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Table 1 Chemical Composition, Treatment and Mechanical Properties of Test Specimens(Fuel Subassembly Parts),
CHEMICAL COMPOSITION (%) TENSILE TEST FARDNESS |  CHARPY
TEST | CBAI | SPECIMEN : ° INPACT
MATERIAL TREATMENT | TEST | ¢0.2 | oB TEST
SPECIMEN | Mo No. Fe C | Si M| »p s Ni Cr | Mo | Co B i Al As | Cu | NbTa| Ti y 0 W (Kg. werd )
TEMP. | Kg/me®) | (Kg/mm®) | (B Hy at 1TC
A | AL A2,
A3 M
: Solution 25,5
Casting K | KL K2, SCS 14 [Bal | 0.04 {0.97(0.73| <0.04 | <004} 13.10| 19.30|243|<0.25| -- - - - - -- - - - |- RT 22,5 52.0 1620 - 17.2
Material K3, k4 - - - Treatment 21.8
P | P1,P2
P3, P4
K [S1,82
RT .7 7.0 |20.7
M 183,54 19.3%
0 =5 AISI 316 |Bal. | 0.054|0.52|L65| 0.027| 0.008| 12.85| 16,302, 13| 0,29 |0.0005|0.0200 0,028 | 0.004|0.28{ 0.002| 0.002| 0.038 | 0.0058 | — Co%]d i 258 -
) orKing
650°C | 42.6 459 |19.7
Wrapper Q | S7,88
Tube| K |N37
M | N38, N39
0 | N4O, N41
0 | N42, M43 2095 RT 68. 4 75.6 | 21.8
AISI 316 |Bal. | 0.039(0.58|1.27| 0.026| 0.004| 1278 | 16,642 16| 0.31 |0.0002(0.0257| 0.003| 0.03 |0.08| 0.001| 0.001| 0.05 |0.0854{--| Cold 258 -
Base X Working | 650°C | 89.9 455 16.3
LN Plate
(Common)
L |CLc2 (3
1c-1¢ 83 w/o CrsC; 17 w/o Ni Cr
N Cl9
L | M25,M26
M27 Colmonoy
Wear Pad No6 [4.75] 0.75 |4.25| -~ - - | 13.7| 13.5 | - - 3.0 - - - -- - - - - |-
N | M43
L | S48, §50
$51 Stellite
Mo { - | 078 | —| — | — |18 (18 | —{Bal | 7] — | —= | — | =~ ] - | -] ~ |8
N {867
L | 173,174
I75 Incone|
N 101 Ti8[17.4| 0.06 | 0.15|0.07| 0.005| 0.008| 53.0 | 1830|294 0.09 - - 0.51 - |0.04] 5382 | 0,99 - - |-
NO MARK Solution RT. - 695 |30.0] __
L3¢ Treatment | 650°C - 49.0 |2%.0
) NO MARK 10.5%
Wrapping | 1. K Bal. | 0.058 | 0.51[1.69| 0.006| 0.011| 12.82| 1601|253 | 0.02 |0.0003| 0.022| -~ - | - - - - - || Cold
MN 1,23¢ working
Wire [0.Q AISI 318
NO MARK 21. 7%
Cold
1.15¢ working
NO MARK Solution | RT. - 68,8 | 50.4
Bal. | 0.056|0.47|1.87| 0.013| 0.006| 13.92| 17.44 | 2.58 | 0.04 ;0.0003|0.0070 | 0.006| 0.004 | 0.03| 0,01 | 0.010| 0.02 |0.0011 |- -- -
0‘9¢1 } Treatment | 650°C - 2.3 3.0
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Table 2 Diameter change of wrapping wire irradiated in Phenix.
Before After D-Do 3(D-Do)
Cell | Irradiation | Specimen | Treatment Irrad. Irrad.
No. Condition No. (%) Diameter | Diameter Do Do
Do (mm) | Do(mm)Av, ¢9) D
1,297
1. 295 _ 4.2 12,6
ZD2HA31 S. T 1. 285 1. 351 § §
1. 294 4,5 13.5
1. 293
1,225
Fiuence 1.223 2.4 7.2
ZD2HB21 10 1.221 1. 254 § §
(B>0. 1Mev) 1.221 2.8 8.4
1. 220
12. 8% 1022 1.132
n./of 1. 130 0.0 0.0
H ZD2HC31 20 1.128 1.133 $ §
1.127 0.6 1.8
Temperature 1. 126
585°C 0,910
0. 906 2.7 8.1
2D2HD31 S. T 0. 904 0. 935 § §
0.904 3.7 i1.1
0. 802
0. 910
0. 906 3.6 10. 8
7D2HD41 S. T 0.904 0. 943 § §
0. 904 4,5 13.5
0. 902
0. 906
0, 3x10%2 0. 903 2.4 7.2
K n ~en ZD2KD11 S. T 0.905 0.928 ) §
570°C 0,904 2.8 8.4
(. 906
3.5x1p%® 0. 903 -0.9 -2.7
M n / cof 2D2MD41 S. T 0. 904 {. 898 § S
460°C 0.902 -0.4 -1.2
0,904
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Table 3 Change of density of wrapping wire irradiated in Phenix,

