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ABSTRACT

The second in a series of high-temperature fission product release
tests was conducted for 20 min at about 1700°C in flowing steam. The test
specimen, a 20-cm-long section of an H. B. Robinson fuel rod that had been
irradiated to a burnup of 28,000 MWd/t, was heated in an induction furnace
mounted in a hot cell.

Posttest analyses of the furnace, the thermal gradient tube, filters,
and other components of the experimental apparatus showed that about 50%
of the 85Kr, •L37Cs, and 129I were released from the specimen during the
test. In addition, approximately 2% of the 110mAg and 125Sb along with
smaller fractions of several other radionuclides were measured by gamma
spectrometry. Spark-source mass spectrometric data from a limited number
of samples showed significant releases of fission product tellurium and
molybdenum, as well as structural (zirconium and tin) and furnace
(primarily tungsten) materials. Metallographic examination of the fuel
specimen revealed extensive fractures in the cladding, essentially
complete oxidation to Zr02, and evidence of fuel-cladding interaction.
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DATA SUMMARY REPORT FOR FISSION PRODUCT RELEASE TEST HI-2

M. F. Osborne

R. A. Lorenz

J. R. Travis

C. S. Webster

K. S. Norwood

1. INTRODUCTION

This was the second test in a series designed to investigate fission
product release from LWR fuel in steam throughout the temperature range
1400 to ~2400°C.1 Earlier tests, which were conducted under similar con
ditions at temperatures of 500 to 1600°C, have been reported by
Lorenz et al.2-5 The purpose of this work, which is sponsored by the U.S.
Nuclear Regulatory Commission (NRC), is to obtain the experimental data
needed to reliably assess the consequences of heatup accidents in light
water reactors (LWRs). The overall objectives of this program are:

1. to determine the extent of fission product release from discharged
LWR fuel at temperatures up to and including fuel melting (~2400°C);

2. to identify the chemical species released in both the gas and the
condensed phases, if possible;

3. to collect and characterize the aerosols released;

4. to correlate the results with data from related programs and develop

a consistent source-term model applicable to any LWR fuel subjected
to a spectrum of accident conditions; and

5. to aid in the interpretation of integral melt tests at ORNL (LWR
Aerosol Release and Transport Program) and of tests with simulated
fuel only (SASCHA Program at Karlsruhe, Germany).

Tests of fully irradiated LWR fuel will be emphasized in this
program, but the applicability of simulated fuel (unirradiated U02 con
taining a range of fission product elements) will be investigated in the
higher-temperature tests (>2000°C). All tests will be performed in a
flowing mixture of steam and argon (or helium) at atmospheric pressure;
steam concentrations will be varied to simulate different accident sequences.

Test temperatures in the existing induction furnace will be limited
to a maximum of about 2000°C. Higher-temperature tests will require the
replacement of the currently used Zr02 ceramics with Th02. The existing
fission product collection and analysis system will be improved to provide
chemical species identification when suitable instrumentation (laser-
induced fluorescence spectrometry is under development) is available.

This second data summary report is intended to provide a brief
description of test HI-2 and to tabulate the data obtained. As noted in



the first data summary report,6 a thorough data evaluation and correlation
will be included in a subsequent topical report covering several fission
product release tests.

2. DESCRIPTION OF TEST HI-2

The objective of test HI-2 was to obtain fission product release data
under strongly oxidizing conditions at 1700°C for a period of 20 min.

2.1 Fuel Specimen Data

The fuel specimen used in the test was a 20.3-cm (8-in.)-long section
from rod H-15 of bundle B05, which operated in the Carolina Power and
Light Company's H. B. Robinson 2 Reactor from October 1971 to May 1974.7
Details of the irradiation and the characteristics of this particular
specimen are listed in Table 1; fission product inventories for this
specimen are shown in Tables 2 and 3.

The specimen was cut from section A-8 of rod H-15; Fig. 1 shows the
location with respect to the gamma-ray profile (which is an indication of
the burnup profile). Tapered Zircaloy-2 end caps were pressed onto the
ends of the specimen, not to serve as gas seals but to prevent loss of the
fractured U02 fuel during subsequent handling. A small hole, 1.6 mm
(0.063 in.) in diameter, was drilled through the cladding at midlength to
serve as a standard leak for fission product escape during the heatup
phase of the test. These details are illustrated in Fig. 2.

2.2 Experimental Apparatus

The fuel specimen was heated in an induction furnace, as illustrated
in Fig. 3. This furnace was developed from designs used in previous
experimental efforts: fission product release tests,2~h fuel rod burst
experiments,8 and molten fuel tests.9 The furnace is mounted inside a
stainless steel containment box in a hot cell, as shown in Figs. 4 and 5.
In test HI-2, the fission product collection system included a platinum-
gold thermal gradient tube, fiberglass filters, heated charcoal (for
iodine adsorption), and cooled charcoal (for rare-gas adsorption). The
steam was collected in a condenser and a dryer, as indicated, prior to
reaching the cooled charcoal. Instrumentation included thermocouples and
an optical pyrometer for temperature measurement, Nal(TJl) radiation
detectors connected to multichannel analyzers, and conventional electrical
and gas flow instruments. A data acquisition system (Fig. 6) was used to
record test data at 1-min intervals, and several individual chart recorders
maintained continuous records of temperatures and flow rates.

2.3 Test Conditions and Operation

The operating conditions of the test are listed in Table 4. Since
the hot cell and test apparatus were uncontaminated, the experimental
apparatus was prepared by direct handling. Master-slave manipulators were
used for transferring and loading the highly radioactive fuel specimen, as



Table 1. Data for fuel specimen used in test HI-2

Fuel rod identification

Irradiation data

Period

Maximum linear heat rating, peak
(December 1971)

Rod average
End linear heat rating, peak (May 1974)
Rod average
Rod fuel loading
Burnup, rod peak
Burnup, test specimen

Specimen data
Length
Location

Cladding OD
Specimen fuel loading
Gas release during irradiation

Total weight of specimen
Weight of Zircaloy cladding and

end caps

Rod H-15, bundle B05,
H. B. Robinson 2 (PWR)

October 1971 to May 1974

32.6 kW/m (9.95 kW/ft)
23.3 kW/m (7.10 kW/ft)
21.2 kW/m (6.45 kW/ft)
17.5 kW/m (5.34 kW/ft)
2495.4 g U02 (2199.6 g U)
31,000 MWd/t
28,000 MWd/t

20.3 cm (8.0 in.)
248 to 268 cm from bottom

end of rod

1.072 cm (0.422 in.)

