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.. EXPERIMENTS ON THE RELEASE OF :FISSION
“PRODUCTS. FROM MOLTEN REACTOR. FUELS

ABSTRACT
| N

Experiments in the controlled melting of irradiated fuel specimens, particu=
larly of the APPR,.STR,’ and MER types, hawe confirmmed that prolonged heating in
air at temperatures in excess of the melting point results in the release of a.
large portion of the radloactiv1ty, ~On the other hand, a meoderate amount of
heating in air or steam sufficient’only to melt a sPecimenAresults mainly in:the
.partial volatilization of the rare geses; the halogens, iodine and bromine;- and
the alkali metaie, cesium and?ruhidinm° In the presence of air on water vapor,
strontium and other fieeion p%oducts are not released. | it

At trace concentration of fiseion.prodncts, slpw melting of the APPR plate
at 152500 in air or steﬁn effected the release of 50 per cent .of the,rare géses,
33 per cent of the iodine;'9 per-cent of thewcepium'and'traces of st’ro'ntium°
After 25 per cent burn-up, the-cesium'valneAincreased to about 60 pen senit, ~
Aluminum alloy of the MIR type, also at tnace concentration,tupon neltingﬁat”700oC
released up to 2 per ceht of the iodine, 10 per cent of the rare gases,'and'
negligible portions of other fission products. Zirconium alloy of theTSTR~type
after 15 ner cent burn-up, whén meltedAat 1850°C, neleased up to 954per*centf6f the
rare gases, -90 perﬂcent"of the cesium,'éo'per'cent of the iodine, and only & trace =

of strontium.
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- INTRODUCTION

For general reactof}safeéuards considerations it has been necessary, lacking
precise information, to assume that in the event of a reactor catastrophe all or
practically all of the fission products would be released to the atmosphére.: Since
& nuclear explosion is far from the-realm of likelihood, and because of"thé exces-
sive burden of safety considerations and the liability that this imposes; it is of
prime- 1mportance to demonstrate to vhat extent this assumptlon is true. It has
been assumed that the worst disaster short of an explosion would be a complete

-meltadoun in the presence of air and steam, and since it should be possible'to
simulate such an event On & simall scale and to measure readlly and preclsely the
percentage release of each of ‘the fission elements, an 1nvest1gatlon of the behavior
of several reactor fuels has been-conductedo

Ehe principle approach has been based on the'assumption.that a Jjustifiable
condition for a reactor incident might involve loss of coolant with sufficient
heating to accomplish'meiting“in approiimately two minutes. The period during which
a specimen is kept molten has*been kept short in relation to the heatlng period on
the basis that in the fluid state it would tend to flow out of the heat zones The
presence of air and/or steam has been assumed and the effect of agitation or purging
of the melt has been igfiored:: When'a'sample was contained, as in a’small“Crucible,

the small fraction of activity adhering to the crucible -was considered:as retained

’

by the sample. O L
THEORETICAL CONSIDERATIONS

i . .
Fortunately, the widesPread interest in the pyrometallurgy(l 5) of uranium has
( , . e ! .~»
somevhat already p01nted out. a systematic behav1or of the fission elements. From

(6)

this ~work and especially from the early theoretical work of Brewer it:is possible

>
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to predict ﬁhat a fission product may be released or retained in the solid residue

of a melt according to the following patﬁernz

Processes Favoring Release to Environment

Vaporization of the elemental form of & volatile constituent. This
)

oL . T ‘
is particularly important for elements such as the rare gases, Xe

' and Kr, and for I and.Bre,:and Cs and Rb.

In
value to

- in Table

"

2
Diffusion into aﬁ‘diide or slag or skin followed by dispersioh or «
vaporization of thé: oxide a£ high temperature. This:may'occur ﬁith
Mo. =
ﬁigh temperature veporization of the element in the absence of air;
es e.g., Sr and Ba; Se eﬁd Te. |

Formation of chemical compbﬁnds between two fission prbducts,

particularly with halides. -

Processes for Retention by the Melt

Occlusion of elemeﬁtal or combined forms of volatile .constituents.