Cell
No.

Irradiation condition

Specimen
Fluence number

(n/cdf, E>0. 1MeV)

Temperature
¢

Treatment

(%)

Density (g _cnf)

Measured | Average

Ap/ 0¥

(%>

12. §x10%* b85 ZD2HA3

. 063
. 066
. 060
. 065
. 066

7. 06

=] ~F =] =1 =]

12.7

12, 8x10%? 585 ZD2ZHB2

10

. 370
. 383
. 384
. 385
. 390

1,38

=1 =1 ~3=1=]

7.9

12.8x10%® 585 ZD2HC2

20

7.705
7.700
7. 697
7.700
7. 696

7.70

3.4

12.8x10%% b85 £D2HD31

7. 063
7. 064
7. 063
1. 067
1.071

1.07

12,7

9.3x16%* 570 ZDZKD11

7. 375
7.375
7.374
1,376
7. 378

7.38

8.0

3.5X10%2 460 ZD2MD41

7. 942
1. 947
7. 947
1. 936
1. 949

7.94

0.4

As received —

7.971
7.974
1. 972
7.974
7. 968

1,97

%)

V=V, AV

e e Vo Vo

o : Density after irradiation.
po : Density before irradiation,
V : Volume after irradiation.

Vo : Volume before irradiation.
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Table 4 Micro hardness of Irradiated Wrapping Wire.

Irradiation Condition Microhardness
Specimen No. Hv
Flunence (n Zcf) | Temp, (°C) (500g loaded)
Unirrad. — — 160
ZD2MD4A 3.5 X102 460 208
ZD2KD4AA 9.3 x108%% 570 182
ZD2HD4A 12.8x10%2 h85 182

Table 5 Micro hardness of lrradiated Wrapper tube.

Irradiation Condition Microhardness
Specimen No Hy
Flunence (n . “cf) | Temp. (°C) (500g loaded)
Unirrad, E— — 258
ZDZKS11 9.3 x10%® 614 245
Z2D2M531 3.5 x10%? 483 237
7920551 1.0 x10%2 514 227
ZD20871 0.6 x10%* 514 251
ZD2MN21 3.5 X10°%? 493 242
ZD20N41 1.0 x10%*® hl4 224
ZD2GN61 0.6 x10%% 514 221
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Table 6 Change of density of wrapper tube irradiated in Phenix,

