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Summary 

The safety and process analyses of the proposed Integrated Process Strategy (IPS) to move the 
N-Reactor spent nuclear fuel (SNF) stored at K-Basin to an interim storage facility require information 
about the oxidation behavior of the metallic uranium. Limited experiments have been performed on the 
oxidation reaction of SNF samples taken fiom an N-Reactor outer fuel element in various atmospheres. 
This report discusses studies on the oxidation behavior of SNF using two independent experimental 
systems. 

. 

0 a tube furnace with a flowing gas mixture of 2% oxygen/98% argon 

0 a thermogravimetric system for dry air oxidation. 

Results of the tube furnace tests show differences in the oxidation rate of samples taken fiom the 
damagedhorroded and undamaged regions of the same SNF element. Samples taken from the damaged/ 
corroded regions of the element showed an oxygen pickup rate that was time independent, indicating a 
linear oxidation behavior. However, the oxygen pickup by the samples taken fiom the undamaged 
regions decreased with increasing time that suggests a protective oxide film formation on the samples. 

The average oxidation rate for the undamaged SNF samples in an oxygerdargon atmosphere at 250°C 
was 7.01 x 10” mg/cm2/min. This rate is in close agreement with the value 4.16 x l o 3  mg/cm2/min esti- 
mated from the unirradiated data of Baker and Less and reported by Ritchie (1981).(’) On the other hand, 
the average oxidation rate of the damaged SNF samples at 25OOC (Furnace Runs 2 1 , 23 , 27) was 2.15 x 
1 0-2 mg/cm2/min, which is about a factor of 5 greater than the unirradiated uranium data of Baker and 
Less (Ritchie 1981):’) In one particular experiment, the oxidation rate of damaged SNF sample at 150°C 
was 1.24 x 1 0-2 mg/cm2/min, which is about 83 times greater than the value of 1.5 x 1 O4 mg/cm2/min 
estimated fiom the data of Baker and Less (Ritchie 1981).(*) This sample showed significantly higher 
hydrogen release during its drying step(a) compared to other samples. Thus, the increased oxidation rate 
observed for this sample may be due to an enhancement effect of uranium hydride inclusions in the 
sample. 

The data for dry air oxidation of damagedhorroded SNF samples using the thermogravimetric 
(TGA/DSC/MS) system showed an oxidation behavior that was complex. The data were grouped into 
two categories for analysis. The first group of data represents the cases when the weight change by the 
SNF sample followed a typical metallic material oxidation kinetics. The second group of weight change 
showed oxidation behavior that was very erratic due to effects that include but are not limited to 
1) sample cracking, 2) rapid oxidation of the sample resulting in large volume changes, 3) spallation of 
the oxide film, and 4) disintegration of the sample due to rapid oxidation of particulates in the matrix. 

(a) The oxidation step of the furnace run was performed after drying steps at 5OoC and 300°C in either 
ultra high purity argon flow [Independent Technical Assessment (ITA 1994)”) process] or vacuum 
[Integrated Process Stategy (WHC 1995)(3)l. 
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The shape of the weight change data for the first group could be fitted with either linear or parabolic 
oxidation kinetics. A linear rate equation was fitted to the data to generate a rate equation that can be 
compared to the literature linear rate. Analysis of the data gave an oxidation rate constant for the 
damagedcorroded SNF samples wiihin the temperature range of 69°C to 275OC: 

k = 475 exp (- 1 O/RQ mg/cm2/min 

where the activation energy is in kcd/mole, R is the gas constant, and T is absolute temperature (K). This 
rate constant for the damagedcorroded SNF samples is higher than the literature rate equation of Pearce 
et al. ( 1988)(4’ and Ritchie (1981)(’) for dry air oxidation of unirradiated metallic uranium. However, the 
SNF oxidation rate falls within the tipper bound of the 95% prediction interval for the literature review 
data of Pearce (1989)”) for dry air oxidation of uranium. 

The oxidation rates of the dama,ged/corroded SNF material in dry air were higher than those of 
unirradiated metallic uranium, partly due to the intrinsic effect of the irradiation and the roughness of the 
machined samples used in the tests. However, the dominant factor for these damaged SNF materials may 
be uranium hydride inclusions resulting fiom corrosion of SNF during storage at the water-pool basin. 
Support for the hydride enhancement effect is the observed rapid oxidation of some of the SNF samples 
both in the TGA testing and the furriace testing. The calculated rates for those rapid oxidation segments 
were higher than the averaged calculated rate for SNF materials. Other supporting data for the uranium 
hydride influence is the observed close agreement of the oxidation rates of the undamaged SNF and the 
unirradiated N-Reactor uranium metal with the literature rate equation in dry air. 

The limited experimental data gathered to date suggest that the oxidation rate of damagedkorroded 
SNF falls on the upper bound of collected literature data (reported for unirradiated metallic uranium) at 
temperatures below 25OOC. Additicnally, there were instances during the oxidation studies where the 
SNF showed accelerated or rapid oxidation behavior, which can effectively increase the averaged 
oxidation rate of corroded regions of the SNF. It can therefore be concluded that, at lower temperatures, 
the oxidation rate of the damagdcorroded K-Basin SNF based on the limited experimental data is 
different and higher than unirradiated metallic uranium. 
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1.0 Introduction 

The N-Reactor spent nuclear fuel (SNF) stored at the Hanford 1 OO-Area K-Basins comprises fuel 
assemblies made of a metallic uranium core that was co-extruded with an inner and outer sleeve of 
Zircaloy-2 under high pressure and elevated temperature (Figure 1.1). The co-extrusion formed a d i f i -  
sion weld between the uranium core and the Zircaloy-2 cladding. The inner and outer elements were 
assembled and irradiated in the N-Reactor. After discharge, the SNF materials were put into the water- 
filled K-Basins, where they have been stored for periods ranging from 9 to 25 years. Storing the dis- 
charged fuel assemblies in a water basin resulted in severe corrosion of some uranium cores due to 
various breaches (during discharge and subsequent handling in the basins) in the cladding material. The 
corrosion damage due to the reaction 

U + (2+x)H20 = UOz+X + ( 2 + ~ )  H2 

has generated SNF material whose subsequent oxidation kinetics couId be significantly different from the 
initial metallic uranium material. Of all the changes to the SNJ? material due to corrosion, the two most 
important factors that may affect the oxidation kinetics are the increased surface area and the generation 
of uranium hydride inclusions in the uranium matrix. 

Corrosion of metallic uranium by water forms uranium oxide(s), which is non-adherent and spalls due 
to the large volume change associated with the transformation. The volume change of the surface oxide 
film sets up stresses in the substrate material that cause the substrate uranium matrix to develop cracks 
(Baker et al. 1966). The embrittlement of the uranium material by irradiation is likely affecting crack 
formation in the SNF material and creating additional surface area. The spalling oxide also creates a 
rough uranium surface, which further increases the reaction surface area of the exposed uranium. 

A fraction of the hydrogen generated by the corrosion reaction of water with uranium migrates into 
the matrix of the uranium and precipitates out as uranium hydride. The high surface area of the uranium 
hydride inclusions can significantly change the oxidation behavior of the corroded uranium matrix. In 
fact, the enhanced reactivity of metallic uranium in moist air has been ascribed to probable formation of 
a transitory uranium hydride phase ahead of the oxidation fiont (Bennett et al. 1975). It is therefore 
expected that a uranium matrix having a certain concentration of the hydride phase may show significant 
enhancement in reactivity with air. 

