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Interaction between Silver-Indium-Cadmium Control-rod Alloy

and Zircaloy at High Temperatures

Fumihisa NAGASE, Takashi OTOMO, Hiroshi UETSUKA
and Teruo FURUTA

Department of Fuel Safety Research
Tokai Research Establishment
Japan Atomic Energy Research Institute

Tokai-mura, Naka-gun, Ibaraki-ken

{Received December 24, 1991)

In order to investigate the reactivity between control-red (silver-
indium-cadmium) alloy and Zircaloy during a severe accident of a pressur-
ized water reactor, reaction couples of control-rod alloy and Zircaloy-é
were isothermally heated in argon at the temperatures ranging from 1273
to 1474K. The reaction rate increased with the temperature increase.
About lmm decrease in Zircaloy thickness was measured in the sample
heated at 1473K for 60s. The reaction roughly obeyed a parabolic law,
thereby the reaction rate constants and the apparent activation energy
for the reaction, about 323kJ/mol, were determimed. The microstructure
and elemental distribution in reacted zones of samples was examined with

an optical microscopy and an EPMA.

Keywords: PWR, Severe Accident, Ag-In-Cd, Control Red, Zircaloy,

High Temperature, Interaction
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RIIBMATH—TRAO I LD -7, £2T, LD SOBREIRRITNE - ATE (2
B CEMBEOR S S AELSBTEEN S 2R ELEOMERELL, 2205 TEET
OEM A RBREORE L Lz (Fig 15/, BEER) . Jhic k) LEACEREHMNTE <
EWTZLLTES, 25 LTHIEXNHHSORERDEZRIZ2 THO KD LB L LT,
UL, EiBRIGEHEEN B L HEES SN I h o EECE D ASRICEFIET 5
FTORME, £ TRIGICEETHEESSOERIFANIZLN WS A TRICEEH
INFE LTV B, —HOBECR oA NEMHES DL h o ORFEERUED FHRIEHR
LBEAERHZBZZRERNR, OBRE, £FITORERYIITable 3 CHEWTEZOEBF DEAX
BERVEELTFE L BEDE3E, EHMETRRICOETHAE-THELID, RIGERE
W ETRERCRT A, RCRECHT2ERT -7 5B2CR3 19U b60THS LEL
%, Fig. 1510, IYNHOAFORERVEBANRECEROTFARISHLTT oy P UIBRETT.
27 nEH (Fig 4) ETL LT oA OBREMAIVNINLI &R LA, 12TBKICEIT5H
HESS LN AL DREIE, COTOy M5 HBNEL I 0G5, 13T3KTIE, K
TeEEEIIRMT 27 RICEEAREL LR ERIGENSIF LT %, 123K TORIGIZENTS
EFERYH A X 5ITBEI L, WK T, RIGEEFFEFICASES, BEE lmmoIilhos
IRFIBOHE TR I NS,

—fEiT, RIGOEFHBEEROIRIC L » TERENHE0E, KGRI ZRRICKS J L
EL, THbE, KEEO2FRLRCHBAERMEFCHD, Ax® =Kp -t (Ax KK
& t:EEEE Kp: HCEEER TR3hi. LIAT, RERFHTICE T 2HEHE
&%/ UNh o4 FibiE, B BRRETEN S B BERETH S0, Blio s
FHORGETIRAEL, LAL, INhoanEREERL, BT EICh->TRIEHENT S
CLEZONBAOT, YAAOAFAOHEESSTROLE HIVIIEMNHBESET OV
WA= AQHEOWETNIA ARG E TR T AR F LRSS S 2, 1oF2 KERICEITS
RIEEHOE PMASTER (Fig 6, Fig. 12) #9RTL515, INH oA FADIRC1 LI
LOWHIZIFEAEROSNEVOT, Vho A BADIERPSREEZEEL TS HEEHNA
Ly, BIEMESSOFENBBRITETHLIEO VI I LPAOHLHEZ, Vieregge 5iT &L » THAN

__6__
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SNTLE U0 SN, 8B~ITK DEERETOSELE a— Z r POROUHARE
i,

D (nf s) = 8.8x10 %exp (-210 (ki mol) /RT) (1)
R =8.314J K - mol

Th 2. a/ SEREBELETHY VO OfSHIEZ, AH (IHFR) ITAL0T, T
FORTERTELLY, JORNIOBETTROISDLFET S &, 127K TI600H M,
473K T 12000 oL 3 = AR OROEHKERIL, £hEh 1.7, 5.4umTHS, Jho
OEAS 100EBEEIT O 2T hE, SEBRTAE LGS, INVH oA P OBROHEKICE -
THEINTVLABMHIZE S, 5T, 4EfT - 7 SRREKBROFRARBETIE, RIG
EELERMEAES ST OV NI T, DEFRAAOREIZI - TRES EEL SN 5, 12721,
FRUF LS, COBSZEMATER TN, KERECE T2 ERMROER, it #&
GEBPTOI NI KO ERx HRBIMEDE -2 6D TH .

