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Abstrgct-

'Observations‘are reported on thg bqhay%grmqf several fission product
elemegts in mplten NaF-ZrFAEUFA fuelg, irradig?eq.in capsule experiments,
fdrced-qqnvection in-pile loqp_exper%mepysl 9?§“in.§hé Ai;craft Regctor
Experimsnﬁj(ARE), _The rare gases have been ohserved to escape rearily
f:qm‘the.fgels in dynamic tesﬁs,‘§1tpqggb“i§_§§qgic:§ests the rate of
escape is vefyAloy._'Ruphgpigm.aﬁq giqbigm'dengit_gglthe Incpnel walls )
of the fuel container,'probgb}y“gsm?epals._‘pther’fission products ;tudied
(Srz Zr, La, Ge) appear to remain in the fuel, The results obtained are
entirely consistent with theoretical prgd%c?ions: _;t;is s#ggested that
the observed noblé metal;deposit‘may“ggrygmﬁg geggqg corrosion of metals
by molten flqoriaé fuels° .The qgsapésfgqtggx ggtute,ofu031?7 as a fission &
pqnitq; ;p such fuels is rgporte@ and the use of Zr95 as a substitute is

//)
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The chemical behavior of the fission product elements is of great
1mportance in any fluld-fueled nuclee;~;eactor, as well as in the re-
procasslng of nuclear fuels of any sort,” Qbservatlens are reported here
on the behavior of several Important elements in molten fluoride fuels (1)
of the type employed in the Aircraft Reactor Experiment (ARE). Most of the
vfuels examined have heen of the NaF-ZrFA UFAMtype, with various compositions.
The samples examined were taken f{om threendiffe?enp types of experiment:
1. Static fluoride irradietiens:; Observeﬁieps are reported on
samples of fuel from two in-pile static corrosion tests (2).
Two e#periments are also reported on the removal of X5135

from static fluorides.

2. Dynamic fluoride irradiations:__Obseryapégns are reported on fuel
samples from three in-pile;fo?qed-convestien loop tests and on
metal samples from one of the$9_§%3 bs ;g)?.h_‘

3. The ARE: ”QbservatiOns‘are reported on a fuel sample and on a

metal sample from the ARE,

: Behavior of the Rare Gases. The f1531on monltorlng technlque based on

Cs1?7, developed at the Argonne National Laboratory (2), was applleﬂ to two
samples of NaF-ZrF -U23534(50-46-4 mole. %, respectively) wnich ‘had been

‘ irradiated in the MIR for 116 houps ap@_325 yegrs,“respecﬁively, at about .
80000, at a thermal neutron flux.ef (2536 f_Oslé) x'1014 neutrons cm_zsecul.'b

‘The results are shown in Table I, It will be observed that although agreement

between the measured and calcuiated number of fissions occurring in the sample

is good.in the shorter irradiation, in the longer one it is very poor,
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- Table T

cs1?7“Ana1yses on Static Molten Fluorides Irradiated in the MIR

1 ‘ 137 e A N. __18 63137 recovered from
“Time of - : Cs™ '~ (fissions/gm x 10 = )" ‘capsule tops _jg

Irradiation (hours)  Observe __Galculated (b) . 0

116 | 0,085 + 0,005 0,11 + 0.01 0,001 -

325 _ 0,091 + 0,010 0,28 + 0,03 - 0,013

(a) Bésed on ANL calibration of 08137‘f1uX"monitorin method (5)
- PR .- .. . - e e o - g~ ~

.

AN

(p) ‘Based on flux determined by Co activation; correctedvfor £lux

“depression.