135.3 g U02 (119.3 g uranium)
0.35% of krypton; 0.25% of

xenon

166 g

30.7 g



Table 2. Amounts of principal fission and activation product

elements in H. B. Robinson fuel after 2627 d of decay

Amount in ,

HI-2 specimen

(mg)

5.625

2.176

35.34

34.19

77.99

44.40

355.6

336.6

78.94

224.9

50.20

148.1

8.615

11.73

0.289

9.765

2.262

50.20

24.83

542.6

249.0

165.7

122.5

239.5
112.5

404.3

2.338

83.98

13.99

11.21

3450

1.147 x 105
8.180 x 102
1.023 x 103

Element Amount in fuel

(g/t U)

Se 47.15

Br 18.24

Kr 296.2

Rb 286.6

Sr 653.7

Y

ZrC
372.2

2981

Mo 2821

Tc 661.7

Ru 1885

Rh 420.8

Pd 1241

Ag 72.21

Cd 98.28

In 2.42

Sn 81.85

Sb 18.96

Te 420.8

I 208.1

Xe 4548

Cs 2087

Ba 1389

La 1027

Ce 2009

Pr 942.8

Nd 3389

Pm 19.60

Sm 703.9

Eu 117.3

Gd 93.94

Total of all fission

products 28,920

U
235tj

9

6

.617 x 105

.857 x 103
Pu 8 .575 x 103

a.
Calculated by C. W. Alexander on May 24, 1982, using the ORIGEN

computer program and assuming a burnup of 28.0 MWd/kg and a 2627-d decay
to July 15, 1981.

•L

Original uranium content of 20.3-cm fuel specimen was 119.3 g;
initial enrichment was 2.651% 235U. Thus, the fuel specimen was
119.3 g/106 g = 0.01193% of a metric ton (t).

Amounts of zirconium and tin in the Zircaloy cladding were calcu
lated to be 2.086 x 105 g and 3.13 x 103 g per t of initial uranium,
respectively.



Table 3. Principal radionuclides and selected stable nuclides in

H. B. Robinson fuel after 2627 d of decay

Nuclide

Amount in fuel Amount in HI-2 specimen

(g/t U) (Ci/t U) (mg) (mCi)

83Kr 34.66 0.0 4.135 0.0

9-Kr 92.97 0.0 11.09 0.0
85Kr 12.37 4857 1.476 579.4
86Kr 155.4 0.0 18.54 0.0

9°Src 367.7 50,180 43.87 5987

93Zr 597.2 1.501 71.25 0.179

"Tc 661.7 11.22 78.94 1.339

106Ru 1.077 3607 0.128 430.3

11 Om^g 5.3 x 10_lt 2.520 6.3 x 10" 5 0.301
113mCd 0.168 36.43 0.020 4.346

l25Sbc 2.134 2204 0.255 262.9
129]; 157.6 0.0278 18.80 0.0033

128Xe 2.470 0.0 0.295 0.0

ISOXe 9.915 0.0 1.183 0.0

131Xe 377.2 0.0 45.00 0.0

l32Xe 912.5 0.0 108.9 0.0

IS^Xe 1244 0.0 148.4 0.0
136Xe 2002 0.0 238.8 0.0

13i*Cs 8.372 10,840 0.999 1293

137Cs 860.9 74,920 102.7 8938

^Ce 0.512 1634 0.061 194.9

11+7Pm 19.59 18,170 2.337 2168

151Sm 11.33 298.2 1.352 35.58

^Eu 18.23 4923 2.175 587.3

Total 28,920 300,900 3450 35,900

Calculated by C. W. Alexander on May 24, 1982, using ORIGEN computer
program and assuming a burnup of 28.0 MWd/kg and a 2627-d decay to
July 15, 1981.

Original uranium content of 20.3-cm fuel specimen was 119.3 g;
initial enrichment was 2.651% 235U. Thus, the fuel specimen was 119.3 g/
106 g = 0.01193% of a metric ton.

cFission products only; significant quantities of these and other
nuclides (119Sn, 123Sn, 60Co, etc.) are produced by neutron activation
of the Zircaloy cladding.
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ORNL PHOTO 0880-82

Fig. 5. Photograph of (a) fission product release furnace,
(b) thermal gradient tube, and (c) filter package in steel
containment box before test HI-2.
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Table 4. Operating conditions for test HI-2

Specimen temperature at start of heatup 280°C

Heatup rate 75°C/min

Nominal test temperature 1700°C

Time at test temperature 20 min

Nominal flow-rate data

Argon purge to tungsten susceptor 0.15 L/min
Argon to steam generator 0.30 L/min
Steam into system 1.0 L/min

Volume flow data

Argon purge 7.13 L
Argon to steam generator 14.22 L
H2 generated 13.54 L

As measured by mass flowmeters.

As measured by totalizers on mass flowmeters during the 64 min of
steam flow into the apparatus.
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well as for final closure of the furnace and containment box. No in-cell

operations were required during the test.

2.4 Posttest Disassembly and Sample Collection

Following the high-temperature test and complete cooldown, the test
apparatus was disassembled remotely. The filter package and thermal gra
dient tube liner were removed first and transferred to another hot cell to

avoid potential contamination from fuel handling. The fuel specimen was
then pulled from the furnace, inspected visually, photographed, and cast
in epoxy resin in order to maintain its physical stability during handling.
Thorough oxidation of the Zircaloy cladding during the test made it
extremely fragile, and a continuous fracture that extended over about 80%
of the length left the fuel pellets exposed. The appearance of the test
specimen was similar to that of the unirradiated specimen shown at the top
of Fig. 7. After the fuel specimen had been removed from the hot cell,
personnel were allowed to enter the fuel handling area to carry out decon
tamination procedures. Then, the furnace was completely disassembled, and
the components to be submitted for gamma-ray analysis were packaged. New,
more complicated handling techniques were required since these components
were typically about ten times more radioactive than those in test HI-1.

The filter package and the thermal gradient tube liner were too
radioactive to permit direct gamma-ray spectrometry, even at a distance of
12 m. Therefore, these components were analyzed through 1 in. of lead,
and the results were adjusted by energy-dependent attenuation factors.
The liner of the thermal gradient tube was gamma-scanned at 1.3-cm
(1/2-in.) intervals to determine the distribution of radioactivity
(primarily 137Cs) with temperature, then cut into seven sections based on
this distribution. Smear samples from the liner were collected for mass
spectrometric analysis. Each component of the liner and the filter
package was analyzed by gamma spectrometry, before and after being leached
successively with basic (NHj+OH + H202) and acidic (HN03 + HF) solutions.
Iodine release values were obtained by activation analysis of both the
solutions and the charcoal from the filter package.