Fig. I5icRoh 3 k50, JORGTHENE CHBOEE TR, Ax® &tidlhE
BEIRICHB EVWE D, #-T, RICEELETCENORNTRL, KICEREHEZRDS
T LTBETH B VNN O A ORESSED 2 L RICEMOM BB SR D oA T,
BEROES» ORISHEEER KD oN 2, Table 4iCAERTESHA-RICEETHEHBRR
TR, ARBRTEON-RIGRETHIL, IV o1 OFEAERYY SR BEK. |
EFBERLH ORDIIBEK . nex &ET, 1237TE133K T3, FHRERIECHELT &
RN TREEOHHENSRONAZOT, INS5ORETO-FRVBHORRT — 5 13554
Li-, X5, Rb-ReEEEREARAVTT—Lbow AR ((2-a), (2-b) H) =&
%, BATOEE b x L F—ERD

K, (nf,/s) =1.65%10%xp (-323.4 (k. mol) /RT) (2-a)
Kz.max [Hf/s] 'T:T.DBX].OGEXP <_407.8 [kJ/mUl] /RT) (2‘[])
R=8.314J. K »mol

72, Fig IBICREHEEEHOT -V ZY R « 70y bETRT. Hofmann o bHEESE DV
Ho4RISICELT, 1218~14T3K OBE#E s 2 REEENEL, QXE/TVE Y,
KB O 2517 Hofmann SAE R LFig 161IRd,

K. (nf”s) =38.55%10%xp (-344.874 (ki mol) /RT> (3)

Hofmann DX E (2 —a) REHNB E, ANFOEMIEI R VFCELTEVWASAON, K
ERECHMIEREOEEOFNNL NS, REEOMECE VT, FERTRITHORIG
BERE LI LT, Hofmann S EEHORCEERET 2 O EEE - 127281, RIGOD
BAEOAEZIELT VS VY, 2o0F - FOERIOENIL-THHESINB EEL LN D,
F@m AEBRTHEONINI L ORKAERVE L LIKHIRIGERER ( (2 -b) 7
i1, Hofmam 6D F— 7 (3R (THEME . Hofmm oD F—FPK, awx TRENS LD

77__
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KAININDOAOERMY, RIFICERIDELIILICEELLINEAE S,

4. # At

MEARBKFEOHE®ELSETHEAg - In-Cd (Ag: In:Cd=80:15:5, Ef
) 44 - HEEENSRUREHEREOMMTHEE2 V1o, - A ORBBRTORKHEERANS
i, HEESE LI oq — 4 EHAADERERRE TATUH, 1273~ 14T3K 2R
EHETEERGE S, SROBRBSNELMAILUTORDTH S,

EREEZHAESSOMS WI0K) Lo @, FEEGEIEMRETS»725,
1278KTizAg— I n - Cd&e/ I oA RGORGEETHE/ NS T BEDER
LI ERGEEIRA L, MT3K TIHRIDIIFERMICE  #T L. BIAE, 0BMOFERRITIC
Y29 ho4ORERVER W1mmTH -7, JAHOA EEELERE L -HEESS
iy, RBEHCL-TEOSAPERIIRS LS, b EE B U a4
B VI LS TN AOEBEEAYICE RO S SUEBMESEEI N, U
huA LHEESSORIGRET, 1Y I AT LANRONE I EB T, TORIT
7, SHEBCERINZ L Or0LERLAYBOMEDEI L5 b0h, TEOLEOEL
T Z L0 TIZANLD, CORSULAOA OEREEICHELSA TV 2REELH 5.

ERL - HEEASC X3 VN O ORERDIE, FUCKM S RRE BT R
-1, RBEBEREICEIRIGEEESAZALELT,

K. (nf/s) =1.65%x10%xp (-323.4 (kl“mol) /RT)

81,

E Eid

RBREE ORI - TR 7 —O/NERELKICHT U TTHV . &8 UTRICEHT
%o

2 % X ™

- 1. Hagen, S.. Hofmann, P. and Schanz, G.: Behavior of Ag-In-Cd absorber material in
7ry/U0; fuel rod simulater bundles at high temperatures., Post test results of CORA-
5 and CORA-12, KfK-4419, to be published.