)
o)
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A portion of the capsule which was exposed to vapors from the molten salt
was dissolved in each case and a 08137 deﬁgrmination:was performed on the
resulting solution. The_results'(last.column of Table I) show appreciable -

137 to have been presgnt on these surfaces. .These results

amounts of Cs
are tzken as evidepce'of the eségpe from the fuel of 3,8 minute X9137,
the parent of-the cesigm isotopg° o o

AnAattempt was made to-studyAdirgc}ly_}?e%eyglgtion of.'Xsl35 from
irradiated fluorides., Two runs were made under : 1Hentlcal conditions,
except that in one case the fuel was sparged by bubbllng He through 1t,
while 1n the other casey - -the carrier gas merely swept over the surface of
the melt, The hellum, pur1f19§ by passage over hot cdppgr turnings and
magnesium pg?chlorgte, vas conductgd‘tq“agqngfgm the capsule through |
‘00036 in. o0.d. stainless steel capilla;y tgy;ng£:~?§e‘of£-gas’was passed ;
through two Dry Ice-acetone-cooled traps, @héAsécqng filléd with activated

charcoal to adsorb the xenonf_ A helium gas flow rate of 15.m1/hin was

. maintained in each experiment The fuel sample 1n each case was 1 gm of

NaF—KF-UF (46 5—26 0-27.5 mole %, meltlng point 530 C), contalnlng normal

uranium. It was irradiated in the ORNL Graphite Reactor at 650 to 750 C,

at a thermal.neutron f}ux of 7_x lo%} neutropg_gg_ngegl_,'fo?‘Bl minutes,
After waiting 4.5_hours’for_sho;t-}%ygq_act%Y%F%e§“§o"ﬁggay,.heligm flow
was started and gontinued forhéﬂE pqquou;gugigg Ehgﬁegp;;e period, the
capsules remained in the reactor, which had been shuﬁ down for normal
refueling, Tbe t?ermal neutronquse.wag yggipgreqiyifh.a clip of Al-Mn~Co
alloy, removed and count?d immgdigtely_afﬁé}‘ppénir:adiation was completed.

The amount of X5135 was determined by transferring the contents of the

102 ggn
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charcoal ﬁrap to an appropriate vessel and counting in a 4= geometrj high;
bresSufe ionization chamber. The gasults are shown in Table IT in tarms of
the response of the instrument used. No absolute calibration’was-made. It
may be said, however, that the amount of 39135wracqve?ed in the sparging
exporiment was appréximatel& that axPected from the fission history of the
sample° It is claa; fromlthe rasalﬁa ngTab}a_;Ivthat;tha rare gases do

not Aiffuse extremely readily from static molten fiaorides under the

conditions of these experiments. Their removal is easily accomplished,
however, by efficient sparging of the fuel w1th hellum.

As one part of the operation of the ARE (6), a sp—called Xenon
experlment was performed, The control rods _were callbratea durlng the period

when the reactor was being brought to criticality by measured additions of

\ Na UF6 to the orlglnally uranlum-free salt In the "xenOn experlment" the
'rod position was recorded as a.function ofvt;me during a 20-hour run at a

T o et e~ o

nominal power of 1.5 megawatts. TP* rod p081t10n data were converted to

AX/k values using thempreviggs}ymesﬁab}iahgﬁ_qa}é?za?éoq, When the results‘

were corrected for'Sm;Ag'poisoniqgfaqg_fgp_t@g”dggraase in.reactivity due to

U235 burnup, it was apparent that V1rtua11y all of the Xe135 had beén removed

from the fuel, While no cartain qqaggitatéve interpretation can be given of

149

——

the p01son1ng remaining after correction for Sm and-burn—up effects, it

appeared that no more than about 2% of the expected X9135 remained in the
reactor fuel during the period in question.
During operation of the ARE, an accidental leak of gases océurred

from the reactor into “the Pit in which itAwas'installed. ThlS gas was

dispersed by drawing it 1nto an emergency off-gas line 1nserted 1nto the pit,

102 ogg




Table II

:Eyolution of X6135 from Static Molten Fluorides Irradiated

in the ORNL Graphite Rsactor

: o | ()
' Thermal Nentron Dose (b).uémount of Xel-3.-5 " (a)
L e T Observed  Calculated:
Fuel sparged with He - - 0,117 Cledd -
Fuel surface swept with He o.,097 0.032 1,22
.\A - - . -

(a) Based on results obtained in sparging experiment; corrected for

slight difference in uranium content of the two capsules.