3. TEST RESULTS

3.1 Test Data

The furnace was preheated in pure argon to about 300°C before steam
flow through the system was begun. Heatup was started after the tempera
tures and steam flow had stabilized. The temperature and flow data for
the test, presented in Fig. 8, are uncorrected; pretest temperature
calibrations showed that the average temperature of the fuel specimen
should have been 50 to 100°C above that indicated by the thermocouple and
100 to 150°C above the optical pyrometer values. The operating conditions
for test HI-2 are summarized in Table 4. Based on the flow data, suf
ficient hydrogen was generated during the test (note the peak in total
flow out at 15 to 20 min in Fig. 8) to account for greater than 90% oxi
dation of the Zircaloy cladding to Zr02. Posttest examination confirmed



ORNL PHOTO 0878-82

Fig. 7. Two unirradiated fuel specimens, illustrating the appearance
before and after heating at 1700°C in steam.
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this extensive oxidation. The release histories of 85Kr to the cold char
coal traps and of 137Cs to the thermal gradient tube and the filters are
related to test temperature in Fig. 9. These values were determined as
relative rates during the test, and quantitative measurements with a
multichannel analyzer after the test were used to calculate fractional
releases. The monitor for the thermal gradient tube viewed only the lower
temperature end of the tube. Significant release during specimen cooling
is apparent from the release curves.

3.2 Posttest Data

After the fuel specimen had been removed from the furnace, the test
apparatus was disassembled and each component was counted by gamma-ray
spectrometry to determine the amount of each gamma-radioactive species
present. (As noted previously, 137Cs and 131tCs comprised most of the
gamma activity in the fuel; these high levels of cesium interfered with
analyses for the less abundant fission products.) The fractional release
results for the various system components are summarized in Table 5.

3.2.1 Results from gamma spectrometry

The detailed results of gamma spectrometric analyses for 137Cs,
125Sb, and u°mAg are contained in Tables 6, 7, and 8, respectively. As
expected, very little cesium was found on the highest-temperature com
ponents of the furnace (Table 6); most of it had migrated to regions where
rapid condensation was possible. Approximately half of the cesium that
escaped from the fuel was collected on the filters, indicating its asso
ciation with particulate material. The distribution of cesium throughout
the test apparatus is illustrated in Fig. 10; the iodine distribution, as
determined by component leaching and activation analysis for 129I, is
included for comparison. These curves show the much higher levels of
cesium as compared with iodine at most locations, reflecting the higher
inventory of cesium (see Table 2). As in test HI-1, a high concentration
of cesium occurred at the furnace outlet, indicating condensation (and
possibly chemical reaction) on the Zr02 end plug at approximately 1300°C.

The basic solution that was used as a leachant to remove iodine from
the test components also removed a large fraction of the cesium. As a
result, the retained 125Sb and 11QmAg could be analyzed. The distribution
of these elements (Cs, I, Sb, and Ag) along the thermal gradient tube is
discussed in Sects. 3.2.4.1—3.2.4.4. The data for antimony and silver on
all test components are summarized in Tables 7 and 8. It should be noted
that these values represent minima; in several locations where the cesium
concentrations were highest (e.g., the glass wool prefliter), no antimony
or silver could be measured even though these elements were almost cer
tainly present in significant quantities.

3.2.2 Results of activation analysis for iodine

Since iodine has no long-lived, gamma-emitting nuclides, analytical
methods other than gamma spectrometry must be used. Neutron activation of
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Table 5. Distribution of fission products released in test HI-2

Fraction of fuel inventory found

Test component

or collector

Temperature (%)
or range

(°C) 85Kr 137Cs 129j 125Sb 11 Om^g

Furnace 1700-1000 0 8.82 -0.14 0.68 0

Thermal gradient

tube 1000-150 0 15.5 16.8 0.85* 1.86*

Filters -150 0 26.2 35.9 0.005° 0.26

Hot charcoal -150 0 10"6 0.187 0 0

Cold charcoal -78 51.5 0 0 0 0

Total 51.5 50.5 53.0 <1.53 2.12

In addition, particles of fuel and/or cladding recovered from the
furnace contained significant amounts of 137Cs, 125Sb, 106Ru, and 60Co.

Measured only after more than 90% of the cesium activity had been
removed by leaching.

CNot detected on first filter because of high cesium activity (possibly
as high as 0.1%).
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Table 6. Distribution of cesium in test HI-2

Cesium found in each location

Location

Amount

Temperature
(°C) (yCi 137Cs) (mg total Cs)

Furnace components

Inlet end components
Zr02 furnace tube
Tungsten susceptor
Outer Zr02 tube
Fibrous Zr02 insulator
Outlet end components
First Zr02 outlet plug
Second Zr02 outlet plug
Miscellaneous debris

Quartz vessel

Total

Thermal gradient tube

-1000 2.479+1

1700 2.534+1

1800 4.807+1

1700 3.535+2

-1200 7.807+2

-1200 1.504+5

1700 2.538+4

1300 5.63+5

7.131+3

-800 1.60+4

7.88+5

Quartz tube -1000-140 1.027+5

Segment 1 900-800 5.910+4

Segment 2 800-700 8.550+4

Segment 3 700-590 5.24+5°
Segment 4 590-460 2.081+5

Segment 5 460-325 2.006+5

Segment 6 325-220 1.218+5

Segment 7 220-160 8.055+4

Wipes from push rod 1.577+3

Total 1.38+6

Filter package

Entrance tube

Teflon entrance cone

Glass wool prefilter
First HEPA filter

Second HEPA filter

Heated charcoal

Miscellaneous parts

Total

Other components

-140

1.030+5

4.283+4

2.13+6C
6.735+4

4.706+0

4.460-1

4.106+2

2.34+6

21.95

38.55

65.18

of specimen
inventory12

8.82

15.48

26.18

Condenser

Cooled charcoal

0

-78

5.66-2

1.09-2

Total 6.75-2 1.9-6 7.6-7

Total all components 4.51+6 125.7 50.48

of total Cs

released

17.47

30.67

51.86

1.5-6

100

Based on an average burnup of 28 MWd/kg, the test specimen contained 102.7 mg
of 137Cs (8.938 Ci) and 249.0 mg of total cesium. Inventory data were calculated by
ORIGEN on May 24, 1982; the decay was corrected to July 15, 1981.

^Exponential notation: 2.479+1 = 2.479 x101, 6.75-2 = 6.75 x 10-2, etc.
Counted through 1-in. or 1.5-in. lead shielding because of high radioactivity.
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Table 7. Distribution of antimony in test HI-2

Antimony found in each location

Location

Amount % %

Temperature of specimen of total Sb
(°C) (pCi 125Sb) (ug total Sb) inventorya released

Furnace components

Quartz vessel -800 91.32

Zr02 ceramics 1300-1700 1724

Miscellaneous parts 4.48

Total 1820

Thermal gradient tube

Quartz tube (all) -1000-140 NDD

Segment 1 900-800 1529

Segment 2 800-700 434.1

Segment 3 700-590 230.2

Segment 4 590-460 43.79

Segment 5 460-325 13.79

Segment 6 325-220 2.386

Segment 7 220-160 1.884

2255

-140

15.65 0.692 44.5

19.40 0.858 55.2Total

Filter package

Entrance tube

Teflon entrance cone

Glass wool prefilter
First HEPA filter

Second HEPA filter

Miscellaneous parts

Total

Total all components

2.530

0.818

ND

9.506

0.016

0.016

12.88 0.111G 0.0049 0.32

4088 35.16 1.55 100

Based on an average burnup of 28 MWd/kg, the test specimen contained 0.255 mg
of 125Sb (262.9 mCi) and 2.262 mg of total antimony in the fuel; as a result of trans
mutation of antimony, the cladding contained 30.4 ug of 125Sb and 225 ug of total
antimony. Inventory data were calculated by ORIGEN on May 24, 1982; the decay was
corrected to July 15, 1981.