The rare gases Xe and Kr are held by molten aluminum unless purged

Conver51on to non-volatlle carbldes, as for example Zr and Nb°

QCClusion inrcryetflline fuel, €oFoy U'O2 in a molten stainless steel

matrix. '~. , " ‘ \ o

Formation of’stablé alloys with the uranium fuel, e. go, tellurlum

and ruthenlum° “ : =

Formation of?honveletile eéides, e.g., Ba0, Sr0. ';4 | T- ?Li

order to evaluate the behavier of 1nd1vidual fission elements it was of
(7)

refer to the thermodynamlc stability of the oxides as given by Glassner

I,. The significance of the free energy of formation is particularly

. 432 005




TABLE I

Free Energy of Formetion* of Oxides of Fission Elementé**-

Compound 1000° K 1500° X 2000° K
- Lay0, 123 112 100
Ce 05 120 107 oL
Pr,0, 120 107 ok
Sro 116 102 80
uo, 109 99 88
710, 108 97 86
Ba0: 111 © 95 80
Puo, 100 95 85
W50 76 66 6L
MoO; 46 39 7
Te0, 16 5 -7.3
Cs,0 35 . 3.6 -16
" Ru0, 6 -2.7 -10
’
* Kilogram Calories per mole.
**'iGlassner, A., ANL-5107.
UNCLASSIFIED 432 006
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noteworthy in the low values attributed to the oxides of ruthenium, cesium;
tellurium and molybdenum. Since cesium and tellurium are both volatile &nd both
readily dissociated asdoxides, one would expect equal release from‘molten
uranium; however, tellurium as well as ruthenium and molybdenum appears.to hawe
alloying properties which interfere with their escape,

""The vapor pressure data giren in Table II(8) is also useful in prediecting thev
behauior of the volatile elements, cesium and rubidium, as well as barium and
strontium. ‘The presence of air or steam effectively‘prevents vaporization:of the
alkaline earth metals, Ba and Sr, since their oxides do not dlssociate readilys

Upon ‘melting in & noble gas atmosphere, these two elements should show increased

volatility.
EXPERIMENTAL

'ln order to melt various reactor fuel bearing materials in a controlled
atmosphere, & method based on radlant heating of a sample in a silica tube with an
exterior graphite induction susceptor ring has been used throughout most of the
experiments described. The volatile products of the melting operatlon have been
trapped selectively either on a fllter, a chemlcal adsorbent in the case of 1odine,
or on actlvated Charcoal for the rare gases. The dlsPersed solids or condensible'
vapors were collected in a filter plug of quartz wool at the top of the furnace
tube° In the-earller experiments, iodine was also adsorbed on charcoal vhich was.
laterpheated to remove rare gaSes. The specimen has been loaded and held in ‘
vafious ways, such as in contact with a flat disk of ZrO, or by suspension from &
tantalum wire or by placing in a small silica crucible which in turn was held by.a

tantalum wire or quartz rod.

UNCLASSIFIED
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PRELIMINARY RESULTS ON REPEATED MELTING AND SINTERINGtOF‘APPR'FUEL DISKS

The first exploratory experiments in melting APPR Sta;nless_steel'fuél'plates
were performed in the assembly in Fig. 1 for the convenience of droppiﬁé into it a
shoftucooléd irradigted punched disk containing about 10 m'g'of_U255° Wiﬁh the
arrangement shown; it was not possible to observe the actual temperature attained,
and %he hecessary heating time was only empirically established by thé time '
required to melt a standard such as platinum foil (172000)°

Since the first concept of é simulated incident was presumed to imply & quite
raéid heating cycle, these tests were designed so that the melting temperature was
reached in 10 seconds or.less. It is likely then, particularly since the tempera--
ture standard used was a briéﬁt, highly reflective noble metel in the fdrm;of a
foil,Athat a considerable over-run above. the melting temperature was attainedo. The
melts resulting were sintered and brittle and indicated complete é;idation,l Tﬁe
data (Table'III) were not entirely inéohsistent, altﬁough some indicated that the
sample ﬁhen barely meited would probably release mudh.léss of a fission product.

