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Behaviors of Kr and Xe in Uranium Metal
-— Release of Kr and Xe from metallic uranium —

Summary
Many studies have been reported on diffusion coefficients of Kr and Xe in
irradiated uranium, but the values of coefficient reported have not agreed well.
In the present study, these coefficients of diffusion are considered, using
the results of experiments obtained and the diffusion equations, and the factors
influencing the coefficients are studied. When the sample was heated under inert
gas atomspher, the appearent diffusion coefficient increased. For highly ir-
radiated samples, diffusion coefficient was smaller. TWhen the sample was heated
in inert gas atomsphere, the release of gases was suddenly increased at the
transformation point, and the gas release by thermal cycle was also increased.
It is very probable that the gas bubbles migrate as a result of the surface dif-
fusion of the matrix atoms.
The diffusion coefficients obtained by the glow-discharge method for Ar, Kr,
Xe in Ag, and the behaviors of the Kr and Xe released out of the molton uranlum
metal are given.
June 1964
Ryukichi NAGASAKI, Satoru KAWASAKI
Division of Nuclear Engineering, Tokai Research Establishment
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Table 1 Diffusion coefficient of He inm A1L)

Irradiated A1-10% Ii

Annealing temp. | Fraction of gas release | Annealing time Diffusivity

400°C 0.016 405 hrs. | 3.4 %101 cm?/sec -
545 0.022 142 4.2 x10-11
Glow discharge
1400 0.13 16 7.9 x10—10
40O - 0.62 135 3.8 x1010
550 0.77 49 2.2 x1079

X Third period

46 ktu A Fourth period
Ag, Au O Fifth period
. O Sixth period
44 A\

Diffusion activation energy (kcal/mole)

o N R N S S SR

0 { 2 3 4 5 6

Excess valence Q

Fig. 1  Activation energies for diffusion of yarious elements in silver as a
function of the "excess valencem (Q)3).
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Fig. 7 Diffusion of Xe from uranium during post-irradiation heatingB).

Table 3 Oxidation of uranium in gettered argon’>)

m Tnerease in weight (mg/cm-hr)
Temp. G 02 content of argon
2 ppm 10 ppm 3C ppm 50 ppm
300 — - 0.14 0.19
600 - 0.03 0.39 0.6L
900 - 0.04 0.36 0.6¢é

(These data were determined using an argon flow rate of 3 1/min)
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REZLO0THEECREETEZWS , BRTOF— 22T I wAkv»burn up oMimE &3 ik
BEROBIBHILIAD, 2O L L, burn up OMME LI UBBEBEIAIEROKR IO
BHEEKEEZMEI~AThIZL2EEI R TELL L, FIROBHAFIBRACIOEL FHir2Z hoR Y
#HExdototFELHhb, —HHillard®™ @ burn up OMIME & BICTIERH < OKHFE 2
HWM3BLONTNnEY, ROBERERFTORRAXOCEBRONRLEEALEW, cCTHEXEL
TErhdikbhk W & burn up L HBEHO LROBREIA[ I EREMH CIETEREI %
WiskhEETOETH S,

Gray® R UEBFOKr OLBEHOT - b RDTVED , ZOBETOBSBTTE 55%Kr
ORBBDZL ,EABEEBL ST A ¥Xe CERTHREQOIVIEIER TR AAV, COBAL
FE¥LOAY A burn up EH{ LT Kr OBNEERZIBL T4, +OSREBRESPICKE
REEREBLLIC(CER Y , 202t Lo ERICLTW 3,

4.3 TEHEH =20 B REH

BEFLUOMBRCENTIREEY =02 KA HHE , TBR , XBoJ%{k , thermal
cycle DLARBEBINTNE, A TCHRZALOHELOWIONTW ZEILT2,

I THEBOERC OW TR IDERACERBONGE /2 RB B0 AT— 282235,

9},21},22)

Scott2 )X 2O URK , T4 HLEEHOU%E 300CTO0.17% burn up LA B O (W21) &
ESE L7 U% S500°CT0.23% burn up LABO (AS) 2HWNT , He REPTEE -—— 850C