(b) Arbitrary units,

162 gog
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A sgmplg of the off-gas from this liﬁe, adsqrbed on cooled charcoal, was

examined by Bell, et al. (7), primarily by‘gamma-'ray scintillation

spectrom.ejery° They éstablished the presence of-Rb88 (daughter of 2.8 hr. Kr88),‘

135

138 : . 138
Xe™”7, and Cs 3_ (daughter of 17 min. Xe 3 ), but were unable to identify many

of the observed peaks in the gamma—ray spectrum,

1 . '
37.in.the fuel pf the.ARE and of one

Determination of the amognts of Cs
of the ip—pile loops indicated the escape gfv}esg than about 204 of the X6137
from these systgms. In another loop, as much as 50 to %O% of the X6137
may have escaped from the fuel. o

The déta obtaine@ on both statiqvand“dypgmig_éystems demonstrates that the
rare gases are evolved readily from mgltegifluprides, although, in static
systems,y the rate of evolutipn is yery_}gy._v?pemf?agtion of any rare gas
isotopeAwhich w;ll be removed from q'f}ui@_fgal may bé_estimated using a
theory developsé for XelB?'poisqningvkingpig§wg§){v This fraction depends on
thg geometry and flow conditions 9?,t@? sggq%{@g_reagpgr,Aas w?ll as on the
radioactive half-life of the nuclide.inquggpéqg¥_mpgpggy—livgé nuclides
will be removed to a greater extent than shorter—lived onesy very crudely in
proportion to their half-live§,

. Behavior of Rutbenium and Niobiup;‘ Sampleé of fluoride fuel remb&gd

from three in-pile forced-convection loops and a sample from the ARErwéfé

103 PN A S

-.examined for the presence of Ru by‘radiochemical teéhniques. The results

are shown in Table III, The very marked rgduction below the expected level

103

of the Ru content of the fuel, espeqiglly ig the LITR loops and in the ARE,

indicated the existence of an efficient means of ruthenium removal from

molten fluorides., It was possible to obtain salt-free sections of Inconel pipe

102 519
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Table' I1T

o . | . - - .
Ru 3 Apalyses of Irradiated Molten Fluoride; Fuels.from Dynamic Experiments

: - _LITR Loops _ :
| ARE‘§)ﬂA gorlggggalz.j ' Vegtgcgl( ) viR Toop™®
Irradiation tiﬁe(hrs.)'V\75(d) 475 235 271
o F18810n8/bm3 Of(a) B o o
fuel x: 10- 8.7 13 - 130 650
i .
Ru103 Concentration
in fuels atoms/cm3
x 10-15° .
Calculateﬂ 2.5 3.9 34 - 190
Observed w3 x 107 <107 “2x10% 100
Ratio, surface/volume
‘ (em™1) ' 1 3.5 8 5
Average Ru:_LO3 surface
concentration,~15 '
atoms/em< x 10 2.5 1 - 4 17

~

.( ) Estimated from power generation in ARE and LITR Horizontal Loop, and
from zr?5 analyses for LITR Vertlcal and MTR Loops.

(b) Fuel was 53,5 mole % NaF, 40.0 mole % szA, 6.5 mole % 02,3534,,

(e) Fuel was 62,5 mole % NaF, 12.5 mole % ZrF 7 25.0.mole % 0235F

A
(d) The power level of thé ARE was varied frequently during its life. This

time figure merely indicates the magnitude of the irradiation.
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from the horlzontal LITR loop (3) and from the reactor. These sections were
selected from parts of each system which were not exposed to high thermal

neutron fluxes, thus avoiding difficulties resulting from activation of the

cobalt content of Inconel.

