PNC TJ9605 89-002

7294 VRAT VVAROREENEIE A Z M ()

(P - R REET REEMEREE)

9 8 9410/

L A — b No.

J fBoS~ 99 oo

SORHE AEERFEHTT
MECHETIRAMER Y LETT

B - ERERRARRERALET R ¥ —REEES

B M - KRB BE ¥ E ¥
N L % & v &g —




HEXEZIOBHOAFIL - >WTER., TREBHVWEDLETX WL,
T311-18 FIREHKIRAA YT S EET4002

| B - BMERERR ARTEEY S —
VAT LEARELEY BFEE=E

Inquiries about copyright and reproduction should be abbressed to:
Technology Management Section, O-arai Engneering Center, Power Reactor
and Nuclear Fuel Development Corporation 4002, Narita O-arai-machi Higashi-

Ibaraki~gun, Ibaraki, 311-14, Japan

ByhiF - RIS (Power Reactor and Nuclear Fuel Development

Corporation)




PNC TJ9605 89-002
198 9%F10H

7174 VRATFVVAROBRENEE A S (D)

(B 7P - AR RFENT ZFEME#EESE)

L
o
=
)

£:3 =}

FREER, (7254 FRRF VL REOHESAREASEEME (D) | ic B4 AR o—

ELT1989F2 A~ 3 HoMMiTbh /I HREOREEE LD/ 6DTH B,
SEHOHETHE, 27V v AMHAEE 3 vRRETVVOERARE5 00~8 0 0 COBE

BWBHTREL, BT, 77 Y7 v 9 — L7 0D &S BESZERN & O RIS SO TORAE

FIERIE AT » 7o
BonfBRE, UTOELEDTH S,

(1) 27 YL 2fiea v ERQOMGIC I DEREBRERDHSEL, BRELTRF VL RH0
BEERDOFBRNE NI, 3 RBER, ERAICRED T EEEID LN, T ORI
i, WEEEE, 3 VREIECHHAL, BEOEFICESLWRDT L LB o1, &
—AFFTAPRRAF /LA, 7274 PRRAFVUVRALD 3 vEITHT AHAESENT
WBT ERRD Tz,

2) 27 v L REHICE 37 v EOBERTZ DML, BERREMHCAX (KETHT LN
Rufiahic. FAuBRE, BOEANCHED T EBRIDON, TOHEETHDTHE SN,
TOBEEFREAND LI DBROFERILZ A VF -HE LN/, F—XFF4 FRXF
YLRHET 254 PRRTF YV LVREO T WIS ATk, FEIREETHI T LS,
=7,

3 F o v F NGO BNFEEROREP S, F4 ¥4y 7 —RIEEEEREOEEFRE ©
YHTRORESID 7 v v &3S BTEEMDSIT 0T &G oT, L LA, Fov
Ty —BEPEBEEVADBERT v e VEE L TURES, FAorEFT 99— 5y
TERDEEBEL LN B,

AMEER, KRAFETFERHSEE - AR FEHAOZTLICL D EE LI-HADRETS
Do

WHwES: 630D00200

HEMENE | ZREECBRARERHAGS )

* RERAZTERRTHAIEN



PNC TJ9605 89-002
October, 1989

Evolution of cladding inner surface corrosion of ferritic stainless steel

Masanobu MIYAKE#*#*

Abstract

The present report describes the results of studies performed as a
part of the results of "Evolution of cladding inner surface corrosion
of ferritic stainless steel" during a period of February-March, 1989.

In the present study, corrosion tests of stainless steel cladding
with iodine and tellurium have been performed at temperatures between
500 and 800°C. Thermodynamic estimation was also made on the interac-
tion of titanium getter coating with fission products such as tellurium.

