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CHARACTERIZATION AND CHEMISTRY OF FISSION PRODUCTS RELEASED FROM
LWR FUEL UNDER ACCIDENT CONDITIONS®
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Segments from commercial LWR fuel rods have been tested at temperatures between 1400
and 2000°C in a flowing steam-helium atmosphere to simulate severe accident condi-
tions. The primary goals of the tests were to determine the rate of fission product
release and to characierize the chemical behavior. This paper is concerned pri-
marily with the identification and chemical behavior of the released fission prod.
ucts with emphasis on antimony, cesium, iodine, and silver. The iodine appeared to
behave primarily as cesium iodide and the antimony and silver as elements, while

cesium behavior was much more complex.

INTRODUCTION

A -eries of tests at Dak Ridge National Laboratory {ORNL) is being conducted to
measure fission product release rates from commercial, irradiated LWR fuel under
jdealized accident conditions; to determine the physical and chemical forms of
released materials; to compare the results with NUREG-0772 {1) (a 1981 NRC techni-
cal review) and with the SASCHA tests (simulated core melt tests being conducted in
Germany); and to detzrmine the physical and chemical changes in the fuel specimen.
The current program is an extension of a preyious fission product release program
(2-4). 1n the present program (5-7), LWR fuel specimens have been tested in the
temperature range of 1670 to 2270 K in a flowing steam-helium (or steam—argon)
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atmosphere. In the near future, specimens will be heated to ~2670 K. This paper
is devoted primarily to the identification and chemical behavior of the reteased -
fission products with emphasis on antimony, cesium, iodine, and silver. A more
detailed discussion of this work is reported separately (8).

APPARATUS AND ANALYTICAL METHODS

In these tests a collection system was used to characterize the released materials.
It was composed of a thermal gradient tube (TGT) Vined with platinum foil, followed
by a filter pack containing a glass wool prefiiter, two HEPA filter papers, and
triethylenediamire impregnated charcoal. The TGT was controlled to give a tempera-
ture drop from ~1170 K at the inlet to ~420 K at the outlet; fission preduct conden-
sation behavior depends on volatility, concentration, reactivity, and transit time
down the tube (in these tests, 40 to 100 ms). The filters in the filter pack
collected particulate material, and the impregnated charcoal trapped more volatile
forms, such as elemental iodine and organic icdides. Beyond the filter pack, an
ice-bath cooled condenser collected the steam, and charcoal traps at 195 or 77 K
sorbed the fission product gases krypton and xenon.

The primary analytical methods for identifying and quantifying released fission prod-
ucts have been gamma spectrometfic analysis (GS), neutron activation analysis (NA),
spark-source mass spectrometric analysis (SSMS), and scanning electron microscopy
with energy dispersive x-ray analysis (EDAX). Fission products that have been iden-
tified by the above methods include (G6S) 137Cs, 134Cs, 1255b, 85¢p, 106Ry, 1l0mpg,
l44Ce, and 15%Eu; (NA) 1291; (SSMS) and/or (EDAX) Cs, I, Rb, Br, Cd, Te, Ba, and Mo.
The SSMS and EDAX analyses were also very useful in identifying nonradiogenic ele-
ments from the furnace tube components (ceramics and susceptor) and the fuel clad-
ding that were vaporized and transported along with the fission prodﬁcts to the
collectors. The principal contaminants were Mg, S, C1, Na, Zn, X, W, Zr, Sn, and
Pb. Knowledge of the presence or absence of contaminants on collector surfaces is
important in the interpretation of chemical behavior.

ANTIMONY RESULTS
Figure 1 itlustrates the behavior of antimony in the TGT. These data show that the

surface concentration of antimony decreased exponentially with distance from inlet
to outlet of the TGT in each of the three tests.
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Figure 1. Mass of antimony in thermal gradient
tubes after fission product release experiments.

Deposition in the TGT occurred in three stages — movement through the gas to the
platinum surface, reaction with the surface, and possibly evaporalion back into the
gas. The behavior we observed for antimony indicates that diffusion through the gas
limited the rate of deposition, while at the.surface, antimony reacted rapidly and
irreversibly with platinum. This would suggest that antimony was released from fuel
and cladding in elemental form. We shall concentrate on the antimony profile from
test HI-2 to support this conclusion.

The diffusion coefficient for antimony in a gas mixture can be calculated empiri-
cally from the critical temperatures and pressures of all the species involved (9).
For antimony, the critical pressure was estimated as 650 bar, and the critical
temperature as 2860 K (8). In test HI-2, the calculated diffusion coefficient
decreased from 1.7 cm?/s at the inlet to the TG6T to 0.3 cm2/s at the outlet. Using
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the measured gas flow rate and the temperature profile, the diffusion equation was
solved for laminar gas flow {parabolic velocity profile). Figure 2 compares the
measured and calculated antimony profiles in test HI-2; the agreement is good, as is

the similarity of the calculated and measured amounts of antimony that escaped from
the TGT, 0.10 pg ard 0.11 pg, respectively.
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Figure 2. Comparison of measured and calculated antimony
profile in thermal gradient tube after test HI-2.