2. Olsen, C.S. : Nucl. Tech. 87(1989)57.

3. Otomo. T : private communication.
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tobis, ElEEASS LN — A XMSEDEERE, TAT W, 1213~14T3K Dl
EHETERERGIE . EROBERBONAFRARIZUTOEDL TH S,

RREEIIHEESSOMS (HWI0K) Xh b8, HEBESIIEMIRBTS - 127,
1213KTizAg— I n - Cd &4/ INh oo REOREREZLBENNE N -7 BEOLR
L ISR A L, 4TBK TR IC R CET L, MR, S0BBOFRRITIC
rZUhOA DRERVEIZ, H1mmTho1. IVhos ZERUEELLCHEESS
BEizil, RBREFCL-TEO0HPHERBIERL LA, Tl b5es8 #/Ua=m L
DA LI LS DN DY AOEEREEYIEVEBROEASUREMEN R IN, Y
AOA FHEESSOREGRET 4 v ITLPRIFLEEPRSNAZ ENH o7 JORHT
B, BHBCBRING L SHOSBMLAYHOBEAOEI L2 b0, TRDHEDEI
36O TIZEVDY, JOEAINLI DA OBEREECRELEATOLTRER S H 5,

R SIEEASIc XA VN oA ORERDIE, RIGHRS HEHRE #HEE T R
R, BRBEERHICEIIREEREEEALAKELT,

K, (af~s) =1.65x10%xp (-323.4 (ki mol) “RT)

%‘T% 725
| ¥

HEREERE ORIFEIZ N T - T Y 7 — O/NEMLKICHH LTEV . BLTRKICES#T
e

& % X W

1. Hagen. S.. Hofmann, P. and Schanz, G.: Behavior of Ag-In-Cd absorber material in
Zry/U0, fuel rod simulator bundles at high temperatures, Post test results of CORA-
5 and CORA-12, KfK-4419, to be published.

2. Olsen, C.S. : Nucl. Tech. 87(1989)57.

3. Otomo. T : private communication.
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RREELHEESSOMS (FI0K) XD &8 720, HEESSIIEMRBTS - 727,
123K Ti2Ag - [ n-Cdé&4 Yo RIEORIGEEIHEI/NE -1, BED LR
LHICEEEIIA L, 4T3K TR icE CET Lz, MIAR, 0BMOFRRIGI
AN POLONERVEIZ, BH1mmTe -1, IWH oA 2ERUBEILLCHEREE
HEizid, RREFCI-TEO4HPERIIES LY, F@r e 58 @ Ula=m L
DA LI NS DN Ty AOEBREAIE RO ASUREEEIBEI N, VL
HoA EEEESSORIERET, 1 I LAMRITLEENRR NS I EAH -7 JOMWRIT
B, BERCEREN LK O OLBRLAMBHOMADEIZ LS L0, TROHEDE
3 OIS TIZRLDY, CORSBINI DA OBEREECREEEA TSR H S,

HRIL -GBS SIC LB VN O ORERDIE, RIGFRM LR #EEE TiEE Rl
-7, RBREBHECEIIRICEREESLAALELT,

K. (nf"s) =1.685x10%xp (~-323.4 (kl/mol) /RT)

&8z
o

RBEBE ORI N - TR v 7 — O/NEAELRICHD U THE e B L TRICRHT
Do

% X ™

1. Hagen. S.. Hofmann, P. and Schanz, G.: Behavior of Ag-In-Cd absorber material in
7rv/U0, fuel rod simulator bundles at high temperatures, Post test results of CORA-
5 and CORA-12, KfK-4419, to be published.

2. Olsen, C.S. : Nucl. Tech. 87(1989)57.

3. Otomo. T : private communication.
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H) 64 L HHEERNSRURHERECOHHTH I VIS - A ORBETORICEZ/~5
i, HE#HAE L INh oA - 4 5AASLERERF £ TATUH, 1213~14T3K DR
BRETERNIGI . EROBEBONAFTHORILTOHAD TH S,

RREEIIHEESSOME (WIK) £ n, HEESSIEMREBTS -0
123K TitAg— I n—-Cd&&/ VI of RIGORIGEREIZBIINE -T2, BEDEA
EHICREEIIMA L, MUK TIREISHIERICE CEIT U, BIAE, 60BMOFRRICI
kavrofoRERIRIL, HlmmTh-1, Vhos 42 ERUBELLHEREE
ez, BREFICL-TEOAHCBBEELSY, ZIKENED M, @ V=L
XA YT LS VN T AOSBRMLACE O EROMES UREARIBE SN,
o4 LEHEESSORERET, 4 v I LPREINUAHENIRONS Z EXH -T2, IORIT
7, WHERCBREN AL OPOSBREAYBOMEDEIZLS b0h, TEOHEDE
LA LONEAALTIRAWLD, COHESVIA TS OEREECKELEA TS EELH 5,

HR L EEES S L2 U N oA ORERAN, BICKE A BEE R TR TR
-t RBRBEREICEIARIGEREESLAKXELT,
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1. Hagen, S.. Hofmann, P. and Schanz, G.: Behavior of Ag-In-Cd absorber material in
Zry/U0; fuel rod simulator bundles at high temperatures. Post test results of CORA-
5 and CORA-12, KfK-4419, to be published.