ND denotes not detected; in general, 125Sb could not be detected before chemical
removal of a large fraction of the cesium.

^Additional antimony was probably present (especially on glass wool prefilter) but
could not be measured because of high levels of cesium radioactivity.
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Table 8. Distribution of silver in test HI-2

Silver found in each location

Location Temperature
(°C)

Amount % %

of specimen of total Ag
(uCi 110mAg) (ug total Ag) inventory"2 released

Furnace components

Quartz vessel -800 ND

Zr02 ceramics 1300-1700 ND

ermal gradient tube

Quartz tube -1000-140 ND

Segment 1 900-600 1.600

Segment 2 800-700 1.502

Segment 3 700-590 1.155

Segment 4 590-460 1.249

Segment 5 460-325 1.610

Segment 6 325-220 0.495

Segment 7 220-160 0.244

Total 7.855

-140

225.1 2.61 90.70

Filter package

Entrance tube

Teflon entrance cone

Glass wool prefilter
First HEPA filter

Second HEPA filter

Miscellaneous parts

Total

Total all components

0.659

ND

ND

0.146

ND

0.001

0.806 23.09 0.268 9.30

7.783 248.2° 2.88 100

Based on an average burnup of 28 MWd/kg, the test specimen contained 6.3 x 10"5 mg
of 110mAg (0.301 mCi) and 8.615 mg of total silver. Inventory data were calculated by
ORIGEN on May 24, 1982; the decay was corrected to July 15, 1981.

r

ND denotes not detected; in general, HOni^g could not be detected before chemical
removal of a large fraction of the cesium.

Additional silver was probably present but could not be measured because of high
levels of cesium radioactivity.
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129I to 130I, which can be counted easily, is a proven, sensitive tech
nique. Iodine forms dissolve readily in basic solutions to form stable
iodides; in our samples, large amounts of highly radioactive cesium were
also dissolved. Small aliquots of the solutions were chemically treated
to remove cesium prior to being irradiated; then the 12.4-h 13^I was
counted. The results of these analyses, along with the data on fractional
iodine release and the cesium/iodine ratios at various apparatus loca
tions, are summarized in Table 9. The very low cesium/iodine ratios on
the second HEPA filter, the heated charcoal, and the condenser show that a
very small fraction (<0.054%) of the iodine was of a form that penetrated
the first two filters. The total fraction of iodine released, 53.79%, is
actually a minimum value since iodine cannot be detected directly and it
is not possible to leach and sample all surfaces of the test apparatus.
The total amount of iodine found, however, is in good agreement with the
amounts of krypton and cesium (Table 5), thus indicating that no signifi
cant amount of the released iodine was missed.

3.2.3 Results of spark-source mass spectrometric analyses

Spark-source mass spectrometry (SSMS) was used to obtain elemental
analyses of (1) smear samples from two areas of the thermal gradient tube
and the glass wool prefilter, and (2) solution samples from the same com
ponents and from the ZrO£ furnace ceramics. Either the amount of 137Cs,
as measured by gamma spectrometry, or a known quantity of erbium added as
a standard was used to determine mass values for the fission product,
structural, and impurity elements detected. Although these values were
not highly precise (an accuracy of a factor of 2 is claimed for the analy
sis, and perhaps a similar uncertainty is associated with the sampling
method), we did obtain data for several important elements that were not
otherwise available.

The results of all the SSMS analyses are summarized in Table 10. The
data from solution samples include both the basic and the acidic leaches;
however, it should be noted that all of the chemical forms present on the
test components were not necessarily soluble in either leach solution.
Consequently, the smear samples should supply more representative results
than those obtained for the solution samples.

For those elements where comparisons are possible (i.e., Cs, I, and
Ag), the SSMS data agree reasonably well with the gamma spectrometry data.
The SSMS values obtained for solutions are generally lower than those for
smears; this is apparent in the comparison of smear and solution values
from the glass wool prefilter. Surprisingly large amounts of tellurium,
about three times the amount of cesium, were indicated for sections 3 and
4 of the thermal gradient tube. Similarly, the relatively large amounts
of silver found on the same samples cannot be explained. Of the non-
fission-product elements, the larger amount (272 mg) of tungsten from the
susceptor found in the prefilter solution, without being detected on the
smear, appears to be an anomaly. We believe that the high sensitivity of
this measurement technique, combined with the inherent problems of
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Table 9. Distribution of iodine in test HI-2

(Results of activation analysis for 129I)

Location

Furnace components

Quartz vessel

Zr02 ceramics

Total

Thermal gradient tube

Temperature

(°C)

-800

1300-1700

Iodine found in each location

Amount

(Mg 129I) (mg total I)

493

26.7

520 0.687

% % Cs/I
of specimen of total I ratio
inventory'3 released (ug Cs/ug I)

2.77 5.14

0.685

466

31.9

Quartz tube (all) ~1000-140 972

Segment 1 900-800 6.77

Segment 2 800-700 26.4

Segment 3 700-590 444

Segment 4 590-460 523

Segment 5 460-325 341

Segment 6 325-220 232

Segment 7 220-160 157

2.23

184

68.3

24.9

8.40

12.42

11.09

10.84

10.80Total

Filter package

Entrance tube

Teflon entrance cone

Glass wool prefilter

First HEPA filter

Second HEPA filter

Heated charcoal 1

Heated charcoal 2

Heated charcoal 3

Heated charcoal 4

Miscellaneous parts

Total

Condenser

Total all components

-140

2702 3.568 14.37 26.71

326 6.67

108 8.34

6195 7.25

210 6.77

5.3 0.019

18 )
6.6 (
5.8 £ 0.00025

6.4 )
9.2 0.909

6890 9.095fc 36.63 68.12 7.17

3.08 0.0041 0.017 0.03 0.00039

10,115 13.354 53.79 100 9.41

aBased on an average burnup of 28 MWd/kg, the test specimen contained 18.80 mg of 129I and
24.83 mg of total iodine. Inventory calculations were made by ORIGEN on May 24, 1982; the decay was
corrected to July 15, 1981.

In addition, 3.9 ug of bromine was found on the charcoal; this value corresponds to 0.18% of the
specimen inventory as compared with 0.20% of the iodine found on the charcoal.