It was also noted that repeated heating cycles of 10-20 seconds eachAgave an almost
constant percentage yield of the residual activity. | '

The -procedure involved setting up the necessary cold traps and'leaving.the fur-
nace tube open. The éample was moﬁitored‘tor total initiél gamma activity using a
vibrating reed electrometer and then was introduced’into the furnace tube before
the filter and iodine absorber wére‘attachedo A suiteble gas flow (1 liter/min) was.
sustained by means of & vacuum line and supply lines if helium or steam was beipg.
used and the heating started for the prescribed intervel (usually 10 secoﬁds)°
After heating for one cycle, measu;;méhté were made by fixed gamma-ionization
cﬁamberé on the residue from the mei# éﬁd on the iodine and rare-gas fractions.

These values were converted to percehtages by comparing values obtained from a

UNCLASSIFIED
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"TABLE III

‘Volatilization of Fission Products from APPR Disks by High Temperature Sintering

% of Gross y Activity**
Melting" |- Activity Chercoal  Charcosl Pdlet Pellet .
: apd | in - ... Trap - Trap - . Atnosphere  Activity Activity Total
. Run' ' Cooling { . Furnace - - ‘Degassed’ (Rare - ~ During - Beftre  After . Activity
. NoorCycles. :i Tube. .. :2:(Todine) iui Gases). w:. Melting .- ::Melting Melting Loss '

Air 100

3

47.5

1 3 ) 52.5
2 L . “ Air = 100 58.5 b1.5
3 3 013.3 6.5 11.6 . Air . 100 61.7 38.3
L 3 8.8 4.8 9.2 Air 100 2.4 27.6
5 1 1.4k 1.79 2.62 Air 100 '93.5 6.5
6 1 5.95 0.8 4.00 Air 100 88.55  11.45
7T - 1° 1.3 2,5 - ‘ Air 100" 96.0 4.0
8 1 3.0 1.5 3.0 _Air 100 92.6 - Tl
"9 1 ‘3.6 0.95 2.4 Air 100 93.0 7.0
100 .....1.. 2.06 0.0k - 0.96 . He 100., 97.0. 3.0
11 © 1 2,77 - 1.9 - 2.69 ‘Air . 100 - - 92.7 7.3
. +¥% o Distribution of Gross 7 as Measured by High Pressure y Chamber.
432 011
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duplicate pellet_oxidizéd in 8 stream of éhlorine gas From which the iodine was
collected in a duplicéte adsorber. - For the rare gas fraction; the percéntéges
were obtaiﬁed either by dissolving a duplieaie sample or by dissolving the‘fesidue
from the melt. Only-one sample was meited in & helium atmosphere and this gave a
total activity release value. equal to about half ‘the lowest observed in air. 1In
particular the iodine value seemed to be depressed by the- hellum atmosphere.

Difficulties in correctlng}for geometric effects in the change of solid
angle to the ionization chamber led to the final abaﬁdonment'of this teéhniqne and
to the substitution of & complete radiochemical aﬁalysis for all non-volatile -
radib;-glem.er;ts° The rare gases were still»estimated by ion=¢ﬁémber measuréments°

MIR ALUMINUM ALLOY WITHASLOW MELTING

In Tables IV and V, a égmma:y of results of melting aluminum alloy of the
MIR type shows & pronounced effect of the milder teinperatureo . The behavior of
aluminum alloy is of interes£ in that felatively little of the rare gas activity
is released simply upon melting, although in the moiten condition it can be purged
quantitatively. However, the undisturbea melt shows a_"squeeze-efféct" upon cooling
which accounts for most of the rare gases released. An illustration of this effect

is shown in Fig. 2.

APPR MINIATURE PLATES OR CLAD COUFONS
In order to eliminate the possibility of an expoéed edge effect from the
punched disks~as well as to.provide samples for extended irradiations, miniature
plates containipg iOO mg of U235 were spe?ially produced for these experimenté° The
samples measured about 3/4 in. by 1 1/4% in. with a fuel bearing zone being an
elongated ovel over about 25 per cenf:éf the area. At this time it is doubtful that

in meltihg therelis-a significant.exposéd edge éffect°

“UNCLASSIFTED
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TABLE IV

Fission Product 'Volatilize;t‘ion- from MR Disks

Time | Time Out- Temp. + % Total
Run "~ 7" In-Pile Of=Pile "~ Og Run Iodine
No. Hours) . (Hours) , (" c) Released

b ot
" Total y.-
" 'Released

1 . . 13.5 - T.25 4 00 1
T I, 70 T U 700 0:88 ..
3 _ 60.5 - 6,33 .00 0.27
e 16 . . 2 700 . 0.49
5 60.5 5:9 . 700 1
L e : : 0

Averege . -

-6 .. .. 13,5 - - v T 800 5
T 13.5 9.25 800 4
8 6 5.25" " 800 k.