The oxidation behavior of damagedcorroded SNF material is directly related to the process design 
parameters and the safety cases of the Integrated Process Strategy (IPS) (WHC 1995) for moving the 
K-Basin SNF to an interim dry storage facility. The literature data on the oxidation kinetics of 
unirradiateduncorroded metallic uranium (Ritchie 198 1 ; Condon et al. 1983; Colmenares 1984; Pearce 
et al. 1988; Tyfield 1988; McGillivray et al. 1994) have been reviewed by the Hanford Spent Nuclear 
Fuel Project (Cooper 1996) for the purpose of generating or selecting an applicable kinetic rate constant 
in the absence of data on material having the characteristic corrosion degradation of the K-Basin material. 
The conclusion of that review was that the rate equation of Pearce et al. (1988) was to be used for process 
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design analyses and the safety analyses of the IPS with an enhancement factor to account for unknown 
effects such as 1) surface roughness of the exposed uranium; 2) inclusions in the SNF material, especially 
hydrides resulting fiom water corrosion of the SNF material in storage; and 3) irradiation. 

The main issues associated with this approach are the size of the enhancement factor for bounding 
process design analyses, and determination of a conservative enhancement factor for safety analysis use 
within the IPS. The only plausible method to verify the conservativeness of the enhancement factor is to 
perform a series of oxidation reaction tests using samples taken from the K-Basin SNF elements. 

The purpose of the present investigation, conducted by Pacific Northwest National Laboratory 
(PNNL)," was to perform oxidation kinetics studies of K-Basin SNF material in various atmospheres 
akin to the atmospheres that will surround the SNF during the IPS treatment process. Note that time 
constraints limited the number of experiments that could be performed to conclusively determine exact 
mechanistic interpretation of the data. Additionally, unexpected experimental data that could have been 
ignored in a typical experimental program were carefully analyzed in this report to extract reasonable 
information. 

This report contains oxidation data fiom a testing program to determine the oxidation rate kinetics of 
the K-Basin SNF material in dry air. The test samples were taken fiom the undamaged 'and damaged 
corroded regions of two N-Reactor fuel elements that had been stored in the K-West Basin. Two 
independent systems (Section 2.0) were used in the study, an indirect method that involves measuring 
oxygen depletion in a gas flow system (tube furnace), and a direct method using a thermogravimetric 
technique (TGMDSCMS system). Section 3.0 shows the results of the tests, and Section 4.0 provides 
oxidation kinetics. Results are further discussed in Section 5.0. 

(a) Operated by Battelle for the U.S. Department of Energy under Contract DE-AC06-76RLO 1830. 
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2.0 Experimental 

Two independent experimental systems were used for the testing discussed in this report. The 
systems and testing procedures are described below. Samples for both test systems were taken from 
N-Reactor outer fuel elements (Figure 2. l), designated SFEC5,4378 and SFEC10,4366. Two unirradiated 
N-Reactor uranium metal samples were also used in the TGA tests. 

2.1 Furnace System 

The tube furnace test activities were performed in a hot cell (G-Cell) in the Postirradiation Testing 
Laboratory (327 Building). A schematic of the furnace system used to study the oxidation kinetics, its 
inlet gas control capabilities, and its off-gas analyses capabilities is shown in Figure 2.2. The samples 
sectioned from the damagedcorroded regions of the SNF element (Figure 2.1) had at least one rough 
corroded uranium surface, and the inner and outer cladding (Zircaloy-2) was still bonded to the samples. 
Detailed sectioning diagrams of the two SNF elements are provided in Figures 2.3 and 2.4 showing which 
regions the samples were taken from. The estimated geometric surface areas for the damaged samples did 
not account for any roughness factor of these corroded surfaces. The samples were stored in a container 
filled with ultra high purity (UHP) argon after sectioning and were transferred from temporary storage in 
E-Cell to the furnace apparatus in G-Cell just before loading. Each specimen was weighed before and 
d e r  the test. The dimensions of the specimens were determined from photographs (Figure 2.5a for an 
undamaged sample and Figure 2.5b for a damagedcorroded sample) taken with a calibrated scale 
attached. The nominal size of a sample was approximately 2.5 cm in length, 1 cm in width, and 0.92 cm 
thick. Samples used and their identification codes are listed in the second column of Table 3.1 in 
Section 3.1. 

Prior to the oxidation reaction, the SNF samples were dried either in a flowing gas, for Furnace 
Runs 1 and 2 using the Independent Technical Assessment (ITA) process (ITA 1994), or by vacuum 
steps, that is, cold vacuum drying followed by hot vacuum drying, for Furnace Runs 6,21,23,27,28,34 
and 35, based on the IPS SNF treatment (WHC 1995). After the drying step, the samples were oxidized 
in a flowing gas mixture of 2% oxygen/98% argon at a constant temperature and a system pressure of 
1 atmosphere. The off-gas downstream of the sample was monitored by a gas chromatograph (GC) to 
determine the amount of oxygen the sample picked up for the duration of the test. The sample tempera- 
ture was monitored by a typsK thermocouple in contact with the sample. On completion of the condi- 
tioning cycle (drying steps plus oxidation step), the specimen(s) was removed from the furnace for visual 
examination and then stored in UHP argon for later analysis. 

2.2 TGA/DSC/MS System 

The testing was conducted using a Netzsch STA 409 TGA/DSC/MS (thermogravimetric analysis/ 
differential scanning calorimeter/mass spectrometer) skimmer graphite furnace system in a glove box. A 
schematic representation of the testing system is shown in Figure 2.6. The system is made up of four 
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Figure 2.1. End View of the. Broken and Damaged Ends of the Two SNF Elements Tested; 
(a) SFEC5,437E8 with the end cap removed and (b) SFEC10,4366 
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Figure 2.3. Sectioning Diagram of SNF Element SFEC5,4378 Showing Test Samples 
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Figure 2.5. Photographs of SNI? Samples for the Furnace Testing Sectioned from (a) Undamaged 
Mid-Section and (b 1 DamagedKorroded Region of SNF Element SFEC5,4378 
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Figure 2.6. Schematic of the TGA/DSC/MS System 



chambers: an MS chamber, an intermediate chamber, a sample reaction chamber, and a balance chamber. 
The MS chamber houses the quadrupole mass spectrometer (QMS), and it is pumped by a turbomolecular 
pump to a baseline pressure of aboul lo-’ Torr. The intermediate chamber separates the MS chamber 
from the atmospheric reaction chamber and is pumped by a mechanical pump to a base pressure of about 
1 0-3 Torr without a load. The sample chamber houses a thermogravimetric sample carrier, which has the 
sample thermocouple [i.e., S-type) and connects to the analytical balance. Gas inlet and outlet lines are 
connected to this chamber for supplying the reactant gas. The sample crucible, with dimensions of 
15 mm outside diameter, 12 mm inside diameter, a depth of 7.2 mm and a height of 9 mm, is mounted at 
the end of the sample carrier (Figure 2.6). The sample chamber is resistively heated by graphite elements 
that are protected by UHP helium gas flow through the element shell chamber. The analytical balance 
chamber houses the electrobalance and a gas inlet to the chamber that allows it to be purged by either an 
inert gas or the reactant gas. The temperature of the analytical chamber is maintained at ambient 
conditions by a series of heat shields in the sample chamber and a water cooling at the joint that separates 
this chamber from the heated sample chamber. 