Table 10. Results of spark-source mass spectrometry of samples from test HI-2 components

Mass of element found (mg)

Thermal gradient tube
Element Glass wool prefilter Zr02 ceramics

Sect.

o'»
Sect. 3 Sect. 4

(Smea (Solution) (Smear) (Smear) (Solution) (Solution)

Fission products

Cs md 1.20 2.2 4.33 53.5 29.4 l.l

Rb (R) 0.24 0.40 0.87 11.0 5.8 0.45

I (R) 0.29 3.0 5.7 5.0 <0.9

Br 0.04

Te 0.12 (R) 7.7 (R) 13 (R) -27 5.9 (R)

Cd <0.006 (?) 0.27 (R) 1.7 (R) 5.0 (?) 1.5 (N) <0.2

Ag 0.064 (R) 0.35 (N) 0.009(R) 4.8 (R) 0.013 (N) 0.11 (N)

Mo (R) 6.0 0.18 0.43 10.7 6.1 0.67

Ru 0.67

Se (R) 0.06 0.22

Special materials

Pt

Sn (N) 0.36 2.3 3.9 27 6.4

Zr (N) 0.025 0.002 0.54 0.019

Au 1.3

Other materials

Hg 0.25 14 2.2

Bi 0.16 1.6 0.32

Pb 0.22 l.l 0.32

Ta 48 (?) <4.1 <U

Re 11 2

W 27 2 45

Fe 0.01 0.13 0.4 1.0 6.7

Mn 0.003 <0.15 0.11

Total deposit —

all materials -10 -15 -29 -230

,Precision is plus or minus a factor of 2.
Data based on gamma analysis for cesium.
,Data based on erbium tracer added to sample.
(R) denotes radiogenic isotopic distribution,

mixture or uncertain.

(N) denotes natural isotopic distribution, and (?) denotes
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collecting samples in the hot cell, may lead to a number of element iden
tifications that are not relevant to the fission product release test
itself but, instead, are artifacts of posttest sample collection and
handling.

3.2.4 Thermal gradient tube results

The thermal gradient tube is made of quartz, 36 cm long and 0.4 cm
in internal diameter, and lined with platinum foil. Its temperature was
controlled by two independent heaters, each with a coil spacing that
varied along its length. The aim was to produce a linear gradient in tem
perature from gas inlet to gas outlet. Fifteen thermocouples were used to
monitor the temperature of the outside surface of the quartz tube and to
control the temperature manually. The temperature profile changed
slightly during the experiment as the enthalpy of the flowing gas varied.
Figure 11 shows the average temperature profile measured during test HI-2;
the temperature of the platinum deposition surface was greater by an
unknown amount.

After the test, the platinum liner was removed and gamma counted
through a 0.635-cm (0.25-in.) slit at 1.27-cm (0.5-in.) intervals.
Cesium-134 and 137Cs dominated the counting, as shown by the profile
presented in Fig. 12. Because this detector was uncalibrated in this
geometry, the profile has been scaled so that 1.28 Ci of 137Cs is present
in the total; this figure was obtained by a calibrated count of the entire
liner. The activity was converted to the amount of cesium (all isotopes),
using the factor 1 uCi of 137Cs = 2.786 x 10"2 iig of Cs, which was derived
from an ORIGEN calculation.

The platinum liner was cut into seven sections, as shown in Fig. 11,
using the 137Cs profile to guide the cuts. Each section was counted,
leached with NHI+0H/H202, recounted, leached with HNO3 + HF, and counted a
third time. Table 11 shows the results. The cutting operations dislodged
24% of the cesium activity; only 0.9668 Ci was present afterward. The
leaching processes removed most of the cesium, and 12^Sb and 110mAg peaks
were revealed. In cases where data are available, they show that neither
the basic nor the acidic leach affected the antimony or silver deposits.
The seven basic leach solutions were analyzed for 129I by neutron activa
tion. Table 12 collates the results for 137Cs, 129I, 110mAg, and 125Sb;
the elemental totals are plotted in Figs. 12, 13, 14, and 15, respectively.

3.2.4.1 Cesium on the thermal gradient tube

The cesium profile in Fig. 12 consists of a large doublet peak between
520 and 730°C and three smaller peaks centered at 900, 800, and 400°C.

Cesium in the irradiated fuel is present in great excess over
electronegative fission products (tenfold excess over iodine, the most
abundant); thus, the bulk must be transported as oxide or hydroxide species
in the steam atmosphere. The large doublet peak probably represents some
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Table 11. Fission products on thermal gradient tube sections before and after leaching

a
Concentration of element (yg/cm)

Before leaching After basic leach After acid leach
Section Length

No. (cm) Cs

1 5.1 2.45+2

2 3.8 4.72+2

3 5.1 2.17+3

4 5.1 8.62+2

5 5.1 8.31+1

6 5.1 5.04+2

7 6.3 2.67+2

Sb

2.21

0.907

NDC

ND

ND

ND

ND

Cs

7.62

4.12+1

3.64+1

2.59

1.19

7.68-1

7.82-1

Sb

2.59

9.80-1

3.90-1

7.4-2

2.3-2

4.0-3

2.6-3

Ag

9.02

11.30

6.51

7.04

9.09

2.80

1.10

Cs

4.99

3.28+1

1.19+1

1.40

5.22-1

2.75-1

2.42-1

^Based on 137Cs, 125Sb, and 110mAg.
Exponential notation: 2.45+2 = 2.45 x 102, etc.

ND denotes not detected; no 110niAg was detected before the basic leach.

Sb

2.36

9.30-1

3.15-1

6.8-2

1.7-2

6.7-4

5.3-4

Ag

1.13+1

ND

ND

6.90

7.22

6.99-1

2.93-1

t-o



Table 12. Fission products on HI-2 thermal gradient tube

Temperature

Position range

(cm) (°C)
137Cs
(pCi)

a

0-5.1 900-800 4.5+4

5.1-8.9 800-700 6.5+4

8.9-14.0 700-590 4.0+5

14.0-19.1 590-460 1.6+5

19.1-24.1 460-325 1.5+5

24.1-29.2 325-220 9.2+4

29.2-35.6 220-160 6.1+4

Cesium

(ug/cm2)
129;^

(Ug)

2.6+2 6.77

5.0+2 26.4

2.3+3 444

9.1+2 523

8.8+2 341

5.4+2 232

2.8+2 157

Iodine

(ug/cm2)

1.4

7.3

92

110

71

48

32

110mAgc
(uCi)

1.6

1.5

1.2

1.2

1.6

0.50

0.24

a
On specimens before leach.