Table 4 Sample burnup , Xe~133 yield,

Xe-133 released from samples

frac+ jion of

. Annealing Fraction of
Sample™* Material Burmup ,
No. | and condition | (fissions/g) 1(:3151)3 gas released, F
DZ-7-1 | Reactor grade | 1.7 x 10M% 500 0.29
72 | U metal 1.7 x 10tk 600 1.05
7-3 | Annealed 1.7 x 10 800 5.4
DZ-8-2 | High purity L.1 x 1014 600 0.32
8-1 | U metal 4.1 x 10M4 770 0.8
8-3 | Cold rolled L.1 x 1044 800 8.6
DZ-10-3 | Reactor grade | k.24 x10% 800 3.1
10-1 | U metal L.24 % 10 900 L.2
10— | Cold rolled I.20 x 10 1000 6.5
DZ-12-3 | High purity U | 6.4 x 102% 800 2,87
12-%4 | Cold rolled 6.1 x 101k 1000 b
DZ-13-2 700 2.5
13-3 | 10 T2 M110y¥ 1.0 x 1015 00 2.5
13-4 1000 8.25
DZ-14-1 | 10 MT-2 Alloy§| 8.0 x 101k 760 2.92
%

* 5 days at 1040°C, W.Q., 5 days at 600°C, A.C.
§ 5 days at 1ow°c W.Q., 5 days at 55o°c A.C.

Samples arranged in order of increasing temperature in each set



Table 5 Diffusion coeffieient
of Xe-133 in uranium®

? for diffusion

-15 -

A Annealing Gas *
&anle* t N
emperature released v
NO. (OC) (%) (GmB/SEC)
71 500 0.29 7.2 X107
72 600 1.05 9.7 x10~13
73 800 5.4 2.6x10"11
8-2 600 0.32 8.7 x 10~k
8=l 7m0 0.8 5,6 x10=13
8-3 800 8.6 6.5 x 1011
10-3 800 3.1 8.6 x10-12
10-1 900 5.2 1.6x 1011
104 1000 6.5 3.7x 101
12-3 800 2.87 7.2%x 1012
124, 1000 1.4 1.8 x 10~10
13-2 700 2.5 2.4 x 1012
13-3 800 2.5 5.5x 1022
13-4 1000 8.25 6.0x 10-11
-1 700 2.92 2.5x 1042
142 800 5.75 2.9x 10—

* Samples arranged in order of amnealing temperature in each set

* Average values. Must be considered accurate to not better than+20%
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Fig. 12 Release of fission gas (85Kr) Ii]'IJ.;-’LgB):'u:':r'adia’c,ecl uranium (0.2%

burnup) melted in flowing heli

Table 7 Gas loss from irradiated ursamum on thermal cycling

through the phase changes<l

% Kr-35 lost
Specimen % of total Kr-85
and cycle a—F B—T T—8 B—a lost per cycle
(heating) | (heating)| (cooling) | (cooling)
A9 1 0.013 . - 0.C29 1.78
2 0.104 —_— — 0.004 1.48
3 0.101 - —_ 0.004 1.16
4 0.116 —_— —_— 0.003 C.64L
5 0.095 — —_— —_— 0.63
6 | 0.101 —_ — 0.004 0.63
A9 total 6.3
W21 1 —_ o —_ —_ 0.27
2 0.024 0.010 —_ 0.009 0.43
3 0.025 0.008 - 0.006 0.41
L 0.030 0.002 —_— 0.003 0.40
5 G.028 0.001 — 0.002 Cc.41
W1l total 1.9
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® thermal cycle% { VELTCAEEN OB ERAN X, Fig.lO,Fig.ll-ﬂmﬁ/@ﬁzmﬂj
Bo7r57Tdb, Table 7 BREREFLORBOLRACRITI2HRBEETHS, chitibdla—
BERAOEBELBFEREDLL TV 5,