2. Olsen, C.S. : Nucl. Tech. 87(1989)57.

3. Otomo, T : private communication.
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Table 1 Chemical compeosition of Zircaloy-4.
Sn Fe Cr Fe+Cr
.44 0.20 0.10 0.3C (wt%)
Al B Cd C Co Cu Wi Mg Mn Mo
<50 <0.4 <0.4 73 <10 <20 53 <10 <20} <20
Ni Si B U 6 H N Zr
<50 <B0 <40 <] 1270 7 52 Ren. (wtppw)

Table 2 Test matrix for Ag-In-Cd/Zry-4 reactiom.

Temperature ( K ) Reaction Time ( s )

1273 1800, 3600, 7200
1373 600, 1800, 3600
1473 30, 60, 120

(wtppm)
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Table 3 Measured decrease in Zircaloy thickness for the Ag-In-Cd/
Zircaloy-4 yeaction as a function of temperature and time.

Sample | Test Temp. Reaction Time | Decrease in Zircaloy Thickness (mm)

No. (K) (s) . '
mean max.

1 3900 0.41 0.46

2 1273 3600 0.57 0. 71

3 7200 0.64 0.70

4 600 0.70 1.80

S 1373 300 0.85 1.80

3] 3800 0.87 _ 1.54

7 30 0.57 0.96

8 1473 50 0.85 1.86

g 120 0.89 1.43

Table 4 Parabolic rate constants for Ag-In-Cd/Zircaloy-4 reaction
in argon determined by the method of least squares.

Temperature Reaction Rate (mz/s) Time Range (s)
{(K) mean max.
1273 1.18x1071° | 1.36x10 70 D~ 3600
1373 4.43x107° | 2.05x10 7° 0~1800 -
1473 7.84x10 "% | 2.54x10 "% | 0~120
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Ag-In-Cd / Zry

T(K)

1400

i Stagnation
! \/ g

1200 , \

1000 )
Heating Rate
| = 5K/s \

Temperature
1

i / | | 60s
—

400

Time

Fig. 3 An example of temperature history.
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Ag-In-Cd/Zry Reaction

1273K

1800s

3600s

7200s

2mm

Fig. 4 Macrophotographs of Ag-Tn-Cd/Zircaloy-4 reaction couples
heated at 1273K for 1800 to 7200s.
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Ag-In-Cd/Zry Reaction .

1273K / 1800s

2 mm

T A OO

Fig. 5 Macro- and microphotographs of Ag-In-Cd/Zircaloy-4 reaction
couple heated at 1273K for 1800s.
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Ag—-In-Cd/Iry Reaction -

1273K / 1800s

Fig. 6 Characteristic X-ray images of Zr, Ag and In of the reaction
couple heated at 1273K for 1800s.
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Atomic Percent Zirconium
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~(.09 N
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Fig. 7 Binary phase diégram of the zirconium-silver system(s).
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Fig. 8 Binary phase diagram of the zirconium—indium system(g).
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Ag-In-Cd/Zry Reaction

1373K

600s

1800s

3600s

zmm

Fig. 9 Macrophotographs of Ag-Tn-Cd/Zircaloy reaction couples
heated at 1373K for 600 to 3600s.
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1373K / 600s

2mm

Fig. 10 Macro- and microphotographs of Ag-In-Cd/Zircaloy-4 reaction
couple heated at 1373K for 600s.
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Ag-In-Cd/Zry Reaction 1373K / 600s

2
b

Fig. 11 ~Characteristic X-ray images of Zr, Ag and In of the reaction
couple heated at 1373K for 600s.
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Ag-In-Cd/Zry Reaction

1373K / 3600s

Resolidified Phase

Fig. 12 Characteristic X-ray images of Zr, Ag and In of the reaction
couple heated at 1373K for 3600s.
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Ag-In-Cd/Zry Reaction

60s

120s

Fig. 13 Macrophotographs of Ag-Tn-Cd/Zircaloy-4 reaction couples
heated at 1473K for 30 to 1l20s.
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Ag~In-Cd/Zry Reaction -