The SNF samples used for the Oxidation kinetics studies were sectioned from several regions of the 
damagedcorroded ends of SNF elements SFEC5,4378 and SFEC10,4366 (Figures 2.3 and 2.4) and the 
undamaged (Le., mid-section) of ele ment SFEC5,4378. The regular-geometrical-shaped SNF samples 
were used in the as-cut condition wkhout any further preparation (weight and dimensional measurements 
were recorded). The samples were oxidized under flowing dry air at a constant temperature. The sample 
chamber was maintained at atmospheric pressure. Prior to each oxidation test, the sample chamber was 
purged with the reactant air [Le., dry air) after loading the sample. The sample was then heated at a 
constant rate (i.e., either lS°C/min or 20°C/min) to the desired temperature while flowing air at a rate of 
about 250 cm3/min through the sample chamber. The sample temperature was then maintained at iso- 
thermal conditions up to about 5 hr, which allowed sufficient time to collect data for oxidation rate 
analyses. The isothermal treatment was followed by cooling to ambient temperature. On several occa- 
sions the system was shut down before the scheduled period because of rapid oxidation of the sample 
and/or disintegration of the sample hy rapid oxidation of probable hydride inclusions in the sample. The 
sample weight change was continuously monitored by the electrobalance throughout the test, and the off- 
gas stream was analyzed by the attached QMS. With the exception of few runs, all the samples had four 
cut uranium surfaces and were bonded with an inner and outer cladding (Zircaloy-2 material). The 
unirradiated samples underwent the same procedures. 
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3.0 Oxidation Test Results 

The results are given here for the tube furnace and thermogravimetric system tests on K-Basin SNF 
samples. 

3.1 Furnace Test 

Figures 3.1 and 3.2 show the results from oxidation tests pedormed in the furnace system on 
undamaged and damagedcorroded SNF samples (other furnace test results are provided in the appendix). 
The results consist of time history plots of the oxygen and hydrogen concentration in the gas stream 
monitored by a GC. The trend of the moisture content in the gas stream, detected by a Panametrics Series 

. 35 microprocess-based sensor, is shown. 

An oxygen baseline in the off-gas stream is drawn in Figures 3.1 and 3.2 for determining the total 
oxygen consumed during each test and to show the depression in the oxygen concentration. The deple- 
tion of oxygen in the gas stream represents the net pickup of oxygen by the test sample(s). Figure 3.1 
shows a high initial oxygen uptake by the samples that gradually decreased with time. This is an indica- 
tion of a protective oxide film formation on the samples during the test. The oxygen pickup by the 
damagedcorroded sample (Figure 3.2), however, remained constant, indicating a nonprotective oxide 
film formation. For each test, the area between the oxygen baseline and the depression in the oxygen 
concentration curve was numerically integrated to yield the sample oxygen pickup. The oxygen pickup 
was divided by the initial exposed uranium area and the test duration time to give the SNF oxidation rates 
listed in Table 3.1. The calculated SNF oxidation rates are compared to the oxidation rate data of Baker 
and Less reported in Table 3.1 of Ritchie (198 1). Baker and Less data were fmed with regression lines 
(Figure 3.3) to estimate the rates at which the oxygen partial pressure of about 15.2 Torr (i-e., 2% oxygen 
in the gas mixture) will yield the rates given in the last column of Table 3.1 of this report. 

Furnace Runs 1,2, and 6 are for samples taken fiom the undamaged region of SNF element 
SFEC5,4378. The oxidation rate of these undamaged SNF samples agrees well within the experimental 
spread with the estimated literature values of Baker and Less. The oxidation rates of Furnace Runs 28 
and 34 are also in agreement with the Baker and Less data. Even though the samples used in Furnace 
Runs 28 and 34 were taken from the damaged end of SNF element SFEC10,4366, they have no corroded 
surfaces and showed hydrogen release data similar to that of undamaged samples. Samples 10-S1-B and 
10-S3-C were considered undamaged samples for comparison of oxidation kinetics. By averaging 
Furnace Runs 1,2,6, and 28, the oxidation rate for the undamaged samples at 25OOC was calculated to be 
7.01 x mg/cm2/min. 

The oxidation rate for samples fiom the damaged regions of the SNF elements is reflected in Furnace 
Runs 2 1,23,27, and 35 in Table 3.1. The oxidation rate for all the damaged samples is greater than the 
estimated values from Baker and Less data. At 250°C, the average oxidation rate of 2.15 x 10” mg/cm2/ 
min (Furnace Runs 21,23, and 27) is a factor of 5 greater than the value of 4.16 x 10” mg/cm2/min 
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Figure 3.1. Oxidation of Undamaged SNF Samples in OxygedArgon Mixture 
at 250°C for Furnace Run 2. The samples were dried in flowing gas. 
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Table 3.1. Oxidation Rate of K-West Spent Nuclear Fuel in 2% Oxygen/98% Argon 

Furnace 
Run 

I 

2 

6 

21 

23 

27 

28 
34 
35 
38 

D = iden 

ID 
542-H 

SS2-J 
542-B 
5S2-1 
5-S2-F1 
5-S2-F2 
5-S 1A-G 

5-SlA-B1 
5-SlA-B2 
10-Sl-A 

10-S 1-B 
1033-C 
10-S3-E1 
10-S3-H 

Specimen(:$) Charactc 

Description 
Samples were sectioned 
from the undamaged region 
of SNF element 4378. 

Samples were sectioned 
from the damaged region of 
SNF element 433. 

Samples were sectioned 
from damaged end of SNF 
element 4366. Samples S1- 
B and 3 3 - C  had no 
corroded surface:;. 

fication. 

Oxidation Rate 
(mg/cm2/min) 

Baker and Less 
SNF (Ritchie 1981) 

9.8 10-3 

9.7 10-3 

3.5 103 
4.16 x io5 

2.9 x 1 0-2 

2.1 x loz 

GG-iF 

5.05 10-3 
1.35 x lo-' 
1.24 x 10' --- 1.40 x 10- 4.16 x 

1.42 x 10' 
1.50 x lo4 

estimated from Baker and Less data. For Furnace Run 35, the SNF oxidation rate of 1.24 x 1 O-* 
mg/cm2/min is a factor of 83 greater than 1.5 x lo4 mg/cm2/min (the estimate from Baker and Less). 

3.2 TGA Dry Air Oxidation 

The oxidation behavior of the tested SNF samples at different temperatures can generally be classi- 
fied into two groups. In the first gmup, the experimental data showed no anomaly. The weight gain 
monitored by the electrobalance represents a typical metallic oxidation behavior. The second group of 
experimental data represents the sel: of weight change that showed unusual behavior caused by certain 
events during the experiment. 

3.2.1 Normal Oxidation Resullts 

The first group of data, Figures 3.4 through 3.7, (TGA Runs 5 1,49a, 49b, 19% 20,47, and 48) 
showed an oxidation behavior that is a typical for metallic materials reaction in oxygen. The weight gain 
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Figure 3.6. Plots of Weight Change Versus Time for Oxidation of SNF in Dry Air 
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data in this group can be fitted with typical oxidation mechanism(s) (e.g., linear, parabolic, logarithmic, or 
a combination) to determine the oxidation rate constant, and were used for the oxidation rate analysis 
performed here. The test temperatures range from 69OC (TGA Run 5 1) to 275OC (TGA Run 48). The 
shapes of the weight change curves in Figures 3.4 through 3.7 show a complex oxidation behavior of the 
SNF material within this temperature range. The initial portions of the curves for the long-duration runs 
(Figures 3.4,3.5% and 3.5b) show trle rate of weight gain that decreased with time, suggesting the forma- 
tion of a protective oxide film; but with increasing time, the weight gain became linear. The shape of the 
weight gain data for Figures 3.6% 3.6b and 3.7b represents an oxidation behavior that is a combination of 
parabolic and linear mechanisms. In Figure 3.7% the weight gain started as a low linear rate but transi- 
tioned to a higher linear rate. The accelerated behavior in Figure 3.7a is due to oxide spallation and crea- 
tion of a rough and cracked sample surface, which effectively increased reaction surface area of the 
sample. 

The parabolic shape of the weight gain curves for these runs may be an indication of an oxide layer 
that was initially protective but later cracked and spalled as the layer grew, which resulted in the linear 
oxidation behavior. The reaction product was in the form of non-adherent uranium oxide powder (sup- 
porting the linear oxidation kinetics). Pre- and post-test visual examinations showed intact samples that 
did not disintegrate. 