The following results were drawn from the present study:

1) Reaction of stainless steel with iodine vapor caused volatile
corrosion products and the resulting weight loss of stainless steel
was observed. Linear rate constants of the corrosion were estimated
from the measurements of weight loss. The corrosion rate was pro-
porticnal to the iodine vapor pressure and decreased with increasing
reaction temperature. Austenitic stainless steel was found to have
corrosion resistance to lodine vapor superior to ferritic stainless
steel,

2) The type and the number of tellurides formed on stainless steel
strongly depended on the reaction conditions. The parabolic rate
constants were obtained for tellurium corrosion of stainless steel.
Analysis of temperature dependence of the rate constant enabled us
to evaluate the activation energies for the corrosion. The corro-
sion resistance of ferritic stainless steel to tellurium vaporwas
almost similar to that of austenitic stainless steel.

3} From the estimation of thermodynamic stability of titanium telluride,
it was found that titanium getter is unlikely to react with fission
product tellurium in a FBR fuel pin under normal operating conditions.
If the titanium getter itself reduces an oxygen potential in the
fuel pin by absorption of oxygen, tellurium will be entrapped in the

getter.

Werk performed by Osaka University under contact with Power Reactor and
Nuclear Fuel Development Corporation.

PNC Liaison: Takesi Mitugi (Fuel and Material Devision, Alpha-Gamma Section)
** Department of Nuclear Engineering, Osaka University
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Table 1 Chemical composition of stainless steels.

Fe Cr Ni Mn Mo c Si P S Al N Cu

7Cr—~1Mo bal 709 0.16 051 106 0091 010 0004 0003 10002 0003 001
9Cr—1Mo Dbal 896 008 051 105 0089 010 0004 0003 0002 0.004 001
11Cr—1Mo bal 1098 008 051 103 0090 o010 0005 0004 0001 0005 001
13Cr—1Mo bal 1294 008 051 102 0086 011 0006 0004 0002 0005 001
SUS304L bal 1849 997 102 -- 0019 059 0031 0011 - - -— - -
SUS316L bal 1736 1213 134 212 0018 059 0030 0003 --- -—- - -

200-68 S096[1L ONd
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Table 2 Results of iodine corrosion tests,
(Weight loss of Fe)

Material ITodine Pressure Temperature Time Weight Loss
( Torr) (C) (h) (mg cf )
Fe 0.002 600 20 5.7
0.005 600 20 122
0.01 500 10 19.2
600 1.75 4.0
4 4.0
10 131
15 300
20 33.0
40 314
650 20 6 9.8
700 10 125
20 512
750 20 31.5
800 20 2.8
0.02 600 20 487
0.05 500 10 51.8
10 2 1.7
600 2 8.8
4 14.4
7.5 35.3
10 51.9
650 20 1198
700 2 8.0
750 20 733
800 20 19.3
0.1 600 20 8 8.3
0.2 600 20 1397
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Table 3 Results of

iodine

corrosion tests.

(Weight loss of Cr and Ni)

Material lodine Pressure Temperature Time Weight Loss
( Torr ) (C) {h) (mg “of )
Cr 0.002 600 20 3.0
0.005 600 20 6.5
0.01 600 20 17.2
700 20 9.4
800 20 2.5
0.02 600 20 342
0.05 500 10 —1.8
600 2 7.8
4 157
10 25.9
650 20 58.5
700 10 23.0
750 20 41.8
800 20 17.6
0.1 600 20 4 0.0
0.2 600 20 236
Ni 0.0 2 600 20 0.4
0.05 500 20 4.5
600 20 2.3
650 20 1.8
700 20 1.0
0.1 600 20 5.0
0.2 600 20 3.4
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Tabled4d Results of iodfne corrosion tests.

(Weight loss for alloys)

Material lodine Pressure Temperature Time Weight Loss
( Torr) (C) (h) (mg e )
7Cr— 1Mo 0.05 500 20 150
600 4 18.6
20 621
700 20 5 1.5
9Cr— 1Mo 0.005 500 20 138
600 20 16.8
700 20 7.8
0.01 600 20 19.9
11Cr— 1Mo 0.05 600 4 17.4
20 126
13Cr—1Mo 0.05 600 4 127
20 59.1
0.005 500 20 10.5
600 20 17.5
700 20 9.7
0.01 600 20 292
0.05 500 20 6.8
600 2 8.5
20 6 7.6
700 20 4 5.8
SUS304L 0.05 500 20 4.2
600 4 7.2
20 315
700 20 244
SUS316L 0.005 500 20 1.6
600 20 5.5
700 20 5.0
0.01 600 20 5.1
0.05 600 4 15.3
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Table b5 Results of

iodine corrosion tests,

(Corrosion.rate of pure metals)