Average - - : . L

oy -

* MIR Pellets Melted in Air and Held at 700 or 800° for 1 Hous.

»

| TABLE V

Release of Rare Gases by
Rapid Melting of MIR Disks*

Run” = ~ '~ o - Atmosphiere | - % Rare Gas

No. During Melting - Released

Air

l ) L. : ) 901}'
2 el ALy . 8.4
3. ' | Air - 11.2.

* 70090,, 2 Minutes. .

013
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After resorting to several techniques for suspending the fuel specimen in the
furnace tube,_sucﬁ‘as.tyingpto~a fine platinum wire; a more convenient method of

dropping it into a suspended silica crucible was adopted (Fig. 3). The procedure

-was otherwise the same. The furance tube and specimen were arrénged S0 ﬁhat an
_optical pyrometer could be'used to observe the heating and the actual melting

'ﬁemperatureo Heating was continued ohly long enough fo accomplish melting which

occurred in about 90 seconds. One coupon or minieture plate was melted in a steam
atmosphere which resulted in even lower yields of most of the various fission pro-
ductsol This is not considered conclusive however, without further work. The
ana;ytical pfqéedure used was the same as described earlier except that the melt ‘
reéidue in the small crucible waé dissolved in aq_ua-regié.° All dispersed activity
outside of the crucible ﬁas‘included in the washings from the furnace tube. This

washing was accbmplished by using the iodine absorbent (NaOH pellets) with water

as an alkaline wash and wes followed by & rinse with nitric acid and ammonium

fluoride.
‘From these samples, the percentage of gross gamms activity released ranged
from 1 to 8. The wide spread is probably due to differences in the total time-at-

temperature which was difficult to duplicate. The cesium values are in fair

'agreeﬁént, averaging 9 per cent, the iodines average 33 per cent, and the strontium

is not clearly different from zero. The effect of the presence of steam was a

reduction in volatility as shown in Table Vi.
THE EFFECT OF FISSION.PRODUCT BUILD-UP IN APPR AND STR FUEL

A program has been started to irradiate fuel miniatures of APPR type to
definite burn-ups in the stages of 15, 30, 45 and 60 pef cent. Before these

irradiations'were complete, it was of interest to test previously irradiated

UNCLASSIFIED
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TABLE VI
Fission Product Volatilization From

APPR Clad Coupons Melted in Air or Steam

 Time Out-  Rare S .
- Of<Pile Gases ‘Gross ¥y Jodine

"Run . Cs Sr
No. (Days) (%) - (%) (%) (%) (%)

1 (Air) 10 45 5.37 49 - -

2 rE.Air).,. P——; 16 - 59 I i - 202 . 25 ..lw o -

3 (Air) 22 38,4 - - - -

L (Air) 19 47.6 L 15.k4 - -

5 (Air) 25 4o 1.5 3 - ‘-

6 (Air) T 53.6 8 31 11 0.001
7 (Air) 8 61 6 41 13 0,001

- 8 (Air) 10 oLy - - - -

9 (Air) 17 49.7 4.5 38 - 0.0001
10 (Air) S19 45, 4.4 35 3.4 0.1
Average 48.4 4.5 33.5 9.1 0.025
11 (Steam) 8 - 38.5 . 2.3 11.2 - 0.3 0.k

- % Coupons Irradiated in Graphite Pile for 1 Weeko .
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APPR fuel having an average burh-up of 25 per cent. From sample'plates, emall
. disks or pelletsAabout 5/16 inch in diameter were punched with exposed edges and .
melted about as before. Since these.punchings were not reirradiated, no measure-
. ments on iodine or rare gases were taken. There was, however, an indicated}effect
of burn-up in the cesium value which increased to 75 per cent in one case and a 4
significant yield of strentium of 6.8 per cent on only one sPecimen vhich was
meltéd in helium. ThlS result should be considered as preliminary, particularly ‘
since it was not obtained with clad specimens. It is summarized in Table VII°