3.2.2 Unusual Oxidation Results 

For the second group of TGA d&i, the weight change versus time curves did not have a classic 
metallic oxidation shape. Instead, the weight change curves had a series of sudden weight changes or 
periods where the electrobalance of the TGA system was not responding. These curves, not used for the 
oxidation rate analysis, are discussed in this section to provide completeness of the dry air oxidation 
studies. The individual plots of weight gain versus time for this group are shown in Figures 3.8 through 
3.1 1, and the analytical data are shown in the appendix. 

Figure 3.8a shows the plot of weight gain versus time for SNF oxidation at 144°C when the reactant 
gas was a mixture of dry air and helium. The helium gas line was accidentally opened during the test, 
which allowed a gas mixture of unknown fractions to flow through the TGA system. For the initial per- 
iod, the sample showed no measurable weight change. This observation may be due to a system that was 
filled with helium, and/or the native oxide scale prevented oxidation of the sample. This period was fol- 
lowed by rapid weight gain of the simple that caused it to disintegrate. Linear segments of the weight 
change data were analyzed (Figure .4.7) to determine linear oxidation rates based on the initial geometric 
surface area of the sample. These linear rates are listed in Table 3.2 for TGA Run 18. Two of the rates 
(labeled 1 and 2 in Figure A.7) repment segments of the data where the sample showed rapid weight 
gains in relatively short periods of time. The corresponding oxidation rates (0.421 and 0.045 mg/cm2/ 
min) are high compared to the metallic uranium oxidation rate at the test temperature of 144OC. The third 
oxidation rate for a long segment of'the data (labeled 3 in Figure A.7) is close to the expected metallic 
uranium oxidation rate. The two high oxidation rates may be the result of reacting small particulates of 
uranium hydride and/or uranium. The high surface areas of these particulates can result in high reactivity. 
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Table 3.2. Analytical Results of the “Unusual” SNF Oxidation in Dry Air 

TGA 
RUN 

6 
6r 

7 

8 

18 

18b 
21 
21a 

22 

23 
I I I 

5-SlA-E2-R1A I 3.32 I 1.24 150 

0.067 

, 0.348 
~ 0.047 
10.228 

0.712 
1.069 
0.114 

6.32 x 10” 
9.36 x lo-’ 
0.049 
0.121 
0.360 
0.492 
0.103 
2.91 
3.67 
1.97 x 10” 

2.62 10-3 

l0.128 

3.11 10-3 

- 
Results 

9 
0.92 
0.97 
0.79 
0.92 
0.71 
0.97 
0.96 
0.98 
0.95 
0.98 
0.83 
0.85 
0.98 
0.96 
0.93 
0.65 
0.95 
0.87 
0.89 
0.65 
0.98 

Oxidation Rate 
(mg/cm*/min) 

0.040 
0.023 
8.84 x lo4 
0.121 
0.016 
0.080 
0.066 
0.365 
0.421 
0.045 

2.41 x 10” 
3.20 x lo-’ 
1.95 x 10” 
4.82 x IO-* 
0.143 
0.196 
0.041 
1.16 
1.46 
1.59 x lo-’ 

1.22 10-3 

The third oxidation rate may represent the effective oxidation rate of this SNF sample, but the unknown 
reactant gas mixture for this TGA run invalidates including these data in the analysis for the SNF rate 
equation in dry air. 

Figure 3.8b shows weight change versus time plot for SNF oxidation at 150°C in dry air. Following 
the error (i.e., mixed reactant gas) in TGA Run 18, a rerun of SNF oxidation at about the same tempera- 
ture was performed. The results show only a small weight gain at the initial stages of the run followed by 
rapid weight swings. The observed initial weight gain may represent the only portion of data in this run 
when the weight gain by the sample was monitored by the electrobalance. The rapid weight changes in 
the curve may be due to analytical balance noise caused by the sample carrier leaning and consequently 
touching some part of the system, which would have prevented the carrier stick from free floating. 
Consequently, any weight changes measured would not be the true sample weight change. Another 
possibility is that the sample initially loaded into the system was a whole piece but came out in pieces. 
This was also an indication of rapid oxidation of hydride inclusions in the sample, and the weight spikes 
might be caused by that event. One segment of the weight change data was linearly fitted with a 
regression line to determine the oxidation rate (Figure A.8); but the probable malfunction of the 
electrobalance during the run makes the rate very inaccurate, and it will not be included in the 
determination of the SNF rate equation. 
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Figure 3 . 8 ~  shows the weight change versus time plot for SNF oxidation in dry air at 150°C (TGA 
Run 23). The curve shows segments of small steps of rapid weight gains, but the overall profile fits a 
parabolic oxidation behavior. The SNF sample SFEC5,4378-SlA-E2-RlA for this run (TGA Run 23) 
was a broken piece of fuel material from the corroded end of SNF element SFEC5,4378. This sample had 
an irregular shape, and most of the exposed uranium surface was corroded. This TGA run was performed 
to ascertain the effect of increased surface area, due to roughness by corrosion, on the oxidation rate of 
SNF material. The irregular shape made it difficult to perfectly fit this sample in the crucible, which 
made it susceptible to weight loss caused by spallation of the oxide film. This was observed in the weight 
change curve. The general shape of'the weight gain curve almost represents a parabolic oxidation 
behavior if corrected for the spallation. The data obtained before a significant weight loss occurred were 
analyzed (Figure A.9) to determine the approximate oxidation rate based on approximate geometric 
surface area. The approximate rate for the SNF at a temperature of 1 50°C (Table 3.2) is not significantly 
different from either what can be prlzdicted for this SNF material or the oxidation rates of TGA Runs 18 
(third segment) and 18b. The parabolic oxidation behavior of this sample also suggests that the oxide 
scale formed by corrosion of the ShF in K-Basin can be protective if it remains intact. The main 
objective of this TGA run and the irregular shape sample used invalidate these rates as part of the overall 
SNF rate determination analysis; hence, these data will not be included. 

Figures 3.9a and 3.9b show the weight change versus time plot for SNF oxidation in dry air at 2OOOC 
and 196°C (TGA Runs 6 and 6r), respectively. These two TGA runs were among the tests where large 
SNF samples were used. The large sizes provided small tolerance, especially the gap between the top of 
the sample and the orifice separating the sample chamber and the intermediate chamber. Hence, small 
changes due to volume expansion o Fthe SNF sample resulting fiom the oxidation reaction can cause the 
sample to contact part of the system. The consequence of a sample contacting the walls of the sample 
chamber has been an erroneous weight change measurement andor the electrobalance did not respond to 
any additional weight changes. Figu-e 3.9a is an example where the sudden volume change by the SNF 
sample at the initial stages of the run caused the balance not to respond to further weight changes. Thus, 
for Figure 3.9a, the only useful segrnent of data is the weight gain at the onset of the oxidation reaction 
for a short period of time. This segment was analyzed (Figure A.lO) to determine oxidation rate. Com- 
paring with the data for a repeated run (Figure 3.6a, TGA Run 19a), the determined rate represents the 
initial rate of a likely parabolic oxidation behavior and yields a rate that was about a factor of 4 higher 
than the oxidation rate for TGA Run 19a. Since the oxidation rate determined for Figure 3.9a (TGA 
Run 6) represents an incomplete reaction mechanism, it was excluded from the data for determining the 
general rate equation of SNF material. 