By neutron activation analysis to 130I.
^Measured after basic leach; 137Cs dominates the activity before basic leach.

tation: 4.5+4 = 4.5 x lO1*, 2.7-3 = 2.7 x 10-3, etc.Exponential no

Silver

(ug/cm2)

9.6

12.0

6.9

7.5

9.6

3.0

1.2

125SbC
(uCi)

1.5+3

4.3+2

2.3+2

4.4+1

1.4+1

2.4

1.9

Antimony

(ug/cm2)

2.7

1.0

4.1-1

7.9-2

2.5-2

4.3-3

2.7-3

o
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such species, although CsOH should not deposit above 510°C under the con
ditions of test HI-2. This peak, as well as the two small peaks centered
at 800 and 400°C, may reflect Cs-0 compounds containing tungsten (from the
induction furnace susceptor), molybdenum (fission product), or zirconium
(from fuel cladding). Significant amounts of these elements have been
found on the thermal gradient tubes in both tests, HI-1 and HI-2, by SSMS.

The peak at the inlet to the thermal gradient tube, centered at
900°C, was probably caused by fuel and Zr02 dust settling at a location
where the gas flow was disturbed.

None of the cesium peaks corresponds to pure Csl. We have calculated
the maximum contribution to the cesium profile from Csl and subtracted it,
as shown in Fig. 12. Since the cesium profile was almost unchanged, we can
assume that the presence of iodine did not affect the deposition of
cesium.

Sixty-four percent of the cesium entering the thermal gradient tube
escaped to be collected on the filters. It may have been present as aero
sol, or else the gas in the tube remained much hotter than the platinum
liner and cesium compounds remained volatile.

3.2.4.2 Iodine on the thermal gradient tube

The iodine profile (Fig. 13) is characterized by a steep rise to a
peak at 600 to 500°C followed by a gentle decrease. This behavior is
typical of a compound that can be adsorbed on platinum and then be desorbed
again by a thermally activated process, such as condensation of a vapor to
a solid. As the temperature decreased from 800°C to 600°C, the iodine
compound adsorbed; however, desorption occurred less and less readily as
the profile rose. Around the 600°C position, the iodine compound began to
vanish from the gas phase and the profile dropped to the outlet end of the
tube.

If all the iodine was present as Csl and was released at a constant
rate during test HI-2, the peak should start where the gas became super
saturated in Csl vapor. This temperature lies in the range 600 to 700°C,
depending on the source of Csl vapor pressure data.

The profile drops by a factor of 3 from its peak to the outlet. The
profile is affected by the decrease in gas-phase concentration with length
and by the decreasing diffusion coefficient with temperature (hence length).
The former can account for a profile drop factor of 1.47 and the latter a
factor of up to 7. This is good agreement with the observed factor of 3
since the exact figures depend on the detailed temperature and velocity
gradients in the gas, both of which are unknown.

The 68% of the iodine that escaped the thermal gradient tube was
adsorbed on the filters at 150°C; only 0.4% penetrated the filters. This
is typical behavior for an aerosol, but not for molecular iodine.
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Iodine behavior was consistent with its transport as Csl vapor and
aerosol, with a negligible contribution from molecular iodine.

3.2.4.3 Silver on the thermal gradient tube

We can draw only very tentative conclusions from the silver profile
shown in Fig. 14. There are apparently two species, one of which has a
monotonically decreasing profile similar to antimony and may be elemental
silver. Superimposed on this is a broad peak centered at 320°C, typical
of a compound which may be Agl or Ag2Te. These compounds are easily
decomposed by reducing conditions and heat, respectively.

3.2.4.4 Antimony on the thermal gradient tube

The behavior of antimony on the thermal gradient tube (Fig. 15) may
be explained as elemental antimony reacting rapidly and irreversibly with
the platinum surface of the tube in such a manner that gas-phase diffusion
of antimony molecules limits the rate. In this case, the profile should
follow the gas-phase concentration of antimony and the value of the gas-
phase diffusion coefficient.

Antimony will probably be released from the fuel in the elemental
form. The oxides are not stable to reduction,10 and noble metal—antimony
alloys should decompose to produce antimony vapor. Antimony alloys with
platinum to form a number of compounds such as PtSb, PtSb2, and Pti+Sb.11
In addition, it forms a solid solution below 10 at. % antimony. This pro
vided an opportunity for irreversible reaction with the platinum surface
and explains why neither basic nor acidic leaches removed it from the
thermal gradient tube.

According to our data, the surface concentration of antimony
decreased by a factor of 1000 along the thermal gradient tube. Based on
the amount of antimony collected on the filters, the gas-phase concentra
tion decreased by a factor of 170. The temperature dependence of the gas-
phase diffusion coefficient added another factor of up to 9, making the
total factor less than 1500. The agreement between 1000 and <1500 corro
borates the explanation of antimony behavior.

If antimony was released at a constant rate during the test, it would
have entered the thermal gradient tube at a pressure of 1.0 mPa. At 850°C,
the vapor pressure of pure antimony is about 0.3 kPa; thus, antimony must
have diffused into the platinum during the test sufficiently rapidly to
reduce its activity below 0.003% of the activity of the element. This
required the antimony to alloy evenly to a depth of 7 um during the 20-min
duration of the test, which is certainly possible if antimony diffuses as
rapidly in platinum as it does in silver.
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3.2.5 Results of analysis of cladding and end-cap samples from tests HI-1
and HI-2~

The H. B. Robinson fuel used in tests HI-1 and HI-2 was clad in
Zircaloy that contained about 1.5% tin. The tin was activated during
irradiation in the reactor; at the time we tested the fuel in HI-2, this
tin activity had almost completely decayed to 125Sb. In addition, fission
products from the fuel had attached themselves to the Zircaloy by recoil,
diffusion into it, or adsorption on its surface. The fuel specimen was
cut to length from a fuel rod, and new, unirradiated Zircaloy end caps
were fitted over the open ends.

Following test HI-2, the samples of cladding and downstream end cap
were separated and analyzed by gamma spectrometry. Any difference between
the cladding and the end cap should reflect the behavior of the fission
products. The cladding and end-cap samples were placed in clean glass
bottles and counted. Then the epoxy resin mounting material was removed,
and the samples were rinsed in distilled water and counted separately.
Minimal activity was lost during the separation and rinsing procedures;
the extreme value was 11% for 6°Co.

Similar specimens from test HI-1 were prepared and treated in the
same way. In this case, however, about 20 to 40% of the fission products
were lost in handling.

3.2.5.1 Interpretation

This section discusses test results from both HI-1 and HI-2 because
each influences the other. Tables 13 and 14 summarize the results.

The fission products present on the cladding and end caps reached
those locations by traveling with fine fuel particles or as individual
nuclides in the vapor phase. The second mechanism reflects the chemical
species present and, therefore, is more interesting.