Material Iodine Pressure Temperature Corrosion Rate
( Torr) (C) (mgem™2h™")
Fe 0.002 600 0.28
0.005 600 0.6 2
0.01 500 1.9
600 1.4
600 3.5
700 1.9
700 1.6
800 0.14
0.0 2 6§00 2.4
0.05 500 5.1
600 4.9
600 8.0
700 4.0
700 3.7
800 1.0
0.1 6040 4.4
0.2 6090 7.0
Cr 0.002 600 0.15
Q.00 5 600 0.33
0.01 600 0.86
700 0.4 7
800 0.12
0.0 2 600 1.7
0.05 500 —0.18
600 2.9
600 3.0
700 2.3
700 2.1
800 0.88
0.1 600 2.0
0.2 600 1.2
Ni 0.0 2 600 0.0 2
0.05 500 0.23
600 0.12
6090 0.09
700 0.05
0.1 600 0.25
0.2 600 0.17
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Table 68 Results of iodine corrosion tests,.

(Corrosion rate of alloys)-

Material lodine Pressure Temperature Corrosion Rate
( Torr ) () (mgem*h™1)
7Cr—1Mo 0.05 500 0.75
600 3.2
700 2.6
9Cr—1Mo 0.005 500 0.69
600 080
700 0.39
0.01 600 1.0
0.05 600 3.4
11Cr—1Mo 0.05 600 3.0
13Cr—1Mo 0.005 500 0.52
600 0.87
700 049
0.01 600 1.5
0.05 500 0.39
600 3.4
700 2.3
SUS304L 0.05 500 0.21
600 1.6
700 1.2
SUS316L 0.005 500 0.08
600 0.27
700 0.25
0.01 600 , 0.25
0.05 600 0.80
0
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Table 7 Amounts of metal elements in volatile corrosion products.

(Iodine pressure: 0.05 Torr

Material Temp Time Atomic Absorption Analysis( mg./cd) Weight
Fe Cr Ni Mn Mo Total Measurement

Fe 500 10 462 -- -— - - 462 5 1.8
600 2 64 -— —— —— - 6.4 8.8

4 128 -= -~ —— = 128 144

75 323 -- —= =— —— 323 35.3

10 450 -- -= —— —— 450 51.9

700 2 6.4 —— = - __ 6.4 8.0

Cr 600 2 - 18 - - = 78 7.8

4 - 152 -- -— _—= 152 15.7

7Cr—1Mo 500 20 158 06 -- 01 -- 164 15.0
600 2 173 10 -- -- -— 182 18.6

20 593 32 -- =~ —— 625 621

700 20 480 28 -- 03 -- 511 5 1.5

13Cr—1Mo 500 20 7.7 06 -—— 01  ~- 8.4 6.8
600 2 729 09 -- -- -- 78 8.5

20 608 70 -- 01 -- 677 67.6

700 20 413 47 -- 02 -- 462 45.8

SUS304L 500 20 49 07 05 01 -- 6.1 4.2
600 4 44 09 02 -- -- 5.6 7.1

20 249 50 07 -~ -— 308 3 1.5

700 20 195 43 05 03 ~-— 245 2 4.4

SUS3161. 600 4 3.7 08 02 -- -- 48 5.3
20 124 23 10 02 -- 159 15.3

Table 8 Calculared thickness loss rate for cladding
in fuel pin at 6007T,.