Figure 3.9b shows the results oTa run where the sample was in contact with a wall in the sample 
chamber and resulted in unreliable weight change data. The step in the weight change curve was prob- 
ably due to a sudden response of the balance to an accumulated weight gain. The sudden weight change 
observed could also be due to cracking of the native oxide scale on the sample followed by oxidation of a 
freshly formed uranium surface. The sudden weight change segment of the data was analyzed 
(Figure A. 1 l), and the determined rate also compared to the rate for TGA Run 19a. The calculated rate 
was about a factor of 2 greater, whi ;h suggests that the weight change measured within that short period 
may be the only useful data for oxidation rate determination. The sudden weight change was followed by 
a slow weight increase for the rest of the run. The discontinuity in the weight change curve cannot be 
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mechanistically analyzed by a theoretical phenomenon, and there are two probable causes for the 
observed data: 1) a very protective oxide film has formed that slowed down any further oxidation 
reaction; 2) more likely, the electrobalance is not responding to the weight changes. The second reason 
could explain an order of magnitude difference in the oxidation rate (Figure A. 1 1 labeled 2) of this 
sample compared to the rate for TGA Run 19a. 

Figures 3.1 Oa (TGA Run 7), 3.1 Ob (TGA Run 2 l), and 3.1 Oc (TGA Run 2 1 a) show the weight change 
versus time data for three SNF samples in at 30OoC. Figure 3.10a shows an unusual behavior of weight 
loss by the SNF sample for a period of about 140 min at the initial stages of the run. The loss in weight 
was followed by a measurable weight gain, which slowed down into a small weight change. There are 
also latter portions of the weight change curve where the sample showed decreases in weight. These 
weight losses were due to particulates falling off the sample crucible. Visual examination of the sample 
after the test showed a pulverized sample with very dispersible particulates. The initial weight loss of 
about 6.5 mg was ascribed to thermal decomposition of the hydrated oxides. Assuming the hydrated 
species to be uranium trioxide dehydrate, UO3 -2H20, and using the crystal density of about 5 g/cc 
(Hoekstra and Siege1 1973), the oxide film thickness of about 4.5 microns on the SNF sample is necessary 
to yield the quantity of water measured. The calculation shows that almost the whole native oxide film on 
the sample was hydrated. Segments of the curve showing weight gains were ascribed to oxidation of the 
sample and were analyzed (Figure A. 12) to determine oxidation rates. The three oxidation rates are listed 
in Table 3.2 for TGA Run 7. These oxidation rates were excluded in the SNF oxidation rate equation 
mainly because the complexity in the weight change data and the disintegration of the sample were con- 
clusive evidence of higher oxides of uranium (ie., U308) formation. The higher forms of uranium oxides 
may change the slope of the Arrhenius plot, which cannot be easily discerned from this erratic experi- 
mental data. 

The weight change curve for TGA Run 2 1 (Figure 3.1 Ob) shows a small weight gain by the SNF at 
300OC. The best fit for all the data yielded a logarithmic oxidation behavior. These data then compare to 
oxidation behavior of unirradiated N-Reactor uranium metal shown in Figure 4.12 (discussed in Section 
4.4). The SNF sample for this run, SFEC10,4366-Sl-Cl, came from the top of the SNF element 
SFEC10,4366 (Figure 2.4) and weighed less than other SNF samples of similar size. The logarithmic 
behavior of this sample suggests it was a relatively low burnup piece of irradiated uranium, which is an 
indication that this SNF element was probably located at one end of the N-Reactor channel. Being at 
the end of the channel, the element was in a low neutron flux region of the reactor. This low burnup 
speculation, if further proven by other characterization methods, could explain the limited corrosion of 
SNF element SFEC 10,43 66 even though it was packaged with a broken end piece. The low weight may 
be the result of the extrusion process for the fabrication of the N-Reactor element assembly. The alloying 
inclusions (such as uranium carbide) at the end of the element might be high compared to the rest of it. 
Further characterization of the sample, SFEC 10,4366-S 1 -C 1, for elemental and/or phase identification is 
necessary to fully comprehend the oxidation behavior observed, and without that information, the 
oxidation rate calculated for TGA Run 21 cannot be included in the oxidation rate analysis of SNF 
material. 

The weight change versus time plot for TGA Run 2 1 a (Figure 3.1 Oc) was a repeat run for TGA 
Run 21 after observing the unusual characteristics of the sample (SFEC10,4366-Sl-C1) used in that run. 
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This sample showed an initial oxidation behavior that can be described by a parabolic profile but with a 
series of small oxidation steps that included weight losses due to particulates falling off the sample 
crucible. For the latter portion of the test, the sample showed a higher oxidation rate that rapidly 
increased the volume of the sample. The volume change was adequate to jam the analytical balance, 
which showed no further weight change. The jamming of the balance is supported by the post-test visual 
examination, which showed a disintegrated and mostly oxidized sample. The initial sample weight for 
this run was 6.04 g, and an assumed oxidation of 10% of the sample should have resulted in a weight gain 
of about 8 1 mg. However, the heavily oxidized sample only yielded a measurable weight change of about 
8 mg in Figure 3.1 Oc, suggesting that the weight change was not accurately monitored by the balance. 
The loss of sample during the run niillified any post-test weight measurement. The initial stages, and the 
higher weight gains at short periods of time in Figure 3.1 Oc, were analyzed (Figure A. 14), assuming linear 
oxidation kinetics, to determine the SNF oxidation rate at 30OOC. Because of the uncertainty in the 
weight measurement, those rates camot be included in the oxidation rate analysis. 

Figures 3.1 la  (TGA Run 22) and 3.11 b (TGA Run 8) show the weight change versus time plot for 
SNF oxidation in dry air at 35OOC and 4OO0C, respectively. Both curves show similar characteristics, an 
initial parabolic oxidation behavior followed by an accelerated oxidation rate. In Figure 3.1 la, there were 
particulates lost due to spallation that caused some weight losses during the run. The duration of the para- 
bolic oxidation for Figure 3.1 1 b was longer than that of Figure 3.1 1 a. This difference could be due to 
factors such as the nature of the native oxide, variables in the sample characteristics (e.g., uranium 
hydride inclusion andor microcracks), and temperature effect on the spallation of the oxide scale. There 
are no data to ascribe the observed hehavior to a single factor, and they may all play a role in determining 
how long the native oxide hinders the oxidation of these SNF samples. This slow oxidation was also 
observed at 300°C (Figure 3.10~) for TGA Run 21% and for the slow oxidation period was followed by 
the accelerated oxidation of the sample. Unfortunately, the accelerated oxidation period was short for 
TGA Run 22 (Figure 3.1 1 a) because the run was terminated to minimize the spread of particulates in the 
TGA system, and in TGA Run 8 (Figure 3.1 1 b) the balance reached its maximum set range. Segments of 
the weight change curves were anal ped (Figures A. 15 and A. 16) to determine the oxidation rates, and the 
results are listed in Table 3.2. Again the post-test examinations of the samples showed disintegrated sam- 
ples. Even though the segments rates calculated could be included in the rate determination, the short 
duration of some of the segments arid the observed disintegration of the samples make the accuracy of 
these rates questionable, and they were excluded from the oxidation rate analysis. 

In analyzing the plots to calculate oxidation rates listed in Table 3.2, segments of the weight gain by 
the sample were evaluated. Because a statistically insufficient number of tests have been performed, we 
used portions of the data from runs during which the samples disintegrated. This process is not recom- 
mended but was necessary due to the broad range of experimental variables that must be tested. 
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4.0 Oxidation Kinetics 

Oxidation rates determined from the results of the furnace and TGA runs are given in the following 
sections for oxidation in the oxygen/argon mixture, TGA runs with samples of damaged and undamaged 
SNF, and TGA runs with unirradiated samples. 