Cerium-144 was chosen as a fuel marker because it was present as an
involatile oxide under the reducing conditions of tests HI-1 and HI-2.
Examination of Tables 13 and 14 shows that it was the least abundant
fission product on the cladding (expressed as a fraction of inventory),
and generally less was present on the end caps; this confirms that ll*kCe
remained with the fuel. Europium-154 was also detected by gamma counting
and appeared to follow 11+ltCe closely in behavior since it is chemically
similar. However, we did not use it as a fuel marker because of its ten
dency to form a stable Eu2+ ion and to volatilize as europium metal when
fuel is heated with metallic Zircaloy, as is the case with strontium and
barium. L/-

To remove the effects of fission product movement with fuel dust, it
is necessary to define an enrichment. For example,



Table 13. Activities'2 of cladding and end-cap samples from test HI-1

Original sample Cladding afte r H2O rinse End cap after H2O rinse Activity loss (% of orIginal sample)

Isotope
(uCl)

(% of
inventory) (uCi)

(% of
Inventory) (uCi)

(% of
Inventory)

In

anc

handling
rinsing On end cap

51*Mn 326 71.2 78 0

6°Co 86.3 42.1 19.4 29 22

l°6Ru 4850 0.04 1080 0.0098 2980 0.027 16 61

110mAgb 1480 4 482 1.35 <123 <0.34 59 <8

125Sb 1260 (0.15)c 966 (0.112)G 464 0.054 0 37

13-Cs 1960 0.031 288 0.0045 1210 0.019 24 62

137Cs 3260 0.032 453 0.0045 2000 0.020 25 61

14i*Ce 2500 0.019 421 0.0032 1280 0.0099 32 51

l^Eu 134 0.016 15.5 0.0018 92.1 0.011 20 69

155Eu 38.2 3.28 21.2 36 56

Activities in microcuries, as of Nov. 2, 1976.

^Subject to very large errors because of counting statistics; silver activity, when counted, was less than 10%
of the next strongest activity.

^Percentages include contributions from activation of tin in Zircaloy cladding.



Table 14. Activities of cladding and end-cap samples from test HI-2

Original sample Cladding after H2O rinse End cap after H2O rinse Activity loss (% of original sample)

Isotope

(lid)

(% of
inventory) (liCi)

(% of

inventory) (pCi)
(% of

inventory)
In

anc

handling
rinsing On end cap

6°Co 15.2 6.82 6.70 11 44

106Ru 765 0.2 687 0.16 31.8 0.0074 6 4

110mAg£ ~2 -0.7 <3 <1 ~2 -0.7

125Sb 1110 (0.4)C 167 (0.064)° 968 0.37 0 87

13"Cs 626 0.05 317 0.025 272 0.022 6 43

137Cs 3990 0.04 2110 0.024 1780 0.020 3 45

i^Ce 53.0 0.03 46.7 0.024 5.69 0.0029 1 11

154Eu 619 0.11 611 0.104 22.9 0.0039 0 4

Activities in microcuries, as of July 15, 1981.

Subject to very large errors because of counting statistics.

Percentages include contributions from activation of tin In Zircaloy cladding.

00
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., f137p _ fraction of fuel inventory of 137Cs on component
fraction of fuel inventory of 11+l*Ce on component

Tables 15 and 16 give the enrichments for tests HI-1 and HI-2. Since all
the fission products were enriched relative to llf4Ce in both HI-1 and
HI-2, they probably migrated independently of fuel particles. The alter
native is that they were enriched by recoil; however, this would imply
that ll+ltCe precursor nuclei are ejected more slowly than any other nuclei,
which is improbable. This hypothesis would also lead to enrichment of the
cladding, but not of the end caps since these were added long after the
active life of the fuel.

Ruthenium-106 was enriched twofold to threefold in both HI-1 and

HI-2; only the cladding in HI-2 was more highly enriched (by a factor of
7). Ruthenium may be slightly volatile as an oxide in steam atmospheres,13
but this volatility is less in reducing atmospheres such as those in HI-1
and HI-2. At present, the most plausible explanation of the 106Ru measure
ments is a combination of vapor transport as a volatile species and dif
fusion through the fuel, across the interface and into the cladding in
HI-2.

The silver values are in disagreement. Silver has a great affinity
for Zircaloy, li+ which is reflected in the enrichments measured in tests
HI-1 and HI-2. Silver metal vaporized from the fuel and was absorbed into
the Zircaloy cladding. The end cap in test HI-1 was further from the fuel
and hence collected less silver vapor. In test HI-2, however, more silver
remained on the end cap than on the cladding. The cladding was more than
80% oxidized to Zr02, and apparently the silver was driven off during
oxidation, while the thicker end cap resisted oxidation and retained

silver.

Antimony-125 is present as a decay product in irradiated Zircaloy,
and this accounts for the enrichment in HI-1 cladding. The enrichments in
tests HI-1 and HI-2 end caps reflect the volatility of antimony at 1400 to
1700°C; antimony vapor has left the fuel and been absorbed into the end
caps. Apparently, extensive oxidation of the Zircaloy cladding in test
HI-2 reduced the enrichment (cf. silver, above).

The enrichment values show that cesium vaporized from the fuel and
condensed on the cladding and end caps. Little interaction occurred
between the Zircaloy and its oxides at 1400 and 1700°C; most of the cesium
left the fuel area completely and condensed elsewhere in the apparatus.
There was no clear reason for the difference in enrichments for the clad

ding and the end cap in HI-2. Cesium appeared to favor Zr0£ environments
and thus is expected to stay with the cladding, not the end cap.

Europium-154 was enriched in the HI-2 cladding (which was in contact
with fuel), but not in the end cap. Gaseous diffusion of species such as
europium atoms is not responsible because enrichment on the end cap would
be observed in this case. The most plausible explanation is solid-state
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Table 15. Enrichment of nuclide relative to fuel dust

(lt+ltCe and 151+Eu) in HI-1

Enrichment ratio of nuclide

Nuclide In cladding In end cap

106Ru 2-3 2-3

llOmAg 400 40

125Sb 35 5

134,137Cs 2 2

Table 16. Enrichment of nuclide relative to fuel dust

(11+tfCe) in HI-2

Enrichment ratio of nuclide

Nuclide In cladding In end cap

106Ru 7 2

H0mAg 40 25Q

125Sb 3 100

m,137Cs l ?

15l*Eu 4 1
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diffusion of europium through the uranium oxide—Zircaloy matrix. Europium
forms stable Eu2+ ions, which are large and may strain the U02 lattice
sufficiently to enhance diffusion. Since cerium has no stable oxidation
state lower than Ce3+, it will diffuse slowly.

The loss of a large proportion of the 51+Mn detected in the cladding
sample from test HI-1 during handling and rinsing prevents us from drawing
definitive conclusions concerning the behavior of manganese. No manganese
was found in the HI-2 cladding samples; it may have completely evaporated
during the heating cycle since it is quite volatile (vapor pressure =
0.066 bar at 1700°C).