Material Thickness Loss Rate( gm// year )
10 % Torr 10 °* Torr 10~* Torr
SUS316L 5 24 117

13Cr—1Mo 49 207 880



Table 9 Structures of the reaction lavers determined by X-ray diffractions

Material Tez Press.
(Torr)  500C  550C 600C 650C 700C 750C 800¢C
Fe 0.05 FeTe: - FeTeos - FeTeuns -
0.5 FeTee FeTes FeTe: FeTer FeTe: ~FeTesws FeTeos
ferritic 0.05 - - FeTeos - -
steel 0.5 FeTez - FeTe: - FeTe: - FeTeons
austenitic 0.05 - - FeTeas - -
steel 0.5 FeTez - FeTe:z - FeTez - FeTeos
Cr 0.05 - - CrTe - -
0.5 CrTes CrTe CrTe CrTe CrTe CrTe CrTe
Ni 0.05 - - NiTeos - -
0.5 NiTe: NiTe: NiTe: NiTe: NiTear NiTeay NiTeor
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Table 10 Results of tellurium corrosion tests.-

(Weight gain of Fe)

Material Tellurium Temperature Time Weight Gain
Pressure (Torr) (C) (h) (mg./cdi )

Fe 0.05 500 10 22.8
20 53.9
40 73.8
600 10 25.7

20 30.1
40 61.8
700 10 10.6
40 185

800 10 0.

20 0.

40 0.
0.5 500 20 117.3
30 1302
40 109.3
80 209.4
550 10 80.3
20 127.8
30 1555

40 -
600 5 107.8
10 1597
20 2234
40 3278

650 5 7 5.4

10 2371
15 2386
20 29090
700 5 86.1
10 207.0
15 1967
20 2736
750 10 59.2
800 5 35.0
20 189.6
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Tablell Results of tellurium corrosion test.

(Weight gain of Cr)

Material Teilurium Temperature Time Weight Gain
Pressure (Torr) (T) (h) (mg/cd)
Cr 0.05 600 20 -
0.5 500 20 19.4
30 2172
40 36.5
80 344
550 10 9.03
20 12.2
30 7.88
40 16.0
600 5 9.8 8
10 10.8
20 16.1
40 212
650 5 14.4
10 21.0
15 28.0
20 31.4
700 5 238
10 331
15 4 3.4
20 522
750 10 59.2
800 5 6 2.7
20 1456
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Tablel2 Results of tellurium corrosion tests.

(Weight gain of Ni)

Material Tellurium Temperature Time Weight Gain
Pressure (Torr) (C) (h) (mg o)
Ni 0.05 600 20 -
0.5 500 20 88.9
30 119.4
40 129.2
80 163.0
550 to 314
20 96.9
30 103.2
40 1308
600 5 59.7
i0 110.8
20 155.1
40 2233
650 5 729
10 -
15 1976
20 -
700 5 -
10 1859
15 -
20 3374
750 10 -
800 5 -
20 -
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Tablel3 Results of tellurium corrosion tests.-

(Weight gain of alloy)

Material Tellurium Temperature Time Weight Gain
Pressure (Torr) (T)H (h) (mg/ci)
9Cr—1Mo 0.05 600 20 4 4.7
0.5 600 20 1435
13Cr—1Mo 005 600 20 447
0.5 500 20 41.0
600 5 4 2.7
10 b 6.6
20 828
42.3 1230
700 20 1294
800 20 8 1.7
SUS304L 0.5 600 20 -
SUS316L 0.05 600 20 325
0.5 500 20 2 3.3
600 16 52.0
700 20 1348
800 20 1085
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Tablel4 Results of teliuriam corrosion tests.

(Parabolic rate constant of pure metal)

Material Tellurium Temperature Prabolic Rate
Pressure(Torr) (C) Constant{mg®em® h™!)
Fe 0.05 500 ' 1.36x%102
600 8.68x10"
700 8.64
800 0.
0.5 500 515x10°
550 8.04x10°%
600 2.65x10°
660 4.22x10°%
700 3.45x10°%
750 351%10°
800 1.74x10°
Cr 0.05 600 —
0.5 500 1.82X10
550 6.5 9
600 1.15x10
650 497x10
700 1.30x10%
750 3.51x10%
800 1.06x10°%
Ni 0.05 600 -
0.5 500 3.54x102
550 410%x10°%
600 1.24x102
650 250x10?%
700 5.32x10°
750 -
800 -
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Tablelbs Results of tellurium corrosion tests.