The partial pressure of antimoryy in the gas passing down the TGT was low, and
elemental antimony was not a stable condensed phase until low temperatures were
reached. Ffor instance, antimony in test HI-2 entered the TGT at a partial pressure
of ~9 x 10-8 bar, which is the saturated vapor pressure of elemenial antimony at
~770 K (9). Since antimony was found on platinum at temperatures up to 1170 X, a
process that reduced the chemical activity of antimony in the solid phase apparently
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occurred. We believe a combination of reaction between platinum and antimony, and
solid-state diffusion of antimony away from the platinum surface is responsible for
driving antimony deposition. Antimony is known to form a solid solution and one
congruently melting compound with platinum (10), but the diffusion coefficient for
antimsony in platinum is not known.

Antimony deposited in the high-temperature end of the TGT at partial pressures well

below the vapor pressure of the condensed phase at these temperatures /~1136 K) (8).
For this to occur, vapor pressure reduction at the platinum surface would have to be
affected either by (a) antimony dissolution in piatinum and diffusion from the sur-

face or (b) compound formation betweer antimony and platinum.

The vapor pressure of antimony dissolved in platinum, Pt;b, may be expressed by

* x 1
Ptop = YsuMNsbPo (1)
where
Yo = activity coefficient of 5b dissolved in Pt,
NSb = mol fraction Sb in Pt at surface,
" .
P0 = vapor pressure of Sb.

Test data for run HI-2 (6) indicate that a value of YSbNSb = ~10-5 at the hot end of
the TGT would cause a sufficient vapor pressure reduction for deposition to occur.
An approximate value for the diffusion coefficient of antimony in platinum required
for maintenance of sufficiently low surface concentrations to aliow antimony deposi-

tion may be estimated using

D=411F2t (2)
n{yC)?
where
D = diffusion coefficient Sb in Pt, cm?/s,
C = surface concentration Sb, mol/cm3,
t = test duration, s,
F = flux of Sb to surface, mol/cm2+s,

The values of F, t, and the requisite surface roncentration C (assuming y = 1} may

be obtained from reported test conditions (5-7). The resulting Sb diffusivities in
Pt are shown in Fig. 3 compared with literature values of Sb in Au and Te in Pt. It
is seen that without some chemical association of antimony with platinum causing the
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Figure 3. Comparison of the diffusion coefficients
for Sb in Au and Pt with the minimum values necessary
for tests HI-1, HI-2, and HBU-11.

activity coefficient to be less than unity, the value of D required to maintain suf-
ficiently low surface concentration is greater than reported values for T >1000 K.

However, chemical association is known to occur; platinum reacts with antimony to
form PtSby (11), which exists down to 11% mol antimony in platinum. We estimate

the enthalpy of formation of PtSb, as -63 kJ/mol-1 [cf. -77 kJ/mol-1 measured for
NiSb, (ref. 12)] and the entropy change as zero. This implies that y = 0.36 at
concentrations lower than 0.11 mol fraction. This reduces D by a factor of I¥

and brings it closer to measured diffusion coefficients. In conclusion, f~ .a-
tion of PtSb, in conjunction with solid-state diffusion of antimony i. . obably

sufficient to drive antimony deposition in these experiments.



CESIUM RESULTS

Thermal gradient tube profiles for cesium have generally been complex and made up of
several peaks, as illustrated in Fig. 4. The increase in cesium surface concentra-
tion below a certain temperature indicates the condensation of a species when its
partial pressure exceeds its saturated vapor pressure at that temperature. The sur-
face concentration then decreases downstream as species are removed from the gas.
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Figure 4. Mass of cesium in thermal
gradient tube after test HI-2.

Deposition of vapor onto the platinum surface of the TGT was not the only gas phase
removal process (in contrast with the antimony case). Of the cesium that entered
the tube, 60 to 70% escaped to the filters as particles. Such a drop in vapor
pressure of 30 to 40% cannot produce the drop in surface concentration of 6 to 20
times that was observed. The large drop in vapor pressure must have occurred
because cesium compounds condensed as an aerosol in the gas stream as it cooled.

The major cesium compound that deposited in the TGT could not have been CsOH, which
is too volatile. For example, in test HI-3 cesium started to deposit at 1040 K but
CsOH vapor is calculated to condense at 800 te 850 K, depending on the source of
volatility data (13,14). Chemical reactions between CsOH vapor and other previously
deposited material may have occurred.



Spark-source mass spectrometry revealed sufficient masses of other elements that
could have formed involatile mixed oxides with cesium; these were sulfur (from
ceramics in the furnace construction), zirconium (from cladding), molybdenum
(fission product), and tungsten (the susceptor in early tests). In addition, the
prasence of carbon was suspec.ed (from the graphite susceptor used in later tests).

