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The Evaluation of Irradiation Effect on the Mechanical Properties
of the Oxide Dispersion Strengthened Ferritic Steel Claddings
Trradiated at JOYO/CMIR-4 & 5

Tsunemitsu Yoshitakel, Tsuyoshi Ohmoril, and Shun-ichi Miyakawa
Abstract

The effect of fast neutron irradiation on the mechanical properties of the oxide
dispersion strengthened (ODS) ferritic steel claddings (1DS & 1DK) which were
manufactured by warm working as the first trial cladding tube manufacturing in JNC, were
investigated. The samples were irradiated in JOYO/CMIR-4 & 5. Uni-axial tensile test,
ring-tensile test, burst test and miniaturized Charpy impact test were carried out to study the
mechanical properties such as strength and elongation, of irradiated ODS ferritic claddings.

The results of this study showed that there was no considerable deterioration on the
mechanical properties of these ODS ferritic steel cladding samples under the irradiation
" conditions examined. The results obtained in this study are as follows;

1) The increase in strength due to irradiation hardening appeared in higher temperatures
(~600, 6500C) than that of austenitic steels such as PNC316. |

2) There was an anisotropy in the short time range strengths after irradiation due to its
particular crystalline structure so called “bamboo structure”.

3) The elongation of hoop direction after irradiation was significantly tended to be much lower
than that of longitudinal direction because of its particular “bambgco structure”.

4) There was no obvious decrease in elongation and miniaturized Charpy impact properties
under irradiation conditions examined.

5) TEM observation showed that there was no significant change in microstructure before and
‘after irradiation except the precipitation of Laves phase on grain boundary after irradiation

and that Y203 particles and their fine distribution might be stable during irradiation.

1 Materials Monitoring Section, Fuels and Materials Division, Irradiation Center, Oarai
Engineering Center, JNC. '
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#2-1 _IDKHE S OISR (wi%)

c Si Mn P s cr | N W Ti N O (free 0) Y (1,0, Fe

0.045 | 0019 | 0013 | <0.005| 0.001 | 1287 | 016 | 281 | 052 |o0152| 0186 0.113)] 027038 | ba.
HERENITIE
(Y203)=Y x 1.27
{free O)=0 =Y x 0.27
F2-2 1DSHEED LS (W)

c si | mMn | P s | e | N Mo | w Ti Co B N O (free O) Y,0, Fe

BIRIE| 019 | <010 | <010 | <001 <001 | 110 | <01 | <01 | 30 05 <011 <0005 | <005 007 05 bal,
AHE| 005 | 005 | 003 | 0003 | 0002 | 1098 015 | <001 | 267 0.40 <0.05 0.0003 | 0014 | 0204 (0.07) 0.40 bal.
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JNC TN9400 2001-105

54.1-1 CMIR-5EBAHDSE SRR N OB &

BBSTRER | SRE | HEBAN. | BE RSTEE.C | BEis
BHi~4
s |LOXSTI 1DS 394 1.35
CMIR-5 %‘_‘;’ Loxs2t  [1DS 525 3.56
&i-14 :
i ()17 |LOXS31 1DS 539 0.45
1) x 10%n/m’ (E>0.1MeV)
F4.2-1 CMIR-5EESHDSY 4 BRI R OB EY
BHEHNE | BHE | RBHN. | B WsEE.C | mEa"
LOXSA 1DS
(ig:i LOXSB 1DS 394 1.35
LIXSC 1DS :
g0 |L9XSE 1D5
CMIR-5 (2)-8 LOXSF 1DS . . 520 3.56
L9XSG 11DS
LIXSH 1DS
#H-14
(2)»-i2 |LOXSJ 1DS 539 0.45
LIXSK 1DS
1) x 10%n/m* (E>0.1MeV)
F43-1 CMIR-4EBEH DK, 1DSHA—AMREE D BH &4
EATHER | BB | H%ENe. | HBE | BHEE.C | mys
2h-6
s |HEIST 1DS 450 36
%)-“190 He1S21  [1DS 580 3.4
CMIR-4 oo
v (MBI [1DK 542 42
B-11 -
(2)-10 HB1K21 1DK 605 2.1
1) x 10%n/m? (E>0.1MeV)
F4.4-1 CMIR-4BEET1DSE=Fa7 et —REF OB &4
BHHER | ZEEAEE | #HERANo s BALEE. °C mEEtE" g =
M1 lepss 1DS 373 0a|TAmA
(2)-1 1.5mmBHAX 10EA
-2 liepss  |1Ds 377 05(THE @
(2)-2 15mmBYAX 16EA
-4 luepsg  |1Ds 394 1.4|THME
(-4 1.5mmBHAX TEA
52 |H6PsC  [1DS 502 38|TAM o
. CMIR-4 15mmEHAX @A
2-2  |HBPSF 1DS 572 3.8({THMA )
15mmBAYA X TEA
-1 gpst 1DS 373 03|LH
(2)-1 1.5mmBHL X 10E A
-2 uepso DS 480 0.5|LF5
(2)-2 1.5mmBHA X 10@A
-4 ‘ LA
HEPSA 1DS 520 1.4
(2)-4 1.5mmBYAZX HEA