Irradiation condition Density (g/cid)
Cell Mo Flve T ” Specill])]en Material v Z f 2 Ap/ p*®
uencen e | Temperature number easured | Average
0. ey | P )
7. 0678
, 1. 8673
K 0, 3x1Q%® 6id ZD2KS1 S1 7. 9671 2, 967 -0. 08
7. 9671
7. 9656
7. 9678
7. 9673
M 3.5x10%* 493 ZD2MS3 S 3 7. 9681 7. 968 -0, 08
7. 8680
7. 9683
7. 9696
7. 9691
§] 1. 0x10%2 511 £ZD2085 55 7, 8691 7. 969 -0. 09
7. 8692
7. 9691
7. 9710
Q . {.8x10% 514 ZD2QS8T S7 7.9716 7.972 -0.13
7.9718
7. 9615
AS- 7. 9618
receired e — {512 512 7.9616 7.962 —
7. 9625 '
7. 8625
7, 9636
K 9.3x10%2 614 ZDZKN1 N1 7. 9636 7. 964 -0. 05
7. 9637
7. 9676
M 3. 5x1022 493 ZD2MN2 N2 7. 9677 7. 968 -0, 10
7. 9680
7. 9694
7. 9683
0 1.0x10%2 511 ZD20N4 ‘N4 7, 9701 7. 969 -0. 11
7. 9693
7. 9699
7.9714
Q 0, 6x1022 514 ZD2ONG S6 T, 9723 7,972 -0. 15
T.9736
7. 9588
7.9599
As- — — Ni2) N12 7. 9656 7. 960 —
received 7. 9606
7. 9621
%) 0_ Lo—p V=V, AV

Q Vo Vo

Density after irradiation.
Density before irradiation.
Volume after irradiation.

Volume before irradiation.

<< o [

o



Table 7 Tensile proreprties of wapper tubes irradiated in Phenix,

Irradiation condition
Cell Specimen | Material | Gauge | Test Cross-head | 0. 2K proof | Tensile Uniform Fracture | Fracture
No | Pluence nfed | Temperature number length | Temperature speed stress sirenght | elongation | elengation | location
(B0, 1Me\) [q®) (o §9)] {mn/min} Che/ e’ Che/ma® 6] &9
K 0.3x10%? 605 2D2HS2 R 44.0 6060 0.1 30,9 41.2 7.5 11.1 C
K 0.3x10%* 605 ZD2KNL N 44.0 600 0.1 28.2 41.4 1.6 18.6 B
M 5,5%10%* 480 1DEMS4 S 4.0 500 01 48,8 60,9 9.6 13,9 B
M 3.5x10%2 480 ID2MN3 N 4.0 500 01 46.3 60.2 0.8 16.9 B
a 1.0X10%* 505 102056 5 4.0 500 0l 45.7 56.3 7.0 11.4 B
O 1, 0x10%* 505 2D20N5 N 4.0 500 0.1 45.5 56.6 7.8 10.6 B
Q 0. 6% 19%¢ 510 202458 S 3.0 500 0.1 48.5 60.3 6.1 14,1 A
Q 0.6x10%® 510 ZD2ONT N 44.0 500 01 44, 4 56,2 81 12,2 C
813 S 3.2 500 0.1 49.2 64,7 6.1 10.6 B
514 3 30.3 500 01 46,9 617 7.3 1.8 A
516 5 30,0 600 0.1 40.8 59.0 4.9 16.7 B
As received 817 S 30,0 600 0.1 50.0 55. 7 58 22.0 A
N13 N 30.2 500 01 54,9 62,9 7.1 11.6 B
N14 N 3.3 500 01 b6, 2 2.8 6.8 11,2 B
N15 N 30.0 600 01 .2 54.3 11 217 A
N1B N 3.4 600 0.1 41,6 54.2 3.9 22.4 A
236

4 15

15.3

30

20

44

694

80

100

Profile

of Tensile Specimen

VL1-68 0TV6NL-ONd
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Table 8 Weight measurement of irradiated pad specimes(0Oblong shaped specimens).
Weight (g) Change of weight
Specimen | Coating
After irrad. (2)—{1)
No. material | Before irrad.
(1) 1. 2 3 4 5 Average (g)
{2)

ZD2NC9 LC-1C 35.5718 35,6121 35,6123 35,6113 | 35.6123! 35,6128 | 35.6122 0. 0404
ZD2NM4 | Colmonoy 34. 3762 34,3850 | 34.3842 | 34,3852 | 34,3855 34,3828 | 34.3845 0. 0083

No.6
ZD2NST | Stellite 35. 7997 35,8380 | 35.8367 1 35.8367| 35.8373| 35.8362| 35,8370 0.0373