1473K / 120s

zmm

Fig. 14 Macro- and microphotographs of Ag-In-Cd/Zircaloy-4 reaction
couple heated at 1473K for 120s.
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{14 PWRAWHEESSICET S A€

Ag-In-CdélEEssr, £2{OPWRIZEWTHHESEELTHV- N TED, F
MR L1075 R WED 12132800kg, FLERDHN 2.0% 8N T 5, PWRHERIEIZED Y
F AR EFg A 1 A0 SR, SERASIIAT L L AEETHESN, REERICIRAY
W LAFEHEANT I A, ARSI, POREHUKELT, YLAo - 4650250 L A#
BOENFRH SN TL 5,

TableA. LI HIEIES S DM B TROWBIHE T T, FERALOASMRIL #: (v
UL HFIMA=80:15: 5 (EEH) TH3. BEHEsEE, PHETRIGEE Bakk
RO TR AR AER LRI N, FIAE, T2y Lokl 3 PRI
ﬁﬁ@,ﬂ,4?9@A,ﬁFiﬁA@ﬁﬁ%n%h&%,&%,&%T%é@mﬁbf,ﬁﬁ
DENITL03TH S, Tableh. 29 Y (2B THEOHETRIURE R & ORI LT T,

BRI TR & D LU o & 5 iR imT 3,

‘°7IAg+n—> IoaAg_“; 108Cd
15’"

IlOmAg
"Ag+D }

"Cd+n— ""*Cd

s ptpg— "o [ p— 18] qos 1168

Ag—1n—Cdasinith3EEEORELEAT S 4D  flZE gRHNT7ZD
A, VOB S UL ALY LERET ABICEEN L LTHONS, Yoy LOHE
FIBEA0.18b &Aooz LT, NI AOLNI00bERE S, HIEM & LTENTL
2, L, MEENDEI -l EEEETH -2, ThETHEF~DOERER N
Tirtoe FH4E, N T AOEEEHIEEMICMA LI EITL T, NIy LAOFRES
EE TR, NTLULOKERMEMBITLD, Yz AT 4 v ARERINT T L
AR EEALZT, N7 LEB, CEAMAAEbEHMEEN, Ag—In—
CdéasicftbaaRiEL & 5.

i - UTEVCONE AT AL, BA LS%OVLIZTLE 0. 2% DR D ES
5, RICEMEIZAg - In-Cde4tFEMIR%ETHS, (bebd NTZULITHESY
553510 Ag-1n—-CdeeEMRELiL. ) £k NTZTLEENR B, IR
BhfE-T B, BEIZRAT YV ABEICL - TEEPOHFNTNEA, T ZWZREE
BUEATLRVEREAR T, FOBEERVNIIDALDERETHED, Ag—1n-0C
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NTEHLIOWTIE %, AT L AEEAALKERRE, A7V LREDAFH
A S - LT Ao, L, THETOFEDHE A7 /L AREELZEL:
AELINEL 30ppn, ERETH 2 2 & AEMPE—cEID, RIFEHFIEREEREZT S
T EATEN, ISEORESTOTHREMZ, BEFEICH 0.2% (0.0264mELT) . &S
HEICIL 9.505mTH D, BATHINAPFEOOTHRKIHENTNE LV ATV LV ATEED
frRRETECE LTEH, ERERUERICE T AERBTHONTE DFCHERR o -
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B, Condgd 7Y v FEIEIHEZ BEHESOEZOS S5, By CRLy MEALAVEZIS T
o S EDEIIINToYLHEENEALg - In-CAdALEHEDLEOTHS, FiZ
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Table A.1l

JAERI-M 82-001

Composition of Ag-In-Cd control-rod alloy and physical
properties of elements

Composition, Property Az In Cd
Composition (wt¥%) 80 15 5
Melting Point (X) 1245 430 594
Boiling Point (K) 2485 2343 1040
Vapor Pressure (Pa)

at 1000K 0. 1 7x104
1500K ~ 65 ~ 150 4x108
2000K 4500 104 3x107

Table A.2 Neutron absorption data of elements

I[sotope | Existence(¥) o¢n(barns) Z ¢ n(barns) Reaction
Ag Av. (100) 63 3.7
107 51.35 61 (n, 7)
109 48.865 87
In Av. (100) 196 7.5
113 4.23 53 {n, )
115 95.77 207
Cd Av. (100) 2450
113 12.26 20000 11.0 (n, 7)
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Fig. A.l Schematic illastration of a PWR Ag-In-Cd control rod.
{not to scale)