1) x 10%°n/m? (E>0.1MeV)




#25.1-1 CMIR-5IE4T IDSHEE DS IEHBHE

RS R ‘:\‘.]\%lfﬁ 495E Fﬁﬁfé'%réﬁ FEAED :Eﬁé%l?. %2‘3@; l%léﬁiﬁa‘é\ -—*%O{/I;I:U E&Eﬁ(ﬁu %ﬁdiﬁ?
(-iﬁ):i Loxs11 [1Ds 394 1.35 400 1083 1138 2.1 5.7 9.1

CMIR-5 fgjg 19xs21 [1DS 525 3.56 525 857 974 3.6 9.0 9.1
im)jg LOXS31 [1DS 539 0.45 550 789 936 3.1 9.6 9.1

1SC 1DS 400 1005 1075 2.9 5.4 9.3

RSt XS4 DS 525 © 728 925 - 25 88| 9.2
1SE iDS 550 658 864 2.3 12.2 9.1

1) x 10%n/m? (E>0.1MeV) |
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#5.2-1 CMIR-5EB 5 1DSHEE DV J 51RSERIERE

= Nz SR g E , — " S e
e e Ul I I I PP o S U e A vl el e I
gpg |LOXSA_ DS MEra?l 876" 04571 015( 122}
(-4 |L9XSB_|1DS 394 1.35 400 |mEFE?  938”|  047¥ 0.17 1.27
LeXSC  |1DS 972 991 0.3 0.4 1.27
gt |LOXSEIDS 768 801 0.3 0.8 1.27
CMIR-5 | 5y g |LOXSF _|1DS 520 3.56 525 840 852| 0.8 0.32 1.25
L9XSG  |iDS 857| 914 0.5 0.8 1.24
ggga [LOXSH LIS | 708! . 708 0.2 03 1.25
()12 [L9XSJ _|1DS 539 0.45 550 794 815%] 04 0.4 1.27
LOXSK _|iDS - 702 723 0.4 0.6 1.27
XSM 1DS 400 908 985 05 0.6 1.27
ERSEN XSN 1DS 525 731, 7170} 04" 0.4 1.26
XSR DS 550 728 765 0.6 1.1 1.26

1) x 10%n/m? (E>0.1MeV)