Taylor?d g —EBELARBE2HHIETWLE OAFEREA2OBBERAL T 5, Fig.d2
RIEOBRI 57 THHN, FocdOERRATEEORE RS 5, % %5 23EE cooling burst &
WHbATWAAEO L ECED&HEZ 7 ABHIBENL TW 5,

Curtis¥ i Ar GMEFTURE 2 MM L , e — FERHOL THTEROH X HHOMMES T 2,
ﬁﬁﬁﬁ&%ﬁ?ﬁ§¢fﬁc&afh5#,%@%%@d—ﬁ%%@%@KOMTHO&TMtMO

MEOERICHBLTINADCL G — BLERBEY B ICKEZBBADZT L, FLUMRF
HESRAT 2 AL Ho KB bR TWAHC L THE, COBALPNTIZERABORLYOEREEL
AdhdzbhbLeab, d3L2rT 5L c0oRREEBTERLE BitwoMcE LA IRBERLT W
208 LAEVE WS BEAZRE ST 5,

BN TOEBECOFERE S ARHICHEALTVWEO TS5 LEE LS 2ARERRE EE
AP choTnE P SEEASMEER S BA, et 2o UK 1x10nvt FHFZ
BE LOb , RBRFHSH T —~a EBAO L T% thermal cycie & T Xe O HBEZHANX,
Fig .35t O#HETSH b , thermal cycle OEER I L hi\n, Scott O He RTOEETR F
o TERBOEBRIEELEIOTERVOT , COKRA LEBATOREE/ 2 OKHBFHERO®
BTHLELEOBBATER NS, TOHEEEELZDIRE N,

Stubbe®®) (U L b AWBILHEOBRNZr-5% VA EERHE LT Xe OB M EFA~ 2, 600C f
Fdb XeHOEMAD B, —H Zr—UBELTRE600CHER ete>%b xBAR DY , LIz O
EREEXe HMHOEME OMCERBROBFET L TEESNDDLLONTHEH , COBEGRIERR
#BBLTY Xe OKHBAETOEZHML CHIELO LS A ERROEL HEGOBHTEZ W,

2AEELT—10% MoA &2 AVWTEARLZEBOEE AL T72bb , RROTHILE
BLCEREICTTHTBREILA THOLOL , BB LT THO—BET—oa + cHCHH I a
+ T+ e O 2EEORBEH 1 x 1018 nvt BE L AOL , He Kk T 600~800CiK mE L T
Ko HBLE B/, Fig. 14X TOKETH S, 1—10% MBS R LEOCRETATHAKRET S
h,a+7+ e HORBEMBRTR I+ e > T2 HEBARBLIILBELLRD, TOL ) LER
MEoMEMET AL ELNITFig. 14 FO9F(HATE B4, ¢ — VA HBREKEAL(ZNOT =
ORILCIXeBHAREZ{ ZskOh b LA,

Thermal cycle [CDWTik Curtise®)Z U a $IR T thermal cycle ( ZxEEBEEWR Ml
LiEWwa ) TRESEAABHEBERSOBRKIZELEN TS,

BEALEEZL BACERY P 2ok T2 ANT 74HR (850~950'CTRE) T thermal
cycle D Xe i HICH L BT HE LR/~ COBRE I He [IRF TMA L &, Fig.15dcycle
OBEEBOEEERL , Pig. 16 H cycle OFIOEEER LAk, ThHOHKRH L therfal
cycle DEEBENRKEWEE , 24 1 cycle CETA2RHAGI WRE (WnhihdE8BRIS T
5EE) o HBEE(RS, LaL, COoORRTRABCIZ VORLARBS bhALOT, 2O
BEITHOBS LEARCRIMpOER THIO00E Lk \n,

Raynold?® (4 2.74x1018~1.3x10¥n/cn? RELAUTVORKEZREFECREOH T
thermal cycle ¥, 1000CUL LT A BHAMEI L AT LERH LA, Table8dXOKH
BrE twedbOTHY , Fig.17,Fig.18 AHHOBRFEROLAIOTH 2, XL , ROK
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800-740°C | _
50— I cycle:60 min
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790 -750°C
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Fig. 13 Effect of #—7 thermal cycle on the Xe releasezB)-
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Fig. 14, Effect ofa + ¢ —7 on the Xe release23).



