
FISSION PRODUCT RELEASE AND FUEL CLADDING INTERACTION
IN SEVERE-ACCIDENT TESTS OF LWR FUEL*

! • -

by

R. V. S t r a i n and M. F . Osbornet

M a t e r i a l s Science and Technology Div i s ion
ARGONNE NATIONAL LABORATORY

Argonne, I l l i n o i s 60439

tOAK RIDGE NATIONAL LABORATORY
P. 0 . Box X

Oak Ridge, Tennessee 37830
COMF-8407 0 1 — 2

DE84 0 0 4 0 0 7

November 1983

The submitted minuicrjpi has been authored
bv a contractor of the U. 5. Government
under contract No. W-31-109-ENG-38.
Accordingly, the U. S. Government retains a
nonexclusive, royelty.free licenie to publish
or reoroduce the published form of this
contribution, or allow others to do so, for
U. S. Government purposes.

NOTICE
PORTIONS Of THIS BEPOBT ABE ILLEGIBLE.

It has been reproduced from the best
svaiisblo copy to permit t*s
passible availability.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.

*Work supported by the U. S. Nuclear Regulatory Commission.

Submitted to the ANS Topical Meeting on Fission Product Behavior and Source
Term Research, July 15-19, 1984, Snowbird Utah.

Y\



> • •

FISSION PRODUCT RELEASE AND FUEL CLADDING INTERACTION
IN SEVERE-ACCIDENT TESTS OF LWR FUEL*

by

R. V. Strain and M. F. Osbornet

Materials Science and Technology Division.
ARGONNE fJATIONAL LABORATORY
Argonn6, Illinois 60439

+ OAK RIDGE NATIONAL LABORATORY
Oak Ridge, Tennessee 37830

SUMMARY

Introduction

The behavior of fission products and core materials during accident

conditions is currently under investigation along a broad front. A series of

tests are being performed at Oak Ridge National Laboratory (ORNL) to provide

data on the release of fission products from fuel rod segments over-a wide

range of temperatures and steam conditions. Detailed measurements and

analyses are performed at ORNL on the fission products released during these

tests and samples of tha fuel specimens are mounted in epoxy resin for

posttest metallographic examination. Detailed examination and analysis of

selected samples are performed at Argonne National Laboratory. Information

from three tests performed on fuel rods irradiated in a pressurized water

reactor (PWR) are presented in this paper.

These tests were performed by heating 20-cm-long segments of fuel rods in

a flowing steam-helium atmosphere and then determining the quantities of

fission products released from the fuel rod segments. The steam-helium

mixture is made co flow past the segment and through a sample train designed

*Work supported by the U. S. Nuclear Regulatory Ccntniission.



to trap the volatile and gaseous fission products that are released during the

test. The gas flow rates are brought to steady state and the heating is then

begun using an induction coil and a tungsten or graphite susceptor. The

segments are brought to temperature and held there for 20 to 30 min. before

they are cooled in the flowing gases. Some of the important operating

parameters for each of the tests are given in Table I. The details of the

test procedures are available elsewhere.

Results

The fractional fission-gas release during these tests, as indicated

by 85Kr measurements, has varied from~3% at 1400°C to ~60% at 2000°C. The

release of the volatile fission products I and Cs has generally followed the

same trends as the fission gas. Details of the fission product analysis and

characterizaton will be discussed by Collins et al. at this meeting.

Detailed examination of samples from these fuel rod segments included

optical microscopy, stereology, and scanning electron microscope (SEM)

fractography to provide microstructural characterization, and SEM and X-ray

analysis to provide microchemical characterization. Stereological examination

of the fuel in the as-polished condition has shown that the amount of posttest

fuel porosity correlates reasonably well with the measured gas release.