2) 0.2%imt A HY

A=K—3

1=Fall

[ZHEHR

3) WEABAELRSTICHETLR (BEFRE RY) ERSTICHFLR) 120, IS AERT.
4) —FRBURGHTIICIIILC S MU ZESL-,

G0T-100Z 0076NL ONI



#5.3-1 CMIR-4BB511DK, 1DSHBE D/ IR MRAERER

. - BEHRE, o |EEEEA RN RBRAA| S8R | FEEE., |RSES | BEFUd .
n FAN A 7 = 0 S P 2 i
MATRET| RAGE | WERANo. | W Teg | | AR Borm | Bomom | Bomm | B, °C [kef/om¥min| 1. MPa | &2, 9% TR
%—6\ . R
(2-6  |H61S11  |1DS 450 36| 7518| 6675 450 200 1071 0.48 |violent
@10,
(-9 |Heis21  {iDs 580 34 75t6| 6671 580 200 757] 046 |violent
CMIR-4 |—ts
(28 lneikii 1Dk 542 42| 7516| 6.678 550 200 983 0.78 lviolent
Eh-11, -
(2»-10  |HeIK21  l1DK 605 21| 7515|6667 600 200 801 2.19 {violent
781Ds2C |1Ds o| 7518 0410 450 200 1002 054 |violent
Z81DS1C |1DS o] 7523 0.429 580 200 719 0.70 |violent
FEMRS 781DS1CA |1DS o 7.520 0.414 500 200 971 0.67 |violent
781DK1C |1DK ol 7513 0412 550 200 867 0.86 |violent
Z81DK2C ol 7512 200 740 2,54 |violent

1DK

0412

600

1) x 10%n/m? (E>0.1MeV)
2) WHERIOARUTH
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%54-1 CMIR-4BBHDSE=F 7L v AE—EEHABER (1.5mmA T A X)

2IRRTARILF—.J

DS LAE DS THM
HERE HEPST H6PS2 HEPSA H6PS3 HEPS4 H6PSB HEPSC HEPSF
HBERE. °C 373 480 520 373 377 394 502 572
Este” 0.3 05 14 0.3 0.5 14 3.8 3.8
17 0.794 0.706 0.529 0.441 0.480 0.382 0.470 0.382
~12 0.764 0.549 0.584 0.441 0.411 0.431 0.490 0.363
~40 0.755 0.676 0.598 0.383 0.381 0.407 0.509 0.298
‘;,{ ~62 0617 0.696 0.451 0.449 0.391 0.389 0.431 0.255
;g? 89 0.637 0.421 0.480 0.387 0.304 0.323 0.399 0.211
W -To 0.453 0.402 0.370 0.200 0.259 0.341 0.268 0.169
110 0.529 |4 8K 0.451 0.329 0.292 0.304 0.248 | %%
40 0686 0.715 / /
42 0.529 0.411

¥) % 10% n/m? (E>0.1MeV)

G0T-1002 00¥6NL ONC



JNC TN9400 2001-105

Yield stress and ultimate tensile strength, MPa

Total etongation, %

1600

1400

1200

1000

o™ 7 7 T L | o IDS YS

3 © 1DSUTS
_0 ................... A 1DK YS

o A iDK UTS
(O, PO 3 I " PNG/FMS YS
B A PNGC/FMS UTS
i é A - - - - -PNC3i6 YS
SRR R & g ....... PNG316 UTS

800
600
400 i
200 [
0 i L L I | 1 1 I l 1 I 1 ] 1 L 1 1 1 1 1
"0 200 . 400 600 800 1000
‘ Test temperature, °C
E2.3-1 1DK. 1DSOEARISH. 3RS EBEDEG
50 | T T T E T T [ I T T 1 ! T ) T Il T ) T ]
- o 1DS : : : .
i e 1DK : : x )
40 X  PNC316 f...oeeeein. e eeneeeans > SO _
T+ + PNC/FMS § : X ]
30 Lo e ]
20 Je o o ]
L o) X : .
-3¢ : .
..;é 5 8 § ' o
L 0 , -
10 _é: ....................................... @§09 ....... SR ]
l £ ¢ ¥ x% 8 1
o % ]
1 P S SPR RSN SR, S
! 200 400 600 800 1000

Test temperature, C

2.3-2 10K, 1DSOIRE{EINE BEDRIE



JNC TN9400 2001-10%

_ 75 N o
s
I e f‘\f(i/_
———————————————— Sy
!
F4.1-1 WHEESHEH (mm)
[
I .
o~ > JL‘I5
< S (mm)
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i XY
3‘_\( }/
" %R0.08
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Yield stress and Ultimate tensile strength, MPa