Cobalt-60 transferred from the cladding to the end caps in both HI-1
and HI-2, indicating slight volatility (vapor pressure = 2.6 x 10"5 bar
at 1700°C).

3.2.5.2 Metallographic examination of fuel specimens

After being cast in epoxy resin to preserve their physical shapes,
the fuel specimens from tests HI-1 and HI-2 were transferred to another
hot cell facility and sectioned for detailed examination of the micro-
structures. One radial section from test HI-1 and two radial sections

from test HI-2 were selected and prepared by standard metallographic
techniques.

The specimen from test HI-1 (1400°C for 30 min) is shown in Fig. 16.
Several cladding fractures are apparent in this specimen, which was located
at 8.3 cm from the inlet end of the fuel rod. The microstructure in the
region of a fracture is compared with an untested control specimen in
Fig. 17. Successive layers of Zr02, oxygen-stabilized a-zirconium, and a
thin layer of Zr02 on the inner surface of the cladding are identified.
The thin layer of Zr02 on the fracture surfaces (relative to the outer
surface) indicates that the fractures occurred late in the heating cycle,
perhaps at the beginning of cooldown. Similarly, the relatively thin
layer of Zr02 on the inside surface of the cladding shows that the atmo
sphere in this region of the fuel specimen was reducing throughout most of
the high-temperature period. The same area is shown in polarized light in
Fig. 18, which shows the large grain size in the oc-ZrO region. The thick
ness of the Zr02 layer on the outside of the cladding agreed well with the
work of Pawel15 and indicated that about 40% of the zirconium at this
location had been converted to Zr02. The test caused no visible change in
the U02 fuel. These results are also consistent with the observations of
Cook16 and Kerwin17 of in-pile fuel tests under similar conditions.

Two metallographic specimens were selected, at 5.8 and 17.7 cm from
the inlet end of the HI-2 fuel rod; the latter is displayed in Fig. 19.
The sketch in Fig. 20 indicates the relative locations of the large clad
ding fracture in the specimen and the cross sections examined. The
cladding adjacent to the fractures is shown in Fig. 21; the essentially
complete oxidation to Zr02 apparent in this view was typical of both
specimens from this test and illustrates the more severe damage as a
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ORNL PHOTO 4183-83

FRACTURE

Zr02 BOAT

Fig. 16. Appearance of metallographic specimen from test HI-1,
showing cladding fractures and ZrO£ boat (~4.8x).
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Fig. 17. Comparison of (a) cladding appearance in irradiated but
untested control specimen with (b) that in test HI-1. Note fracture, the
increase In thickness, and the Zr02 and ot-ZrO layers resulting from the
conditions used for the test.
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Fig. 18. Appearance of test HI-1 specimen under polarized light,
which makes grain structures visible.
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ORNL PHOTO 3438-83

Fig. 19. Appearance of metallographic specimen from test HI-2,
showing wide opening at cladding fracture (~5x).
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Fig. 20. Sketch of HI-2 fuel specimen after test, showing large
longitudinal fracture, unidentified dark spot on downstream end of
specimen, and locations of cuts for metallographic examination.
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Fig. 21. Completely oxidized cladding adjacent to fracture in
test HI-2.



48

result of the higher test temperature (1700 vs 1400°C). Further effects
are shown in Figs. 22 and 23. Fine precipitates of metallic tin, which
are to be expected under the conditions used in test HI-2, are apparent in
Fig. 22; and a chip of U02 adhering to the cladding, indicative of fuel-
cladding interaction, is shown in Fig. 23. Neither of these phenomena was
observed in the lower-temperature test, but Hofmann et al.18 have studied
U02-zirconium interactions at 1600°C.

These metallographic specimens and additional sections from the
fuel rods were shipped to Argonne National Laboratory for further, more
detailed investigations of the microstructures and chemical compositions.

4. CONCLUSIONS

As indicated in Sect. 1, this summary report presents only a limited
evaluation and interpretation of the data obtained in test HI-2. Further
evaluation, interpretation, and correlation will be included In a topical
report, which will consider the results of several tests over a range of
experimental conditions. Therefore, our current conclusions are of a pre
liminary nature and must be restricted to the following observations:

1. The experimental apparatus performed satisfactorily, and the tech
niques and equipment appear to be suitable for further testing up to
2000°C.

2. The on-line release rate measurements for 85Kr and 137Cs (Fig. 9)
appear to be consistent both with the prior test in this series and
with previous work. The increase in release rates for both krypton
and cesium at the beginning of specimen cooldown agreed with such
observations by other experimenters.19

3. The appearance of the fuel specimen after the test was similar to
that of unirradiated specimens under the same conditions. The

Zircaloy cladding was almost completely oxidized to Zr02, in agreement
with hydrogen generation data from flow measurements, and a large
fracture extended over about 80% of the length of the specimen.

4. Based on gamma-ray spectrometry of fission product nuclides, 52.5% of
the krypton, 50.5% of the cesium, 1.55% of the antimony, and 2.59% of
the silver were released from the specimen during the test. Activa
tion analysis indicated that 53.8% of the iodine was released, which
is in good agreement with the values for krypton and cesium. All of
these results appear to be reasonably consistent both with earlier
work by Lorenz et al.2-1+ and with a recent NRC-sponsored review of
relevant data. 13

5. Data obtained from SSMS analyses of smear and solution samples from
selected locations corroborated the gamma analysis results and also
provided some additional information concerning stable fission pro
duct elements, such as Te, Mo, and Rb, as well as structural and
impurity elements, most notably W (susceptor) and Sn (cladding).
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ORNL PHOTO 3440-83

40 pm 500X

Fig. 22. Higher-magnification view from central region of test HI-2
cladding, showing precipitates of metallic tin.
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80pm 250X

Fig. 23. Area of apparent fuel-cladding interaction in test HI-2,
showing chip of UO2 fuel adhering to oxidized Zircaloy cladding.
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6. Evaluation of data for Cs, I, Sb, and Ag on the thermal gradient tube
provided some information about the chemical forms of these fission

products. Cesium exhibited a complex behavior, probably indicating
its presence as two or more compounds; CsOH is the most likely form
in our system. Iodine appeared to be associated with cesium, perhaps
as Csl. Antimony behaved like the element, alloying with the plati
num thermal gradient tube, while silver exhibited characteristics
typical of both a compound (at 400—900°C) and the element (below
400°C).

7. Metallographic examination of sections from tests HI-1 and HI-2
revealed that oxidation and embrittlement of the Zircaloy cladding
were more severe in the higher-temperature test (HI-2 operated at
1700°C vs 1400°C for HI-1); in addition, evidence of limited fuel-
cladding interaction was observed. Such phenomena are not unexpected
at this temperature. The microstructures will be examined in greater
detail at a later date and will be reported in conjunction with sub
sequent tests.
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