No.6
ZD2NI1 Inconel 33. 7452 33.7964 | 33.7958 | 33.7958 | 33.7962, 33.7957 33. 7960 0. 0508

718 :

VL1-68 OTV6NL-ONd



Table 9 Weight measurement of irradiated pad specimens (Octagen shaped specimens).
Weight (g) Change of weight
Specimen Coating
No. After irrad. (2)—(1)
material | Before irrad,
(10 1 2 3 Average {2) (g)
ZD2LC1 11,5918 11.576 | 11.578 | 11.579 11, 578 —0.014
ZzD2LC2|LC—-1C 13. 0042 12.988 | 12.989 | 12. 988 12. 988 —0.016
ZD2LC3 11,7371 11.726 | 11,727 | 11.727 11. 727 —0.010
ZD2LM5S 10. 1438 9.495| 9,497 9.498 9. 487 —{, 647
Colmonoy
ZD2LME6 11, 8842 11.003 | 11,004 | 11,003 11. 003 —0. 881
No.&
ZD2LMT 11. 0285 10,318 | 10.319 | 10. 319 10, 319 —0.711
ZD2LS7 11. 6970 12.307 | 12. 307 | 12. 307 12, 307 —0.610
Stellite
ZD2LSO 12. 8920 13.722 [ 13.721 | 13.721 13.721 —0. 829
No.6 :
ZD2LS1 12. 2578 12. 936 | 12,938 | 12. 938 12. 937 —0.679
ZD2LT13 11. 5667 11.655 | 11.555 { 11. 555 11. 555 —0.012
Inconel
ZD2LTI4 12. 5536 12.543 | 12.542 | 12, 542 12,542 —0,012
718
ZD21L 15 11.0184 11.008 | 11,009 | 11. 008 11.008 - —0.011

VL1-68 OTV6NL-ONd



§ Temperature measured by SiC

® Temperature measured by Mo void lattice parameter

é Temperature calculated by hardness value

T (0
700
dpr ]
1.o1 —600
i — -
L — J
0.8 [ Sample temperature \\l\ ]
06 B J \ -

R T -
047 " \\§ 1500
: e —’< ] \-"‘“‘-]

o2y e 7 flux 495w/l steel i
0.0 . 1 i L ] ) ! 1 1 ] ] L 1 Lg. 1 400
2 =] 2 2 2 2 2 =3 3 a g =2 2 2 ‘—“§
L Q [ N [ M I [ L 1§ K [ JT T T T 83 [T G | F | E T O 7T ©C T B [ A IT
Cell Number Core axis Rig bottom
(1003.75 =2 ) Cell C~ Cell Q: Specimens inserted
Fig. 1 Irradiation conditions for Phenix-P2 (PNC C1 rig),
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Fig.3 Diameier disiribution of irradiated wrapping wire.
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Fig.4 Diameter chamge of irradiated wrapping wire as a function of fluence.
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14 T T T T T

Neutron Fluence | Irradiation Temp

(n/cd, E>0, 1MeV) °C)
9. 4x10%% 550 -
13x10%2 580

9, 5~12x 1022 50050

Swelling(vol %)

Cladding Tube

! | 1 | 1

10 20 30 40 50
Cold Work (%)

Fig.5 Effect of Cold-Work on Swelling of SUS316 Stainless Steels.
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C

Cell No H
Specimen No. ZDZ2HD3A
Fluence n/cof
12.8x10¢%
(E>0. 1Mev)
Irrad Temperature
585

Fig. 6

Optical micrographs of irradiated wrapping wire.
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Cell Mo

Specimen No. ZD2KD2A
Fluence n/cif
9.3xX10°%"
(B>0. 1Mev)
Irrad Temperature
570

C

Pig.7 Optical micrographs of irradiated wrapping wire.