Uniform and total elongation, %

1600

1400

1200 o o . R . L e ——
1000 |—-ooveno R, AR DL
BOO |—-oevmveenaediaieie
BO0 |ovvevomimrnionen T
400 b o e :
200 Lorooeeinannns boeeenemraannns e SO S SO H
B YS Yield stress : -
[ UTS; Ultimate ‘tensile strength : : ]
0 L ' 1 | - 1 L i ' 1 : | 1 ] 1 ] ' L ]
0 200 400 600 800 1000
Test temperature, °C
E5.1-1 BRIE A, SRS LREBBEDREZR(IDS &513E)
20 @  UE(CMIR-5, this work)
| & TE(CMIR-5, this work) o T T |
A O UE(unirradiated, this work) y : 1Bs ]
L £ TE(unirradiated, this work) : ]
L X TE(unirradiated)

YS(CMIR~-5, this work)
UTS(CMIR-5, this work)

®
A

O YS(unirradiated, this work)
A UTS(unirradiated, this work)
x

+

YS(unirradiated)
UTS(umrradlated)

- 5 % _
B ; ® © UE; Uniform elongation
L : : ; TE; Total elongation g
1 ) L 1 ' ] ' | 1 L 1 ] L ! 1 | : I 1
0 200 400 600 800 1000

Test temperature, °C
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Yield strength, MPa

Uitimate tensile strength, MPa

]500 v T 1 l 1] T T T 1 1 T | L3 3 L] ] L] T T

: : o DS CMIR-5 :

1400 oeeveeen s o o 1DS unirradiated (this work) §
i § o 1DS unirradiated |

1200 —_o..... ........... !
1000 Eooooienininnn. ; ................ STTRSURONS USRI ; ............... -
i E s o : E ]

I : : © C 5 i

800 i ... .......... ‘ E  RCEELERCTTETITEE e -
: 5 i 8¢ § ]

- : o : ’

600 [ e R o A ]
400 oo S *; ................. ; ................ §".9 ............ ; ............... .
! § Lo ]

200 Foovinein o e R S -
r Ring-tensile : i ]

0 1 ] ] l L 1 ] ] 1 1 I i ] 1 l 1 L 1

0 200 400 600 800

Test temperature, °C

[5.2-1 [EREHERBREEOBEFZR(IDS VY 5]158)

]600 T T T l i T l. I' L] T T [ T T ] T

- S o DS CMIR-5

L o 1DS unirradiated (this work)
X § ¢ 1DS unirradiated

1200 [oomemomrmfonn _

1000 Looeevvrennninnns § ............ }.“g."-”-”._.“: ................. g ............... 7
8 : BTG . .
¥ nFe 1{5 : ]

800 i Qgﬁyyufifrjn*H*ai ....................... R SRITEe N
. P P O 9 : ]
1] 1 A PSR SRR o e -
L : e ]
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e
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[5.2-2 BliRARSEHEBEEOBREUDS YUY 5I5R)



JNC TN9400 2001-105

Uniform elongation, %

Total elongation, %

28

24 1§

20

16

12

1DS CMIR-5 T ——
O 1DS unirradiated (this work) Ring-tensile
- 1DS unirradiated ' :

_ ........................ O et 3
o § o < ]
Fo ]
F F oo ]
OSSO e, SR SR _
; g B
L L 1 1 I I 1 g;l Aoz I 1 1 i L] ]

~Test temperature, °C .
B15.2-3 —#REUNEHBEEOBRZ(IDS Y4 BIEE)

e 1DS CMIR-5 o : ]
o 1DS unirradiated (this work) : i
¢ 1DS unirradiated

X 1DS unirrad. from S-S curve x : .