One pipe“section’was selecﬁed frcmva peg@on of the LITR loop upstream

from the high-flux region, another from a region an equal distance downstream.

103

Gamma-ray .spectrometry of these'samp}es sgewefmﬁhempresenoe of Nu aclivity

and of Zr%-Nb95 activity.' . The Jatter act%yity occurred to the same extent .

; / 10 . : .
in each section, but: the Ru 3 activ}ty‘in thewdownstream section was 40%

greater than that in the upstream section., After a delay of 53 days, the two
103 )

sections were re-examined. The Ru in both samples decayed ‘with an apparent

half-life of about 42 days, 1n gooﬂ ~agreement with publlsheﬂ data (9). The

Zr95-Nb95 activity, however, decayed”wit?taq_apparept half-life of 40 to 43

days. This indicates that the active deboeit ‘must have contained ‘about 95%

95 (35 days) and only about 5% Zr (65 days) at the time of reactor shut-

down. The relative amount of Nb»g5 expected if nq segregatlon of the element

had occurred is about 5% of ‘the total.mass-QSFactiVity.
The pipe section from the ARE was a ring cut out.of the!fuael inlet,liﬁe.

to the reactor core, .. Three samples cut from th;s ring showed the presence of

Ru103, Ru106, and.Zr95be?$. Two of the _samples were. re—examlned after a

delay of 130 days. The apparent half-life of the 2:95

W7 activity vas
acout 50 days in.each casey again suggestingmthat tce_deposit was very
lafgely_Nb?S. An autoradiograph of tbe<§hiqupigeusamyle showed the radio-
active deposit to be well loca;ized.at the fce}tmepa}_interface, within the

rather poor resolution.obtainable with beta radiation,



~12-

A pipe elbowz which served as the inietvepd of the ARE eﬁergency off-gas
line, was examined for fadioactivity, MA vggy‘§mall amount of Ru103 was
detected, which was shown by chqm;cal't?egtmeét to be entirely on the outgide
of the pipe; The amount of activity was too small to estimate quantitatively;

1o other activity was found. It appears likely that a small amount of'RuF5

reactor when the leak occurred) volatlllzed from the fuel 'In view of the
large amount of ruthenium found on fusl c0ntalper_§prfaces, it is felt that
volatlllzatlop of thlsmelemgnt is‘qfiyegg IIPEIéNIQPOFta?ce in its removal
frém the fuel. This view is éupportgq by experience to date with the fluoride
volatility prpcess_(;Q) for regqveripg_qrép%gm_?rqéﬁgpgnt’fua}.

The results obtained are consistent with tpgg;gp%qglhpregiptions (;l)'
that for short irradiation times (420 min, ). ruthenium would be present in
m§1ten fluorides as Rufs, bgingAreduced'ﬁgﬂgut? ngqugger irradiations due
to the necessiiy for cénservation of valency in fission. The small yield of

103

Ru found in the ARE emergency off-gas 11ne presumably resulted from

volatlllzatlon of RuF5 durlng early reactor operatlons° The four experiments

of Table III operated for perloﬂs of v 75 to 475 hours, For this interval,
it was predicted that about 75 to 85% of the _Iore noble flss10n product metals

(partlcularly Ru and Mb) would be Hep031ted on the walIs of the contalner, the
balance wccurring as dlspersedfmetal in"the fuel, ‘In"the LITR loops ami in'the
ARE, essentially all of the Ru was absent from thé fuel, while in tﬁe MIR loops,
only about 45% was lost. The higher removal efficienCy in the first three