(Parabolic rate constant of alloy)

Material Tellurium Temperature Prabolic Rate
Pressure(Torr) (C) Constant (mg2em* h™?)

9Cr—1Mo 0.05 600 9.99x1 0!
0.5 600 1.03%10°
13Cr—1Mo 0.0 5 600 1.00x10?
0.5 500 8.41x10
600 3.55x%x10%
700 8.37x10°?
800 3.34x%x10°%

SUS304L 0.5 600 -
SUS316L 0.05 600 529x10!
0.5 500 2.71x10!
600 1.69x10°
700 9.09x%10°
800 5.89x10?

Tabiel6 Activation energy of reaction between metal and tellurium vapor.

Activation Energy Temp. Range

(kJ/mol) (C)
Fe 88.8 500—650
29272 750-800
Cr 1529 550—-800
Ni 8985 500—-650
13Cr—1Mo 722 500—-700
SUS316L 1095 500—700




PNC TJ9605 89-002

Tablel7 Chemical Species Chosen for the Calculation.

I) Condensed Phases

Solid: TisTes, TiTe, TiaTes, TisTer ,
TiieTe1n,TiTe:
TiO, Tiz 03, TizOs, TiO2,TeOs2,

TiTesOs
Ti
Liquid: Te
””n“““u"ﬁ5“”§;;;;”é£;£€;; ..................................................................................
Diatomic Gas Oz, Te:

Tablel8 Thermodynamic Properties of Chemical Species Related to the
Ti—Te—Q Ternary System(186, 19, 20J.

Chemical Species 4Hs %98 (KJ/mo L) S%0s ( J/mol K)

TisTeq —481 379
TiTe -121 83.7
TisTes —355 207
TisTer —802 440
TiwTeis -20990 1140
TiTe: —213 117

............... i;E;“””““““"“”"""”"”““.trgéé}-“"“""““.nuuunnﬂungl}“”""““"""'
Tiz03 —1521 7724
Ti30s —2459 1294
TiO2 —9447 5033
TeQ:2 —-323 74117
TiTesOs ~2000 243"

............... %:“"““_““”““"”"“n"u"”HHHH:TUNn"““”h“”“u“"“””""gﬁénn"n"““"“.
Te - 4950
(O - 205

* Estimated value
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Tablel9 Linear Equation for Standard Free Energy Change of Telluride
Formation{25, 27, 28—30):4G%°(]J/moL of Te: gas)=A+BT.

Telluride —Ax1073 B

TisTes 396.7 1389

TiTe 4030 1722

TipTes 3821 1607

TisTer 3403 2227

TiwTes 2733 2014

TiTes 2315 1847
........................ e 7 N

NiTei.1 2603 153.1

CrTe 3022 1231
........................ Y

BaTe 7026 1980

SrTe 7838 1805
........................ e

CeTe 7675 1946

NdTe 761.1 205.4
........................ e

PdsTe 2308 1602
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Fig.2 Deposition behaviors of corrosion products of

stainless steels by iodine vapor.
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Fig.4 Surface SEM micrographs and EDXA analyses of Fe,Cr, and Ni exposed to
0.05Torr iodine vapor at 600C for 20h.
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Fig.b Change in weight loss of principal components in

SUS304L with time,
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Fig.6 Composition dependence of corrosion rate.
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Fig.8 Surface and cross sectional SEM micrographs
and EDXA analyses of SUS304L exposed to
0.05 Torr iodine at 600T
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Fig.9 Temperature dependence of corrosion rate for Fe,

Cr, and Ni.
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Fig.10 Surface SEM micrographs and EDXA analyses of Fe specimens exposed to

0.05Torr iodine vapor at various temperatures,
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Fig.11 Surface SEM micrographs and EDXA analyses of Ni specimes exposed to

0.0.5 Torr iodine vapor at various temperatures.
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Surface SEM micrographs and EDXA analyses of Cr specimens exposed to

0.05 Torr iodine vapor at various temperatures.
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Fig.13 Temperature dependence of corrosion rate for stainless
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Fig.14 Temperature dependence of corrosion rate for
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Fig.20 Calculated equilibrium pressures of iodides of
components in SUS304L,

lodine pressure : 0.05 Torr
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Fig.24 Schematic diagram of experimental apparatus for tellurium

corrosion test.
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Fig.26 Cross sectional SEM micrographs and EDXA analyses of
13Cr—1Mp and SUS316L specimens exposed to 05Torr
tellurium vapor at 600TC.