L : A B
i ; - T ]
3 ? X '
u : Lo i -
:... ................................ ? ................ :....<.> ............................ ._—.
L o> : 8 4

i ° 5 Ring-tensile
-§r L ' i 1 ] [ Q 1 ‘A(OM | ! 'I i I t 1
800

1000

Test temperature, C
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Rupture hoop stress, MPa

Rupture diametral strain, %

e 1DS CMIR-4 (this work)
1900 —r—r— —— B 1DK CMIR-4 (this work)
- : o 1DS unirradiated (this work)
- O 10K unirradiated (this work)
1100 : »

1000
900
800

700

600

400 450 500 550 600 650
Test temperature, °C
[53-1 HEEAEHARBEOREZE(DS&IDK /A—2MHER)

e 1DS CMIR-4 (this work)

300 & 1DK CMIR-4 (this work)
i o . 1DS unirradiated (this work)

o5 [I O 1DK unirradiated (this work)
2.0 |
1.5 |-
1.0
0.5 |-
0.0 [

400 450 500 - 550 600 650

Test -temperature, ‘C
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Total absorbed energy, J

Test temperature, °C

X5.4~1 ms;laﬂ@%ﬁ:ro)éwum#«;w —LABRRE ORBE
(1.5mmBHYAX 2=FaT v ILE—EEEBRER)

T T T [] I I T T i ' T ] T [] [ T T T T l T 1 T I I T T T T
O 1DS-L unirradiated § |
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é o :
o O G O—
o
P S S S S 6'? ..... FORTIES Do t
H B
: m ]
S R SR S SO B H ....... B ]
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Total absorbed energy, J

0.8

Total absorbed energy, |
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Ratio of yield stress
of irradiated sample to unirradiated

Ratio of ultimate tensile strength

of irradiated sample to unirradiated

1.

o 1DS uni-axial (this work)
© 1DS ring-tensile (this work)

6 771 o DT2203v05
5t
4t
3
2
1
] .
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350 400 _ 450 500 550 -600 650
‘Test and irradiation temperatufe,%Z
B16. 1-1 ST OBRIEN OB ICHT B &
REOB% .
o 1DS uni-axial (this work)
A e 1DS ring-tensile (this work)
b6 ———— S v 1DS & 1DK burst strength (this work)
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UTS{1DS CMIR-5 uni-axial)
UTS{IDS wnirrad. wni-axial (this work))
UTS (IDS CMIR-5 ring-tensile)
UTS (1DS unirrad. ring=tensile (this work))
Rup. stress (1DS CMIR-4, Mises’ equiv. stress)
Rup. stress (1DK CMIR-4, Mises' equiv. stress)
Rup. stress (iD$ unirrad., Mises' equiv. stress (this work))
Rup. stress (IDK unirrad., Mises' equiv. stress (this work))

1300
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1200
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< 1100
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Test temperature, C
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[ 1DS uni—axial tensils {(CMIR-5)
O 1DS uni-axial tensile (unirrad. this work & previous data)
A 1D8 ring—tensile (CMIR-5)

1.1 : . & 1DS ring-tensile (unirrad, this work) __
= C B DT2203Y05 uniaxial tensile (irradiated) ]
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o 1DS uni-axial tensile (this work)
e 1DS ring-tensile (this work)
o DT2203Y05
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Ratio of uniform elongation
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T
I

a9’
a

IR IO TR T HOVO0 WY S T S ST S SO S | TR T

500 550 600 650

Test and irradiation temperature, °C

6.1-6 BHHO—BHBUD 51’-?9511‘3‘!-"'1‘9"61:1:&
REOBER

o 1DS uni-axidl tensile (this work)

e 1DS ring-tensiie (this work)
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Total elongation and

rupture strain (Mises' equiv.

strain), %

14

i2

10

- TE(IDS CMIR-5 uni-axial)
TE(IDS unirrad. uni-axial (this work))
TEQIDS CMIR-5 ring—tensile)
TECIDS unirrad. ring-tensile (this work))
Rup. strain (1DS CMIR-4, Mises' equiv. strain)

AO0<49BED>PCe

Rup. strain (1DK CMIR-4, Mises' equiv. strain)
i Rup. strain (1DS unirrad., Mises' equiv. strain (this work))
i Rup. strain (1DK wnirrad., Mises’ equiv. strain (this work))
] - ]
S S g AT -
) & :

- v
) M

450 500

Test temperature, °C
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Uniform elongation / Total elongation

Uniform elongation, %

] 1DS uni—axial tensile (CMIR-5)
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