cases may result from greater efficiency-of rare gas removal than was gssumed

by Robinson (11). The MIR loop result is consistent with that expected for
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complete retention of all fission ga???l.bft"si99§ nsasonaoly good efficiency
of gas removal is believed to have occurred during the loop operation (4),
it appesrs more reasonable to associate tne ObserYed‘Rq?OB distribution with
saturation of the Inconel container with deposited fission produot metals,
This conclusion may be drawn also from comparison of the vertical LITR loop
with the MIR loop which operatcd for a comparable time but at a much higher
fission rate. If this 1nPsrpnetst}on ofmynobgaps.is_inﬁeed_correct, it seems
reasonable to infer that deposition_of.fission pro@uct metals may well inter-
fere with the course of’the ondinany_oorrosion”pgoosss?_ond'that long-term
in-pile corrosion of metals by fluorids'quls may osmsignificantly less»than -
predictea from comparable out—of—pile tésts,. Short-term in-pils corrosion
tests to date are not in disagreement with this hypothesis (12).

Niobium appears to deposip on_lnconsl"slong"nitn_nutnenium,\ It appears
likely that molybdenum also aeposits, but thefe has not yet bsen an opportunity

99

to examine samples soon enough after 1rraﬁiation to observe 67 hro Mo”7, the'

longest—liveﬁ radioactive isotope of this element _which is known 1n fission,

It is also possible that zirconium may deposit from;fuels not containing
ZrFA’ but no experimsnts have yet heen conﬁucted gp_snoh materials°

The rate stlwbicn Rulé3 denositsmon‘lnoonsl-nsy_bs»espimsted very crudely
fron the data obtained on the pipe samples from the horiontal LITR loop.
From the locations of the two samples, their relative activities, and the
diménsions and fuel floy rate of the loop it was caleulated that the
sffeoiive.half-lifemof quééﬂin“tnsmfgol’wssﬂsbon} 30 seconds, The nonuniform
deposit results from this high deposition rate and from the fact that Ra' 7

is produced di;ectly in fission (at least, no ancestor of appreciable half-

life is known), Nuclides with long-lived parents, such as Nb95, will form

uniform deposits on the container walls, regardless of their rates of deposition.

i@g @34
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Bohavior of Other Fission Productss A sample of fuel drawn firom the

ARE dump tank was examined by radiochemical msthqu. In order to estiﬁate

the efficienpy‘of_rstention of soms_typical fission products, these analyses
were comparéﬁ with 31m11ar results obtalned on a sample of NaF-ZrFA—UFA
(50-46—4 mole %) irradiated in the solid state in the ORNL Graphite Reactor,
The irradiation_time was matched apprpximstsly po the high power operating
time of tﬁe ARE. "The comparatlve analyses of the ARE fuel and of the stan@ard
are sgown in Table IV. It is clear _that, with the exception of Rulo3, there
is' no gross loss of the f1ss1on product nuclides listed. The ratio sbtained
for Sr89 can be interpreted to spow partial loss of its”parent, 3.2 min. Kr89,
but no explanation can be offered for the value obtained for Zr95° Iﬁ is
likely that no losswoccurred of any of these fission product elements from the
fuel of the ARE, and that the variation from 0.3 to 1.6‘is a reflection of
experimental errors, such as 1nhomogeneous samples, chemical dlfflcultles

in the complex fluorldefsystem, etc. A determ;natlon was also made of the

136 137

ratio of the activities of Cs and of Cs - in the two samples. The result

fﬁHieapgg the loss of less than 20% of the Xs137 parent of the latter nuclice,
Analysis of theﬂgross gamma-ray spectrum.of a % mg. sample of fuel from

the ARE was continued through the period from 31 to 81 days after shutdown

of the reactor. The total actlvity of the sample vas determlned in a high-

pressure 1on}zst10n chamser. Thlsiresult was compiged with gamma-ray spectral.

data to yield both total photOn emission rates and differential decay data.

e 140 1 140 4,141 .95 95 .