4.1 SNF Oxidation in 2% Oxygen/98% Argon Mixture 

The generated equations for the regression lines (Figure 3.3) of Baker and Less data were used to 
calculate the oxidation rates of unirradiated uranium at an oxygen partial pressure of 15.2 Torr and tem- 
peratures of 150°C, 180”C, and 200OC. Arrhenius plots of the estimated rates are shown in Figure 4.1. A 
linear regression fit to the limited three-point data yielded an oxidation rate equation for an unirradiated 
uranium metal at an oxygen partial pressure of 15.2 Torr: 

k = 5.23 x lo3 exp(-14.6/RT) mg/cm2/min (4.1) 

where the activation energy is in kcal/mole, R is the gas constant, and T is the absolute temperature. 

The calculated oxidation rates for K-Basin SNF based on oxygen pickup in a furnace tube with a 
flowing gas mixture containing 2% oxygen and 98% argon are plotted in Figure 4.2 together with 
Equation (4.1) for comparison. The corresponding furnace run numbers are shown in the plot. The 
general observation is that the oxidation rates of the undamagedluncorroded K-Basin SNF agree with 
analytical results (Equation 4.1) of Baker and Less for unirradiated uranium. The oxidation rates for the 
damagedlcorroded K-Basin SNF are, however, higher than the rate Equation (4.1) and, more importantly, 
the oxidation rate for Furnace Run 35 is significantly higher than the predicted rate of Equation (4.1). 

4.2 Damaged SNF Dry Air Oxidation 

For the 17 TGA runs, seven were selected to be analyzed for determining the linear oxidation rate of 
K-Basin SNF. These seven runs, listed in Table 4.1, were chosen because the results of these runs can be 
considered as “normal oxidation” behavior of metallic uranium in air. The temperature range for these 
seven runs was 69°C to 275OC, and the shapes of the weight change curves can be seen in Figures 3.4 
through 3.7. For the temperature range of 69OC to 124OC, the oxidation behavior of K-Basin SNF started 
at a higher rate but then decreased with increasing time to a linear profile. The initial portions of the 
weight change curve can be fitted with a parabolic oxidation kinetics as shown in Figure A. 17 for TGA 
Runs 49a and 49b. The higher initial rate of oxidation was more pronounced at lower temperatures 
(Figures 3.4 and 3.5a). The weight change data for temperatures at 2OOOC and above (Figures 3.6 and 
3.7) can generally be described as a mixture of a parabolic and linear oxidation kinetics; and, in TGA Run 
47 (Figure 3.7a), there was a small indication of an accelerated oxidation behavior. An observation of a 
dramatic accelerated linear oxidation rate was made in TGA Run 49b, shown in Figure 4.3. The sample 
went from a slow linear rate of 3.03 x 10” mg/cm2/min to a fast rate of about 0.402 mg/cm2/min, which is 
about two orders of magnitude higher. 
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Table 4.1. Oxidation Rate of the Seven Selected K-Basin SNF Samples in Dry Air 

TGA 
Run Sample Character istics 

51 
49a 
49b 
19a 
47 
20 
48 

A mechanistic analysis of the weight change data for the seven selected runs was performed assuming 
linear oxidation kinetics. The linear kinetic assumption was adopted for the K-Basin SNF for comparison 
with the literature linear oxidation rate of unirradiated metallic uranium in dry air. Therefore, for the low- 
temperature weight change data, only the linear segments were analyzed as shown in Figures 4.4q 4.4b, 
and 4 . 4 ~ ~  but the whole weight change data for the runs at 200°C and above were fitted with a linear 
oxidation rate, as shown in Figures 4.5 and 4.6. The calculated linear oxidation rates for the seven runs 
are shown in Table 4.1 in increasing order of temperature. 

Weight Surface 
ID (g) Iwea (ern') 

10-S3-A2 6.02 2.4 1 
10-S3-A3 6.03 2.4 1 
10-S3-A4 5.52 2.39 
10-S3-F3 7.20 2.56 
5-SlA-WE 5.22 2.29 
10-S3-F4 7.14 2.50 
5-SlA-E4D 4.57 2.62 

The seven calculated linear oxidation rates listed in Table 4.1 are shown as an Arrhenius plot in 
Figure 4.7. All the points reasonably follow an Arrhenius behavior with a spread at lower temperatures. 
The latter effect is expected because of the small weight increases at these temperatures; any systematic 
error in the measurement could significantly affect the data. A regression fit to the linear rate yielded the 
following SNF oxidation rate: 

k = 475 exp(- 1 ORT) mg/cm2/min 

where the activation energy is in kcal/mole, R is the gas constant, and T is absolute temperature. In 
Figure 4.8, the K-Basin SNF oxidation rates are plotted together with the linear rates of Pearce et al. 
(1988) and Ritchie (1981) for comparison. The oxidation rate for the K-Basin SNF is higher than the 
predicted rates of either Pearce et ai. or Ritchie at temperatures below 200OC. At 2OOOC and above, the 
limited SNF data show no significant difference between the SNF and the literature rates. The activation 
energy for the SNF oxidation rate is 10 kcal/mole, which is significantly lower than the activation 
energies of 18 kcaVmole and 2 1 kcd/mole reported by Pearce et al. (1988) and Ritchie (198 I), 
respectively. The low activation energy for the SNF is a characteristic that suggests a very reactive 
material even at low temperatures. 

4.4 



50 

40 

30 

20 

10 

Accelerated 

0 
0 100 200 300 400 500 600 700 

Time (Minutes) 
Figure 43. Plot of Weight Change Versus Time for Oxidation of SNF in Dry Air 

at 124°C Showing an Accelerated Oxidation Behavior, TGA Run 49b 

4.5 



Sample Weight: 6.02 g 
Surface Area: 2.41 cm2 
Temperature: 69°C 

- 
.I 

0 2000 4000 5000 6000 7000 

Time (Minutes) 

l.&L....,...., . . . . . . . . . * ,  . . . , . . . . , . . * ,  

1.40 

1.35 
Q p 1.30 
Q r 
0 1.25 

rn 

CI 

Y 

E 

2 : 
1.15 

> 

Temperature: 90c'C 
Sample Weight: 6.03 g 
Surface Area: 2.41 cm2 

1.10 
0 200 401) 600 800 lo00 1200 1400 

Time (Minutes) 
10 L 

a :  Temperature: 124°C 
Sample Weight: 5.52 g 
Surface Area: 2.3!3 cm2 

- rn 
E v 

& C 6 :  

5 2  - 
(c> 

a 

.** 
E .- m 4 /  *a** 

- 

0 I r I 

0 100 200 300 400 500 600 700 

Time (Minutes) 

Figure 4.4. Linear Regression Fit to the Weight Gain Data for SNF Oxidation in Dry 
Air for Different Temperatures (a) at 69"C, (b) at 90°C, and (c) at 124°C 

4.6 



c5 

Y E" 

E a .- 
5 

18 

16 

14 

12 

10 

a 
6 

4 

2 

0 

- - 
Temperature: 250°C 
Sample Weight: 7.14 g - Surface Area: 2.50 cm2 - 

- 
- 
- 
- 
- 

0 20 40 60 80 100 120 140 160 180 
Time (Minutes) 

Figure 4.5. Linear Regression Fit to the Weight Gain Data of SNF Oxidation in Dry 
Air at Different Temperatures (a) at 2OOOC and (b) at 25OOC 

4.7 



Sa.mple Weight: 5.22 g 
Surface Area: 2.29 cm2 
Temperature: 225OC 

0 50 1130 150 200 250 300 350 

Time (Minutes) 

50 , , , , l , , , . l . , , , , , , , , l . , , . l . . . . l . ~ . ~  

Sample Weight 4.57 g 
Surface Area: 21.62 cm2 
Temperature: :!75OC 

30 - - 
0) - 

- 
0 " a ' l " l ' ' ' ' l " ' l " " l " " l " ' '  
0 50 1 CIO 150 200 250 300 350 

Time (Minutes) 

Figure 4.6. Linear Regression Fit to the Weight Gain Data of SNF Oxidation in 
Dry Air at Different Temperatures (a) at 225OC and (b) at 275OC 

4.8 



Temperature (K) 

. .  

n 
S .- 
E 

w- 
E 
0 
\ 

v 

10-~6?5m 500 417 357 313 
I * - - - I - - - - I - = ' ' .' 