PNC

TJ9605 89-002

100 p¢m

100 pm

50pm

50 ¢m

Oh

Oh

10h

5h

imen with time.

layer on Fe spec

ion
0

ium pressure

27 Growth of corros

Fig

bTorr

Tellur

600T

Temperature



5h

Fig.28

5 pm

10h

20h

Growth of corrosion layer on Cr specimen with time.

Tellurium pressure
Temperature

c05Torr

600°C

40h

200-68 S096[1L ONd



10h

20h

Fig.29 Growth of corrosion layer on Ni specimen with time. .
Tellurium pressure:05Torr
Temperature 1600T

40h

200-68 G096[1L ONd



PNC TJ9605 89-002

d(egm)

500

400

300

200

100

QO Fe
A Cr O
O Ni 460
Y 13Cr—1Mo
- —150
140
O
| 430
O -
A\
I 20
O
n - Y,
A"
W,
£\ —10
\Y
V,
| ] | | 0
10 20 30 40 50
Time (h)

Fig.30 Change in thickness of corrosion layer with time under a

tellurium pressure of 05Torr at a temperature of 600T.

df am)



PNC TJ9605 89-002

QO Fe
ACT
N O
VYV 13Cr—1Mo
2_
13
E -2
=)
%
o 1
o
O _
||
O -
' /\
[ ] eI,
O
] A
A —_—
" \/
_/.:f-' \/
0 10 20 30 40 50
Time (h)

Fig.31 Change in thickness of corrosion layer with time under a

tellurium pressure of 0.5Torr at temperature of 600T.

(x10%¢m)

2



I
100 p#m

5007TC 600C

Fig.32 Cross sectional SEM micrographs of Fe

teliurium pressure.

700TC

specimens at various temperatures under

800T

05Torr

800—68_9096fl IONd

200-68 S096[L ONd



bem hem

500TC 600C

Fig.33 Cross sectional SEM micrographs of Cr specimens at

tellurium pressure.

700C 8007TC

various temperatures under 05Torr

200-68 S096[L ONd



500C

Fig.34 Cross sectional SEM micrographs of Ni

tellurium pressure.

600C 7007C

specimens at various temperatures under 05Torr

200-68 S096[L ONd



PNC TJ9605 89-002

300

200

AW(mgen? )

100

Fig.35 Change in weight gain of specimen with time under a

O Fe
ANCr
[0 Ni
V 13Cr—1Mo ®
140
=30
O n
A
[ [ 120
—_—
A
® ]
A .
/N v 10
u Y,
N/
I ! I i 0
10 20 30 40 50
Time (h)

tellurium pressure of 05Torr at a temperature of 6007T.

W(mgen %)



PNC TJ9605 89-002

QO Fe
A Cr O
O Ni
10 &7 13Cr—1Mo
415
R
TE
Q
"o 410
=
=
X
— 5 (0] [ ]
B
=~
————
15
A
> =
—_—
£ Y.
) | ]
= /X 7
Y,
Av | | i | 0
0 10 20 30 40 50
Time (h)

Fig.36 Change in weight gain of specimen with time under a

tellurium pressure of 05Torr at a temperature of 600T.

em ¥)

W2 (X10%°mg?



PNC TJ9605 89-002

T(C)
800 700 600 500
1 0* j T T 1
OFe
ACr
ONi
@13Cr—1Mo

ASUS316L

108

10

k{mg?em *h™')

10

1 | 1 ] ]
1.0 1.1 1.2 1.3

1/T(x1073K"' )

Fig.37 Temperature dependence of parabolic rate constant for 05Torr

tellurium pressure.
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