‘The samples of the STR zirca.llpy fuel obteined had a lesser amount of burn-ﬁp
and were punched as before. These, however, were reirradiated'for 60 hours to
obtain the necessarjiiodine and rare gas activities. Fer‘this type of‘fuel the
_percentage release of rare-gases was extremely high, 95-99 per Eent, and!the:iOQine
ranged up to about 60 per cent. Since the required temperature, l850°C ﬁas above

3

the melting poin& of the silica tube, it was necessary to melt»the samples rela—
tively quickly (35 seconds) Again radiochemical results were obtained by
: disselying the gesidues in,HNO-r}-HF'm:thures° The iodine analysis was obtained by
dissolving thé caustic pellet adsofber and using the solution as a wash for the
fumece tube. ﬁadiochemical analyses obtained for Sr, Cs, and I are summarized in
“Teble VIII. | |

An additional difficulty was encountered witﬁ these samples in that, after
melting, the silica crucibleAtas always fractufed’by the cooling of the melt. It
is assumed this was caused'by a dissolution of ZrC2 in SiO2 at. hlgh temperature°
This resultant scattering of particulate matter might have affected the results.

Additional work is indicated.

UNCLASSIFIED
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. | : - TABLE VII

Fission Product Volatilization by Melting
APPR Punched Disks, 25% Burn-Up

—~

o Atmos. Max. Time to ‘ .

Run During * Temp. Melt . % of Totql«Aqtiv1ty Released. : .
No. = Melting (° C) (Secs.) Gross ¥y Iodine Cs Sr Rare Gases¥*
1 Air 1575 13 0.4 ' -

2 Air 1650 15 0.2 -

3 Air 1575 L7 17.3 -

4 Steam 45 11608 0 -

5 'He ™ 1650 37 T 26.1 6 -

* Decayed thru long-cooling period, not reirradiated.

S

N

Fission Product Volitilization by Melting

STR - Zircalloy Punched Disks, 15% Burn-Up

| TABLE VIII

Atmos. ' Max. ime ¢
Run During T o' TMelt ° % offTotal Activity‘Released
No.  Melting (°C) (Secs.) Gross 7y Sr - Rere Gases
1 He 1900 33 11.6 - 95.6
2 " He 2025 37 11.2 0.1 99 .4
35 IIEB -' h - ) Esu() () ol+ “595 o’?
4 4 Air 1925 52 k.5 0.2 95.7
5 Steam 1925 - 1.3 0.0 98.0
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""SUSTAINED HEATING OF APTR“FUEE“BELQHfTHE“ﬁELTING POINT

it was thought than an exploratory experiment to observe the diffusion rate
of rare géses through the APPR cladding would be of interest in comparison with
the melting data. A special high-temperature, platinum-element furnace'was used

to heat a coupon in an alr stream at 1200-1300-00° The curve in Fig. Ik, of rare

' gas activity release, reveals that the cladding actually completély oxidized and

. . o .
visibly ruptured after about ome hour at 1250 C.. It was estimated that 90 per
cent of the gas was released at this temperature over a period of four hours. A
gimilar eiperiment in a helium aﬁmosphere indicated no significant release of

o -
gases below 1400 C. This experiment will be continued.

CONCLUSIONS

The percentage release of fission products to tﬁe atmosPheré from: mol ten
reactor fuel is apparently proportional to the meltigg température.and is
affected maiﬁ;y by fhe degree of oxidation, the concentration of fission products,
and the type_of fuel,_'Lesser factors are the nature of the surréunding'atmosu |
phere, size of sample, the degieé of subdivision of fuel particles (e.g., an)
and timg-at-tempefajture°

‘No sigﬁificant effect has been observed to indicate a metal-water reactidn
for zirconium, alﬁminum, or stainless steel when melted in steam. fThe'important

fission products released* are the rare gases, iodine and cesium.

* See table.
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TABLE IX

CALCULATED EETA ACTIVITY OF THE FISSION PRODUCTS

.Per Cent of Total by Element*
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