In Longhurst’s case, however, the heat of
burning was sufficient to melt the Pt sample pan, indi-
cating that the burning temperature exceeded 1772°C.
Burning temperatures of ZPPR corrosion products in
the present study did not exceed 500°C. The source of
this difference is unknown. In the study by Stakebake
[16], ignition was observed as low as 0°C, as evidenced
by the relatively rapid total reaction of the hydride
powder (3 min) and the 75°C temperature excursion of
the recording thermocouple at this test temperature.
This lower ignition temperature may be a result of the
greater specific surface area of the powder tested by
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Stakebake (2.8 m?/g) compared to that of Longhurst
(0.3-0.6 m?/g) and the present study (0.5-1.0 m*/g).

It must be noted that ignition temperatures measured
in TGA testing do not necessarily reflect the behavior of
the corrosion product under actual handling conditions.
The samples in TGA testing are quiescent, while han-
dling introduces energy to the samples via mechanical
agitation or static discharge. Mechanical agitation may
lead to fracture of passivating oxide films present on
hydride particles, thereby exposing the reactive hydride
to oxygen. Ignition of ZPPR fuel corrosion product
powders has occurred during handling at room tem-
perature [18].

The strong dependence of burning rate on net O,
flow rate over a range of flows, O, concentrations, test
temperatures, sample sizes, and source plates indicates
that, for these TGA tests, the burning rate of ZPPR fuel
corrosion products was limited by convective oxygen
transport in the gas phase, rather than by any intrinsic
material property. Additional support for this hypoth-
esis is provided by the fact that the rate of sample mass
gain was approximately the same as the O, mass flow
rate past the sample pan. For 20% O, at 3.3 cm’/s at a
test temperature of 150°C, multiplication of the net O,
flow rate (0.7 cm?/s) by the density of O, at 150°C (0.92
mg/cm?) yields an O, mass flow rate of approximately
0.6 mg/sec. The sample chamber is a 25 mm cylinder
through which the reacting gas flows. The circular
sample pan is located in the center of the sample
chamber (concentric) and has a 10 mm diameter. The
ratio of the area of the sample pan to the chamber area
is 1/6; therefore, to a first approximation the flow which
impinges on the sample pan is 1/6 of the total flow, or
0.1 mg/s. This value is in agreement with the observed
rate of mass gain for burning in Ar-20%Q0,. Similar
agreement is seen for burning rates in 4% O, and 9% O,.

4.3. Hydride concentrations

The hydride contents observed for corrosion prod-
ucts from the two moderately corroded plates are fairly
high for uranium metal corrosion products. Typical
hydride contents reported for reaction products of ura-
nium metal with water vapor are less than 20% [4,8,22].
It must be noted, however, that the hydride contents
measured in the current tests only apply to the loose
corrosion product. The hydride content for the corro-
sion product from an entire plate should be lower, as the
tightly adherent product remaining on the plates is be-
lieved to be oxide. Relatively high hydride contents were
also observed in the previous characterization work [10].
A potential mechanism cited for the formation of high
UH; was preferential permeation of H,O through an
elastomer seal used on the canisters in which the clad
plates were stored. The reaction would then be between
U and H,O only, with the corrosion crevices acting to

trap H, formed in the reaction, allowing it to react with
metal to form hydride.

Both TGA and XRD results indicate that there is
very little hydride present in the loose corrosion product
from plate 2249. This observation is consistent with
XRD data produced from a sample from another plate,
4414, which was also characterized as showing little lo-
calized corrosion [10]. No UH; peaks were identified in
this sample, contrary to the strong hydride peaks ob-
served in corrosion product samples from more badly
corroded plates.

The small weight gain that was observed in the iso-
thermal tests of plate 2249 corrosion products at 150°C
and 200°C may be a result of oxidation of UH; or UQO,.
UO, powders will measurably oxidize to U;O; between
100°C and 250°C [23]. It is not possible to conclusively
differentiate between these two reactions, but the weight
gains observed in the isothermal tests are in good
agreement with weight gains calculated using the para-
bolic rate constant given in Ref. [23]. These rates are
orders of magnitude less than UH; burning rates or non-
burning oxidation rates observed at the same tempera-
tures for samples from plates 2652 and 3401, hence the
assumption that the weight gain for tests on samples
which contained appreciable UH; was only due to UH;
oxidation is valid.

The reason for the discrepancy between the hydride
contents measured by TGA and those calculated from
the XRD patterns is unknown. Neither technique is a
highly accurate way of assessing UH; contents. The
XRD analysis is standardless and complicted by the
large peak width. The TGA technique relies on an as-
sumption that the reaction product of UH; and O, is
U;0g. The accuracy of both measurement techniques
are believed to be 10% at best. While it is also possible
that the XRD sample was intrinsically different than the
TGA samples, this is unlikely. The results from the TGA
samples were fairly consistent, and the XRD sample was
collected in the same manner as the TGA samples.

4.4. Low-temperature oxidation kinetics

The data obtained in this study of UH; oxidation are
compared with uranium metal oxidation data [1] in
Fig. 7. The comparison is made on the basis of the
weight of uranium or uranium hydride reacted rather
than weight gain, since the weight gains associated with
the reaction of an equivalent number of U atoms are
different for oxidation of U metal and U hydride. It is
interesting that the slope of the regression fit is very
similar to the slope for uranium metal. A similar acti-
vation energy suggests that the rate-determining mech-
anism of oxidation is similar. In both cases the
mechanism is expected to be diffusion of oxygen (as an
O? ion) through a uranium oxide film, as both reactions
have uranium oxide products. The magnitude of the
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Fig. 7. Comparison of current data with U metal oxidation
rates from Ritchie [1].

rates are comparable, although the hydride data are a
factor of 5-10 less than the oxide data. This difference is
likely within the scatter of the U metal data reviewed by
Ritchie [1].

There was little observed effect of O, concentration
on low-temperature oxidation rates of ZPPR corrosion
product powders. Oxidation theory does predict an ef-
fect of O, partial pressure on U metal oxidation rates [2],
but it is small (the reported dependence is proportional
to pé)/z ). Assuming that UH; oxidizes by the same
mechanism as U metal, this dependence would be hid-
den by the intrinsic scatter of the corrosion product
oxidation data.

5. Conclusions

The oxidation behavior of uranium metal corrosion
products from ZPPR fuel plates was studied using TGA,
XRD, and BET gas sorption analysis. The following
conclusions were reached.

1. The specific surface areas of the loose corrosion prod-
ucts varied from 0.51 to 1.00 m?/g.

2. Ignition of samples from the two moderately corrod-
ed plates was observed between 125°C and 150°C.
There was little variation in observed ignition temper-
ature between the two plates or with variation in ox-
ygen concentration in the reacting gas.

3. The rate of oxidation above the ignition temperature
was dependent only on the net flow rate of oxygen in
the reacting gas for the range of flows and oxygen
concentrations investigated.

4. Oxidation rates below the ignition temperature de-
creased with increasing test time. These rates were ap-
parently independent of oxygen concentration

between 4% and 20% oxygen. Best linear fit approxi-
mations to the data were used to determine an activa-
tion energy.

5. There was a difference in hydride content in the loose

corrosion product for the two moderately corroded
plates, 47-61 wt% versus 29-39 wt%.

6. The corrosion products from a plate which showed

relatively little signs of corrosion were not reactive
and contained little uranium hydride.
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