IO-* ; - - 

- 

I O "  - - - 
- 
* 

0 10-4 - 
I . . . . # . . . . * .  

- 
1.6 2.0 2.4 2.8 3.2 

1 OOOm (K-I) 

a 

Figure 4.7. Arrhenius Plot of the SNF Oxidation Rates in Dry Air for the Seven Selected TGA Runs 

4.9 



Temperature (K) 

1.6 2.0 2.4 2.8 3.2 

1 OOO/T (K-’) 

Figure 4.8. Comparison of SNF Oxidation Rate in Dry Air with the Rate Equation of 
Pearce et al. (1988) and Ritchie (1981) for Dry Air Oxidation of 
Unirradiated Uranium 

4.10 



The SNF oxidation rate is also compared to literature review data of Pearce (1989) in Figure 4.9. A 
regression fit to the Pearce review data within the temperature range similar to the SNF data temperature 
range yielded a rate equation of I 

k = 2 .4~1  O5 exp(- 17RT) mg/cm2/min (4.3) 

where the activation energy is in kcal/mole, R is the gas constant, and T is absolute temperature. 
Comparing Equations (4.2) and (4.3) with the plots indicates two differences between the two sets of data: 

1. The activation energy for the SNF oxidation rate is lower than that of the review data of Pearce 
(1989). 

2. At temperatures below 150"C, the SNF oxidation rates fall on the upper bound of the literature data. 

Even though these differences are not very significant, the lower activation energy of the SNF 
oxidation rate suggests that the damagedcorroded SNF uranium cannot be considered the same in its 
oxidation behavior in dry air within the temperature range of 69°C to 200°C as the oxidation behavior of 
unirradiated metallic uranium. 

4.3 Oxidation Rate of Undamaged SNF Samples in Dry Air 

Samples taken fiom the (undamaged) mid-section of element SFEC5,4378 were oxidized in dry air 
using the TGADSCMS system. These samples were prepared exactly the same way as the damaged/ 
corroded samples and, hence, had similar surface roughness and geometrical shape. The results for two 
runs at temperatures 150°C and 250°C are shown in Figure 4.10. The weight change data in Figure 4.10 
were fitted with linear regression to determine the linear rates at these temperatures. The oxidation rates 
for these two runs are plotted on an Arrhenius graph, Figure 4.1 1, together with the rate equation 
(Equation 4) of Pearce et al. (1988) for dry air oxidation of unirradiated uranium. 

The two data points for the undamaged SNF oxidation in dry air show a good agreement with the rate 
equation of Pearce et al. While a conclusion cannot be drawn fiom these two data points, the data at 
1 5OoC rate constant (Figure 4.1 1) appear be in better agreement with Pearce's rate equation than with 
the data for damagedcorroded SNF (Figure 4.8). If this inference is proven to be true by additional tests, 
then all the geometrical factors, such as surface roughness, native oxide thickness and surface area, that 
could be considered to affect the observed increased oxidation rate of damagedcorroded SNF in dry air 
may be small. Thus, other effects such as uranium hydride inclusions in the damagedcorroded samples 
remain as the reason for this higher oxidation rate. 
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4.4 Oxidation Rate of Unirradiated N-Reactor Uranium 

Two unirradiated N-Reactor uranium metal samples were also oxidized in dry air using the same 
TGA/DSC/MS system. Again, these samples were prepared the same way as the other TGA run samples. 
For the unirradiated uranium samples, the weight change versus time plots and linear regression analysis 
of the linear portion of the data are shown in Figure 4.12. The best fit to all the data is a logarithmic 
oxidation kinetics (not shown in the plot). The temperatures for these runs were 192OC and 242OC. For 
comparison, the linear rates at these temperatures are shown together with the line for the rate equation of 
Pearce et al. (1988) in Figure 4.13. The lower temperature data at 192°C agree very well with the Pearce 
et al. rate equation, whereas the other data point at 242OC is lower than the prediction using their equation. 

The two data points (Figure 4.13) suggest that the surface roughness of the samples used in the TGA 
run may not be adequate to significantly influence the oxidation rate of the SNF samples. Furthermore, 
these test results of the unirradiated N-Reactor samples show that the TGA system may reproduce 
oxidation behavior of unirradiated metallic uranium; therefore, any enhancement factor observed for the 
damagedcorroded SNF oxidation in dry air may be considered valid. 
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5.0 Discussion 

The oxidation test results from the two independent systems (the tube furnace in a hot cell and the 
TGA/DSC/MS system in a glove box) have shown that undamaged and unirradiated metallic uranium 
oxidation kinetics agree very closely with the literature data for unirradiated uranium. However, the 
damagedcorroded SNF metallic uranium stored at the K-Basins may behave differently in its oxidation 
characteristics. The significant differences in the K-Basin SNF material oxidation behavior are discussed 
below for the tube furnace and the TGA/DSC/MS results. 

5.1 Furnace Test in OxygenIArgon Mixture 

The oxygen partial pressure of about 15.2 Torr for the furnace oxidation studies of the IC-Basin SNF 
was based on the IPS treatment parameter and was not meant to study oxidation properties in varying 
oxygen partial pressure atmospheres. However, the agreement of the SNF oxidation rate data with the 
literature rate of Baker and Less using a particular theoretical prediction suggests that K-Basin SNF might 
follow the same oxygen partial pressure dependence derived for unirradiated metallic uranium. If this is 
proven by additional experiments at two different oxygen partial pressures, then the concluded oxidation 
rate of SNF at varying oxygen partial pressures will be the derived rate reported by Ritchie (1981): 

lk(p) = lk( a) + a/p 

where k(p) is the reaction rate at pressure, p, k(o0) is the rate at infinite pressure, and a is independent of 
pressure. 

The visual examination showed only the following physical differences between the 
damagedcorroded and the undamaged SNF samples: 

Out of the four exposed uranium surfaces, each damagedcorroded sample had one rough surface 
that was corroded compared to all four cut surfaces of the undamaged samples. 

The damagedcorroded samples had cracks in the corroded regions. 

Thus, the observed linear oxidation behavior for the damagedcorroded SNF samples may be due to 
the cracks and the initial corrosion products (Le., characteristics of the native oxide scale) on these 
samples. Other inherent impurities such as hydride inclusions observed in the damaged region 
(Marschman et al. 1997) might also play a role. 

The observed reactivity increase of the damagedcorroded SNF samples, however, may mainly be due 
to the effect of the hydride inclusion in the matrix of the sample. The effect of the surface area caused by 
the corrosion might be small, because the effective increase of the surface area of the damagedcorroded 
samples due to roughness compared to the undamaged samples may only be as high as a factor of 2. Yet, 
the samples increase in reactivity of the damagedcorroded samples compared to the undamaged samples 
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ranges between a factor of 5 and 83. Additional supporting data for this inference are the results of 
Furnace Run 35, which showed a factor of 83 increase in reactivity. The difference between the SNF 
sample used in Run 35 and the other samples was that it showed the highest amount of hydrogen release 
during the drying step of the run. 

5.2 TGA Dry Air Oxidaticm 

The parabolic behavior of SNF clxidation in dry air at temperatures below 2OOOC showed that the 
native oxides on the samples did not adequately form a protective oxide scale. Consequently, the SNF 
oxidation at the initial stages of these TGA runs is similar to a reaction of a freshly cleaned metallic 
surface in dry air. The significance of this observation is that even though the samples were not 
pretreated before the test, the effect of prefilmed oxide on the oxidation kinetics of the SNF samples may 
be small. Another significant obsenation for the parabolic oxidation behavior of the SNF samples is that 
the transition period to a linear oxidation rate is temperature dependent. The transition periods for the 
three TGA runs (TGA Runs 5 1,49a, and 49b) below 200°C are listed in Table 5.1. 