X400
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Cell No. M
Specimen No. ZDZMD4 A
Fluence n/cr
3.5 %102
(B>0. IMev)
Irrad Temperature
460

c

Fig. 8 Optical micrographs of irradiated wrapping wire.
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Fig.9 Density of irradiated wrapper tubes as a function of fluenes.
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Before tensile test

Fig. 10 Appearance of tensile specimens for unirradiated wrapper tube,



Fig. 11

Appearance of tensile specimens

 ZD2ON5
i)

Eoa

for irradiated wrapper tube.
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Fig, 12 Fracture appearance of irradiated wrapper tubes

for tensile specimens,
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Fig 13 Comparison of tonsile strength for wrapper tubes
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Fig. 14 Comparison of 0.2% proot stress for wrapper tubes
as-recived and irradiated(Phenix-P2)conditions.
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Uniform elongation (%)

Rupture elongation (%)
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Fig, 15 Comparison of uniform elongation for wrapper tubes
as-recived and irradiated(Phenix-P2)conditions.
N
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| | |
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Fig. 16 Comparisonof rupture elongation for wrapper tubes
as-recived and irradiated(Phenix-P2)conditions.




Tensile strength (kg nd)
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Fig.17 Tensile strength of irradiated wrapper tubes at 500°C and 600°C

as a function of fast neutrom fluence (Phenix-P2).
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Fig.18 0.2% yield strength of irradiated wrapper tubes at 500°C and 600°C

as a function of fast neutrom fluence (Phenix-P2).
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Fig. 19 Elongation of irradiated wrapper tubes at 500°C and 800°C

as a function of fast neutrom flvence {Phenix-P2).
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=100 x 400

Fig.20 Optical micrographs of tensile specimen irradiatad

to a neutron fluence of 9.3x10%2%n/ci(E>0. IMev) (ZD2KS11).
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Fig. 2] Optical micrographs of tensile specimen irradiatad

to a neutron fluence of 3. 5x10%2n/cf(E>0, 1Mev) (ZD2MN21).
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Fig.22 Optical micrographs of tensile specimen irradiatad

to a neutron fluence of 3.5x10%%n/enf(E>0. 1IMev) (ZD2MN3L).
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X400

x 100

Fig. 23 Optical micrographs of tensile specimen irradiatad

1,0x10%%n/cof (E>0, 1Mev) (ZD20ON41),

to a neutron fluence of
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x100 X400

Fig.24 Optical micrographis of tensile specimen irradiatad

to a neutron fluence of 1.0x10%2n/edf(E>0. 1Mev)(ZD20551).
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X100 X400

Fig.25 Optical micrographs of tensile specimen irradiatad

to a neutreon fluence of (.6x10%%n/cof (E>0. IMev) (ZD2QNG1).
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x 100 X400

Fig.26 Optical micrographs of tensile specimen irradiatad

to a neutron fluence of 0.6x10%2n/caf{E>0. IMev){ZD2QS71),
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Fig.27 View of irradited pad specimens(LC-1C).
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Fig. 28 View of irradited pad specimens(Colmonoy No.6).
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Fig. 29 View of colmony specimens adhered to stellite specimens.
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Fig. 30 View of irradited pad specimens(Stellite No.6).

TIG

VL1-68 OIV6NL-IONd



ZD2LIS5
=

—

wn
¥
<
=1
< N

tn \

135
185 5
os
20

@ | WEAR PAD Inconel 718
@ | BASE PLATE(WRAPPER TUBE) AISI 316
ITEM NAME MATERIAL
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Fig. 32 View of irradited pad cblong shaped specimens(LC-1C).
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Fig. 33 View of irradited pad oblong shaped specimens(Colmonoy No,6),
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Fig. 34 View of irradited pad oblong shaped specimens(Stellite No.6).
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Fig. 35 View of irradited pad oblong shaped specimens(inconel 718).
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Fig. 36 Optical micrographs of pad specimens (LC-1C).
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Fig. 37 Optical micrographs of pad specimens (Stellite No.6, Comonoy No.6).
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Fig.38 Optical micrographs of pad specimens (Inconel 718).
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Fig. 39 Micro vickevs hardness of pad specimens(LC-1C).
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Fig. 40 Micro vickevs hardness of pad specimens(Inconel 718),
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Fig.41 Micro vickers hardness of pad speciments(Comonoy No.6 and Stellite No. B).
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