The- only activities detected were Ba’ _.and Zr'"-Nb"", Neither

Ru103 nor I131

was observed° The speclflc gamma act1V1ty of the sample
was estimated as 16 mc/ﬁg 31 ﬂays after reactor shutdown and 3.5 me/mg 79 days

after shutdown. The average gamma-ray energies were 0.96 and 0,73 Mev,

respectively,

102 15
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Table IV

Fission Product Analyses in ARE Fuel, Compared to a Standard Sample

Nuc-:-li.dA 8 - Activity Ratio, ARE/Standard
29 | - 0.3
R | _1,6 x 107
12149 | 1.5
06141 L 1,6 '
Mean (Omitting RulOB) 1.0 f‘Q.ﬁ
/
162

016"
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Bell_and hls coworkers (z) were unable”to establish the presence of
1061ne and bromlne in the sample of ARE off-gas wthh they examined. Since
8 Hay 113 could not be aetected in the ‘analysis of the gross gamma-ray
spectrum of the ARE fuel, the questlon of_the fate of the halogen elements
in molten fluoride ?qels must beﬂlsfs open.

A serles of raﬂlochemlcal analyses performsd on fuel from the vertical

LITR loop gave s1mllar ‘results, summarized _in Table V, _The low activity

obtained for Srs9 indicates the‘escape of‘iﬁs krypton ancestor. The low

result for Ce144 is not understood and may ;eflect“either experimental errors
T 1

or non-representative sampling. The Cs ?7 result probably reflects loss of

its xenonlparent

‘Use Q; ZZ as a Fission Mgnj‘wg Uncertalntles as to the appllcablllty

137

of Cs as a flss10n monltor in fluld reactor fuels led to the adoptlon of

Zr9‘5 as a substitute, at least for fuels contalnlng macroscopic amounts of
normal zirconium° In order’ to callbrate ‘the ‘use of thls nucllde, two samples
of enrlched uranium were 1rraﬁlated as solutlons for 2 375 days in the ORNL

Graphite Reactor. One solutlon was prepared from 308’ the other from a

typical NaF-ZrF UF fuel After 10 aays decay, raﬂlochemlcal determlnatlons

b 4 o
137 95 137

were made of Cs™7' and ir'”. ;Ccmperlscn og.mhese results, using the ANL Gs

standards (5b), gaﬁe a fissiqn yield”fOn ans

of 0.0664 £ 0,0013 atom/fission,
Using the integrated neutnonjaose, meascred with a cobalt monitor, the yield
is 0.0632 + 0.0021 atom/fission, The discrepancy between the two results is
removed when the cobalt aC?lV&thn flux is correctea for the caamlum ratlo

prevalllng 1n the 1rra61ation faclllty ( V\30) Thehylelq(reccmmended for

use in fission monitoring with Zr95 is 0,066, i 0;0013 atoms/fission,



Radiochemical Anglyses of Fluoride Fuel from a Vertical LITR Loop

Nuclide - - Activity -Rgatiq'(a)
27 0.3
57 | 1.4
20>  os
ra'%? o 5 x 107
st ' 0,34
™ L L]

(a) The activities listed are corrected for the different fission yields of

the éeveral nuclides apd-are normalized so that the values for'Zr95

and Sr90 average unity,
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AIn other systems,_it may prove necessary to employ other nuclides as
fission monitors., It is essential that éttention be givern to the chemistry
of the more importaﬁt fission products at an early stage in the deve lopment
of new fuel materials if accurate monitoring of in-pile expgriménfs is to

"be obtained,

_ Acggguledggmgngg: The authors wish to express their g;atitﬁde to J. G.
‘ Morgan, W. W, Parkinson, W, E, Browning, and D. B, Trauger for providing
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are. especially due to'W.“G. Piper's group for obpa;ning the fuel sample from
the ARE under very. trying circumstances (13). _We wish to express our
appréciation also of the‘assistance ofAC?C. Wébstqr;_R, P, Shields, J, H.
Oliver, and E; I. Wyatt in obtaining.samples and‘in performing many of 4

the analyses.,
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