2] -

.Amwmmmmﬁmh oY 8yl uo sTofo
Tewisyy Jo efuea sanjededmed Jo 109Jy% 4T 'ITd

(uiw)

ulw Ol

2,066

919h3 |

91942 Jo Jiwi| Jaddn

001

(zWw/ulwy/ )

.Ammmmmmﬁmn 8y ayn
uo peeds oToLo Temasyq Jo 409JJH 9T *STd

(ulw)

0S¢ 09! 06 8]
T 0

UWOE

0s

{0,068~ 0G6) 2,001 @obups sinjossdwa
— OO0l

(pWW/ uiw/o)



-22 -
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Fig. 17 Gas evolution from irradiated uranium2®)

8_
- (7T9%)
e 7t
s nvt=274x10
~N 6F
3]
=
= 5+
2
E 4k {(39%)
9 3870C/M
T3 ”t’:flﬁ.Oduys
x TOO0CAA (TI%)
er =1 25.8day
' Experiment
. L ] 13 L i l;nterrlupted'
o | 2 3 4 5 6 7 8 9 10 11 1I2

Diffusion time (days)

Fig. 18 Gas evolution from irradiated 1mar111m26).

Table 8 Summary of diffusion e)q:erimentszé)

Total
Experiment|Temp. . . . osure | % Gas
No. (°c) Annealing schedule %21_1;13,) (iﬁs Jon2)| recovery Remarks
ys
1A 980 |Constant temperature| 5.0 5.2 — Negligible gas
evolution
24 1060 { See text 6 5.2 L2 Pig. 2
34 1060 | Constant temperature| 8 5.2 36 Fig. 2
5A 1000 |Constant temperature|21.6 13 - No gas evolu-
ticn
6A 1000 |111 cycles 18.7 13 0.5 |Fig. 3
8A 1025 |Constant temperature|29.2 13 3.7 |Fig. 3
104 1050 |Constant temperature|l5.0 2.7 39 Fig. 4
114 1050 {131 cycles 25.8 2.7h 71 Fig. b
12A 1075 |Constant temperature| 9.25 27, 64 Fig. &4
134 1075 | 4C cycles 7.2 2.7 9 Fig. &
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RTEERCH% bOERRELARRPICED , thermal cycleRtOEILEMEL TS, LA
T, BOBAEOHKMOMER thermal cyclel BLREMETRE W, HECEARELS
EBLTWETHDH, | “
HEAUOERAR thermal cycle Az MET 2 25, REHEO AL \» Ag OBARE(H
Oﬁ%;ﬁxﬂj't_‘ w3, T+hbbLoClaire? fag PO Ar (7 n—HEIC LS ) i thermal cycle
b BcEkBERBPTEEORTW S,
Tl AEDOBAOEROHRRTh FhEBORKOEE{OTHE S,
FHOTETICHELEITBEY = Oﬁtﬁiiﬂ &bt Chellew!® HBIEL TWB, BT - fis-
ciun O % 0.2~ 0.6% burn up I4T , MAIC L 5 RBOAEOTEEILE RiEE Y 2 O
B LOBEERD R, Table O BHOKRMTFig.19 , Fig.20 , Fig.21 HEhEhORER
RThs, TheORES RN OFEE L ANE RIEL# = ORMEH% b OBBREEERD &
Libhb

Table 9 Irradiation conditions for prototype alloy and EBR-TT fuello)
EBR-TT fuel
Protctype (conditions
Experiments | Experiment igtlcj'] pztzid;;or
1 and 2 3 state operat:!.on)
Reactor power level,
MA vvcenccvcnvecenannsnas 2 4.6 62.5
Neutron flux
Total, n/cmP—s6C «ve.euss 3.5x1083 | g.0x1013 3.7 x10%5
% =0.07 MeV wvevvnnecnne 2.5 2.5 95
B <0.07 MeV tieeecvecnns 97.5 775 5
Maximim alloy temperature,
e . 280 100 ~ 630
Total thermal cycles ..... 391 55 _—
Alloy burnup, % of
total atoms .eeveceeeenns 0.6 0.2 2
Caleulated rare gas
content, PPM eeevvevecces 830 320 2850