Table 5.1. Parabolic to Linear Oxidation Transition Periods 

i) Graphically determined. I 
The data in Table 5.1 show that increasing the temperature decreases the transition period. Extrapo- 

lation of this behavior of the SNF to temperature equal to 2OOOC and above will yield very short periods 
of time for a parabolic oxidation behavior. The oxidation rate for the SNF samples for the 200°C and 
above temperatures (Figures 3.6a, 3.6b7 3.7a and 3.7b) supports the inference from the lower temperature 
data. 

The SNF exhibited accelerated oxidation behavior similar to what was reported by Waber (1952) for 
unirradiated metallic uranium. The accelerated oxidation of the SNF was relatively small for TGA 
Run 47 (Figure 3.7a) but very dramatic for TGA Run 49b (Figure 4.3). Accelerated oxidation behavior 
may also have played a role in the sudden weight increases for TGA Run 8 (Figure 3.1 1 b), TGA Run 2 la 
(Figure 3.1 Oc), and TGA Run 22 (Figure 3-1 la). The accelerated oxidation behavior of the unirradiated 
uranium observed by Waber (1952) was ascribed to roughness of the reactive area as a result of oxide 
spallation. The general increase in the reaction rate due to the spallation phenomenon of unirradiated 
uranium yielded a maximum factor of about 5 in oxidation rate. The accelerated oxidation for TGA 
Runs 47,8,21a, and 22 may have been caused by the same process of oxide spallation, but the increase in 
SNF oxidation rate by a factor as high as two orders of magnitude (TGA Run 49b) cannot be explained by 
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this same phenomenon. Additional effects such as probable inclusion of a uranium hydride phase in the 
SNF matrix may have influenced the rate of the accelerated oxidation kinetics in TGA Run 49b. 

At temperatures below 280°C, the measured SNF oxidation rate is significantly greater than the rate 
equations of Pearce et al. (1988) and Ritchie (1981), Figure 4.8, but a comparison of the SNF rate data, 
Figure 4.9, with the review data of Pearce (1989) showed only slight differences in magnitude of the 
oxidation rate. However, there is one significant difference between the SNF oxidation rate and the 
derived oxidation rate of Pearce's (1 989) review data. The activation energy of the SNF rate equation 
(Equation [4.2]) is lower than that of the Pearce (1989) review data (Equation C4.31). If this is proven 
correct with additional experimental data at lower temperatures, then it can be concluded that the 
damagedcorroded SNF oxidation kinetics is different from the kinetics of undamagedunirradiated 
uranium metal. The importance of this observation is the high oxidation rate of SNF material at lower 
temperatures. 

The lowering of the SNF activation energy can only be ascribed to a chemical effect rather than a 
physical effect like increased surface area. The major difference between the damagedcorroded SNF 
metallic uranium and the undamaged SNF and the unirradiated uranium has been the presence of uranium 
hydride inclusions. This indicates there are enough hydride inclusions in the SNF samples tested to 
increase the oxidation rate of the damagedcorroded SNF material. When the hydride inclusions are of a 
certain threshold size and concentration, they oxidize at a different rate compared to the bulk of the 
sample (rapid oxidation segments of the tests). The increase in oxidation rate of the hydride inclusions is 
probably due to their increased surface area and/or different oxidation kinetics. The rapid oxidation of 
these hydride particulates was more pronounced in the tests at lower temperatures because at lower 
temperatures the thermal decomposition reaction is also low, making them available for the oxidation 
reaction. However, at temperatures greater than 200°C, the thermal decomposition of hydride inclusions 
becomes significant. 

Other observations that support the presence of uranium hydride inclusions as a major influence on 
the oxidation characteristics of the SNF were the accelerated oxidation rates and the ease with which the 
SNF samples disintegrated at relatively low-temperature oxidation tests. Also, the limited furnace test 
results showed that the undamageduncorroded SNF samples taken from the mid-section of a badly 
damaged SNF element exhibited oxidation behavior similar to that of unirradiated metallic uranium. 

The enhancement effect of the hydride seems to decrease at the higher end of the temperature range 
studied. The decreasing effect of the hydride at those temperatures could be due to 1) the decomposition 
reaction of the hydride phase andor 2) no significant difference between the reaction rates of uranium 
hydride and metallic uranium at high temperatures. The latter effect could be attributed to the complex 
reaction of metallic uranium with oxygen at higher temperatures due to the contribution of further 
reaction of the oxidation products to higher oxides (such as USOS). 
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6.0 Conclusions 

Analyses of the limited experimental data on two damagedcorroded K-Basin SNF elements yielded 
an oxidation kinetics in dry air that can be described by the rate equation 

k = 475 exp(-lO/RT) mg/cm2/min 

where the activation energy is in kcal/mole, R is the gas constant, and T is the absolute temperature. At 
200°C and above, this rate falls within the spread of the literature review data for unirradiated metallic 
uranium oxidation in dry air, but at lower temperatures it is higher. The increase in the oxidation rate of 
SNF material at lower temperatures can be ascribed to probable inclusion of uranium hydride particulates 
in the SNF sample matrix. The effect of irradiation and fabrication impurities is negligible since the 
results of the undamaged SNF samples for the furnace and TGA systems showed the same oxidation rate 
as the unirradiated metallic uranium. Also any effects due to surface roughness might have been small 
because the SNF data above 200°C fall within the spread of the literature data, even though samples with 
the same roughness were used. 

Both linear and parabolic oxidation profiles were observed for the SNF oxidation in the 2% oxygen/ 
98% argon mixture. Generally, the damagedcorroded samples showed a linear oxidation kinetics and the 
undamaged samples followed a parabolic oxidation profile. The dry air oxidation behavior at tempera- 
tures below 200°C was parabolic at the initial stages but transitioned to a linear kinetics. At temperatures 
above 2OO"C, the oxidation behavior of the SNF was complex and can be fitted with either a parabolic or 
linear oxidation mechanism. 

The oxidation product in most cases was non-adherent and spalled off the sample. The oxidation 
process also caused fracturing and disintegration of the SNF samples. These two effects resulted in 
erratic weight change behavior that made the analyses for oxidation rate very difficult. The product of the 
oxidation was not analyzed for chemical phase identification, but generally at temperatures above 250OC 
most of the spalled oxide was fine particulates that were readily dispersible. 

Large K-Basin SNF samples were initially used in the oxidation study to determine the effective 
oxidation behavior of heterogeneous samples. However, spallation and disintegration of the large 
samples caused an erratic weight change and sometimes jamming of the electrobalance. This made the 
interpretation of these tests very difficult, and future tests should avoid using such large samples. 
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Appendix 

SNF Oxidation in a Mixture of 2% Oxygen and 98% of Argon and 
in Dry Air 
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Figure A.1. Oxidation of Undamaged SNF Samples in OxygedArgon Mixture 
at 250°C for Furnace Run 6, The samples were vacuum dried. 
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at 25OOC for Furnace Run 38. The sample was vacuum dried. 
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Oxidation Rates of SNF Sample in Dry Air at 144OC, TGA 18 
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Figure A.9. Segment of the Weight Change Versus Time Data Analyzed for 
Oxidation Rate of SNF Sample in Dry Air at 1 5OoC, TGA 23 
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Figure A.12. Segments of the Weight Change Versus Time Data Analyzed for 
Oxidation Rates of SNF Sample in Dry Air at 300°C, TGA 7 
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