Fractographic analysis of the fuel indicated that the release of fission

products is the result of diffusion of noble gases to the grain boundaries and

the subsequent formation of gas bubbles on the grain faces. The bubbles then

link along the grain edges to form tunnels which provide a pathway through

which fission products are released from the fuel pellet. Examination of the

fuel rod samples has revealed cracks which appear t-o havs gone .:orapletalv

through the cladding early in the tests. This indicates that the cladding does

not serve as a strong barrier to gas release. The size of the bubbles and the



degree of interconnection of the tunnels at the grain edges were much greater

in the tests conducted at 1700 and 2000°C than in the 1400°C test. The

bubbles were marginally larger and the tunnels better developed in the 2000°C

test than in the 1700°C test. In the higher temperature tests, the less-

volatile fission products, such as Ru, Zr, and Mo, occurred in the form of

beads at the intersections of tunnels along the grain edges.

Cesium and iodine were not detected during the SEM examination of the

HI-1 and HI-2 samples. Apparently these raaterialsXwere not concentrated at

the fuel/cladding interface during the tests. The volatile fission products

that remain in the samples are likely to exist as a solid solution or as

compounds widely dispersed in the fuel matrix.

The microchemical characterization of the samples showed that little

interaction of fuel and cladding occurred in the HI-1 and HI-2 tests at

temperatures as high as ~1700°C with a steam flow of 1 L/min. The cladding

near the inlet end of the HI-2 test appeared to have melted and oxidized, but

it did not interact extensively enough with the fuel to cause liquefaction.

An area of the fuel/cladding interface where melting is believed to have

occurred during the oxidation is shown in Fig. 1. The X-ray data show that

the transfer of U into the cladding occurred over a distance of ~20 urn while

the molten zone was at least 300 pn thick at this location. In the HI-3 test

(2000°C) at a lower steam flow rate (0.3 L/m), extensive interaction between

the fuel and cladding resulted in liquefaction of material. Liquid material

penetrated the ZrOj furnace tube in this test.

Conclusions

The examin-at-ien .of these samples indicated a correlation between the

posttest fuel microstructure and the fission product release during the

test. As expected, structural changes in the fuel and fission product release



increased with test temperature. The effect of steam flow rate, which

controls the extent of cladding oxidation, however, was less clear. The

amount of fuel-cladding reaction and liquefaction was greatest in the test

with a low steam flow rate, which was also the highest temperature test.

Other data indicate, however, that extensive fuel-cladding reaction and

liquefaction would he expected at~1700°C with reduced steam flow rate (i.e.,

with reduced oxidation) . The similar gas release values and fuel

microstructures for the 1700 and 2000cC test are somewhat surprising, but may

indicate the influence of the steam conditions on gas release as well as on

fuel-cladding reaction. The extent of fuel-cladding interaction in these

tests, and the resulting intermediate phases, appear to be consistent with the

observations of Homfann and Kerwin-Peck.

References

1. M. F. Osborne et al., "Data Summary Report for Fission Product Release

Test HI-1," NUREG/CR-2928, December 1982.

2. M. F. Osborne et al., "Data Summary Report for Fission Product Release

Test HI-2," NUREG/CR-3171, to be published.

3. M. F. Osborne et al., "Data Summary Report foi. Fission Product Release

Test HI-3," NUREG/CR-3335, to be published.

A. J. L. Collins et al., "Characterization and Chemistry of Fission Products

Released from LWR Fuel," to be presented at this conference.

5. P. Hofraann and D.K, Kerwin-Peck, "Chemical Interactions of Solid and

Liquid Zircaloy-4 with UO2 Under Transient N'onoxidizing Conditions,"

Proceedings of International Meeting on Light Water Reactor Severe

Accident Evaluation, Cambridge, MA, August 28-Septeriber 1, 19S3.



Table I. Operating Parameters for Tests on Release of
Fission Products from Fuel Rod Segments

Test

HI-1

HI-2

HI-3

Indicated
Surface

Temp., °C

1400

1700

2000

Time at
Temp.,
Min.

30

20

20

Heating •
Rate,
K/s

!-2

1.25

2.1

Steam
Flow,
L/m

1.0

1.0

0.3
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