¥ Jemperature decreased to 55°C during reactor shutdown
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5. B LI2UDbOREHN 2 O

BRBLA UyaxBOTﬁ&ﬂzommﬂﬁ%fa%ﬂfz)ﬁmabxo[ﬁ%ﬁo$&omtxbﬁl,ﬁ:%
O#Zn, BEFIOVLRIVIGELERT L LFIg. 22002/ 2RMETE205E N, L
#»Lhigh burn up O%‘D“ﬂiﬁﬂ@?ﬂﬁmfcfi&&&émﬁﬂi LTLEW, BEoLt2OoKHBEAL
hi\n, Fig.23 @ UiKoW T burn up OHRRIZ 7 xRHEGHOFERLEFDLLALIOTH D,
Fig.24 Z Al-USEKH L CHAKEERESFPLEZSEIDOTH B,

BEoAIRHEBtRRUECSECRR LSO TH 5S4, high burn up OXNTHR+CHE
+2LFig 19~ Fig. 21 CRFT LS C ,RLA EABRBEICEBE IR TLE 5,

ﬂﬁ#BOKEEﬂzommoﬁ%ﬁmﬂlwmngﬁﬁbttﬁﬁKO&ﬁﬁJmmm@u
U% 1200CoZ5 b TmAL 2 L& fission product FKHEK F L EF burn wpOoBER T~ T
W3, Tadlel0 G 1200 CT 233 REF LA LEOKHETS Y ,£2FE Tt Ez0oLt 0o UORLE
2RTLE69:4% TH ok,

Hillard!® 3 ZHRTo UMHEAL2 L0 Xe ik L i3 burn wp O BB X W T 35, Fig.25
RREOKERTDE, COLEOTORILER Fig. 26 CREN TN A,

Buddery?? gL AU T MREMET2 L 20XV OHREN L B¥Er OKHERRTW 2, &
OHRCLBLEEO ®EroiHd , TORMROMIOCTALES, BEOAVAXSOBHER
0.14~0.38% burn up TH 52 , COWHRTERER /I 2ORHEECIZTIEE L2, 2%
BERAREBERT 2 L20T BRI 20RABOMROEEFELACEK S TV B,

DECHBLTNWABC Lk burn up ARKE( ZHREFREE /2 EFMICEHE 2, Th
RE#RC U207 2 KA, bur up BKEL ZZRENI S EZZOLHBTHE, Thix*
n%no%ﬁomﬁ&ﬁzﬁktﬁmﬁﬁ%&aceﬁxaﬁzwﬂ;ﬁsnx 9,

6. » & A &

CORBRERLEETWBEACRSAREDLS, L2 LEBRNICEE % swelling OXPEHENE
LTOREES 2OBBRONWTHRLI O TH S,

CORHTOMRE ,TATHLEAVAT , A& T2 IPREMOBEMIREIN S, 22 ,HW
Mk UNO EBTOTEEY xORE , RBOBEH , REOBEHEKCRIETF.P.OEAE KOV
TIBEERLLEVWEET 323D TH 5,



Fig. 22 Rate of rare-gas release
activity peak on cooling27

Percent of maximum counting rate on charcoal trap
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Fig. 24 Rate of rare-gas releage from molten uranium—alumirum fuel as
a function of bu:r'nup28 .

Table 10 Fission products release at high tenrperatures29)

Fission preduct

Per cent released from specimen

Element 10 nvt 1017 nvt 1020 nvt
Todine 70 80 90
Tellurium 60 60 50
Xenoen 80 95 100
Cesium 30 50 55
Strentium 0.2 0.5 2
Ruthenium 0.5 0.5 0.5
Barium 0.2 0.4 2
Zirconium 0.05 0.05 0.05
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