IGDINE RESULTS

Iodine TGT profiles have a simple shape, as illustrated in Fig. 5. Table 1 summa-

rizes jodine behavior in the HI test series. Iodine that passed through the filters

occurred as a penetrating form, probably I,, HI, or CHzl. 1In each test, from 0.003

to 0.49% of the total amount of iodine released from the fuel was in a penetrating

form. As seen from Table 1, the fraction of iodine entering the TGT that passed
through the tube remained relatively constant (57 to 67%) in the HI test series

despite a threefold range in gas velocity.

ORNL DWG 83-485

THERMAL GRADIENT TUBE TEMPERATURE (°C)
BOO 700 600 500 400 300 200

N i T T T T T
- - /.—\. -
d \ ]
e 100 | o - f
© L - i
on - =1 .
3 N 7 :
8 1
> I 65% ESCAPED |
o °
| ® ]
z . e/
%) S~»
g .
3 10 — =]
w — o 3
= han
z o .
5 - -
' ) B b1 1 i ] |
0 10 20 30 40
DISTANCE rROM INLET (em)

Figure 5. Distribution of jodine in
thermal gradient tube in test HI-3.



Table 1
IODINE BEHAVIOR IN THE HI TEST SERIES

Iodine in
lodine Peak Maximum Fuel Gas lodine Penetrating
Temperature  Temperature Velocity Escapigg T6T Forg

Tect (K} (K) (mol/min-1) (%) (%)
HI-1 670 1670 0.06 57 0.49
HI-2 870 1970 0.06 68 0.36
HI-3 840 2270 0.03 65 0.003
KI-4 780 2270 0.03 63 0.03
HI-5 740 2020 0.02 67 0.07

*percentages of total iodine released from fuel. Total amounts may be
twice these because of sorption of I, on stainless steel and other surfaces.

Figure 6 compares the location of the peak relative to the predicted location based
on Csl vapor pressure and estimated partial pressure of CsI in the TGT. The loca-
tions of the upstream edge of the deposition peak for a series of tests (2-7) are
plotted in Fig. 6 against the CsI partial pressure estimated from test variables.
These locations are compared with two published vapor pressure relationships for Csl
(15,16). As seen, the deposit location correlates well with the predicted Tocation
for Csl deposition for many of the observations. However, about half the deposit
locations occurred at temperatures 50 to 100°C higher than predicted.

SILVER RESULTS

Silver was detected in the TG6T in tests H1-2 and H1-5. It appeared to deposit uni-
formly along the length of the TGT when allowance was made for leaching of silver by
basic and acidic leaches. Figure 7 shows the profile for test HI-5.

Because the silver radioactivity was considerably less than the highly active
137Cs and 134Cs, it was difficult to detect by gamma spectrometry. Consequently,
before silver could be measured, the TGT had to be leached with a basic solution
(NH, OH/H,0,) and an acidic solution (WNO3/HF) to remove >90% of the cesium.

No silver was removed by the basic leach, but a small amount was removed by the acid
leach at the high temperature end, and considerably more at the low temperature end.
The leach behavior is consistent with that of elemental silver.
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Figure 7. Distribution of silver on
thermal gradient tube after test HI-5.

In test HI-5 {and probably in test HI-2), ~80% of the silver that entered the TGT
passed through and was collected on the filters. This behavior is typical of an
aerosol, which has a low gas diffusivity. Thus, the silver associated with aerosol
particles deposited stuwly on the platinum surface because the rate was mass trans-
fer limited; the gas phase concentration of silver changed very little and the
resulting TGT profiles were flat, with most of the silver collecting downstream on

the filters.

These data indicate that silver probably was released from the fuel in the ele-
mental form. If so, the average partial pressure of silver in test HI-5 can be
calculated from the mass of silver released and the amount of flowing gas as at
least 2.4 x 10-7 bar. This corresponds to a condensation temperature >1120 K (17).
It appears that silver began to condense on its own or on aerosol particles just as
it entered the TGT. :



CONCLUSIONS

when LWR fuel was heated in steam-rich atmospheres, the antimony that was released
reacted rapidly and irreversibly with platinum (and gold), as was indicated by the
shape of its TGT profiles, and its resistance to basic and acidic leaches. This
behavior implies that it was released in the elemental form.

The majority of the cesium was apparently released in an oxidic form, and, in these
tests, probably formed mixed oxides with other fission products (Mo, Zr), with
structural materials (Zr, W, C), or with impurities in the ceramics (S). Of these
elements, only zirconium and molybdenum are likely to be present in a reactor acci-
dent. Approximately 10% of the cesium apparently was releasec as Csl.

About 99.5% of the released iodine was involatile in form; circumstantial evidence
points to this being Csl in this series of tests. The apparent deposition velocity
of "CsI" onto platinum increases from 0.5 cm/s at 870 = 50 K to 3.8 cm/s at

670 + 50 K.

Silver behaved consistently with its release from the fuel in elemental form;
apparently, it deposited on surfaces after condensation onto aerosol particles.
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