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ment on Fracture Processes and

Heavy Section P.V,.8teel Develop—
ment Progrom Sponsocored by AEC @ —

8illance and Reference Test -,
Kawasaki, T.Fujimura, K,Suzuki, and

H.Namatame ,Japan Atomic Energy
Regearch Institute

Properties of Pressure Veseel St o) B . ASTM 533B (12 in J§ )
eels—C.W.Hunter ang J.A.Williamsg Ov, B m il &
Battelle-Northwest Laboratory
Radiation Embrittlement of ASTM ADBTT =acv (4,1018) %
A—533, Grade B Stesl Plate-—R, - 4 Acv , - Table
G.Berggren, 0ak Ridge National Radiation Temp(°F)|150 450 550 650
Laboratory ' Base Metal 76 66 32 17
Submerge Weld % 9%
Vo1 Rk
Radiation Effects on the Metall— FE 5 5 © B s (KfG)&glgﬁﬁﬁ(“f),k
urgical Fracture Parameters and ok ) OB (e B HIE 15
Fracture Toughness of Prassure H sk 2
$o * oy |7
Vessel Steels~R.AWullaert andD. Kic=6.130y GXP(G* 1)
R.Ireland , Battelle Memorial In— y
stitute ; A,8.Tetelman, UCLA
Effectes of Hyd.rog_en on the Mech— HME :A302, A542, EYS8O
anical Properties of Irradiated H, : Cathod Charge
Pressure Vesgel Steele-C.R.Bri— A ﬁ?%—jéﬂs H 10X BEAEEE L (H, 3 1zpmm)
nkman and J.i.Beeston,Idaho Nu— RNE
¢lear Corporation - Nilduetility Hydrogen Concentra—
tion after Irradiation=4~5 PPm
P
.
R.A. R‘%L—/
LN
> H,
.Evaluation on the Embrittlement [(Full-paper Available)
of Pressure Vessel Steels Trrad— JPDREH;0v, N1 o%hE,
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Sesgion 11
Chairman D,R,.HARRTES, United Kingdom
Atomic Research FRetablishment

Influence of Soms Metallurgical Varia-
vles on the Radiation Ddmage Seneiti~| g

vity of Pressurs Vessel Steslg — M.Br—
umovsky , 8koda Works , Flzen , Czechosl~

ovakia ,

Demonstratvion of Improved Radiation E—
mbrittlement Resistance of A533-B St— &
86l through Control of Selected Resi—
dual Elements— J .AHawthorne Naval
Research Laboratory .

e

744 _
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Neutron lrradiation Effects on Iron
Containing Al and N - N.Igata and R, o
R.Hasiguiti, Univereity of Tokyo ; H,
Yagl . Institute for Physical and Che-
mical Research ¢ U.Nishiiki , Onivers—
ity of Tokyoland K.Watanabe , J apan
Atomic Research Inetitute,

g, %A% Aluminum nitride *Ehn L
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B % e

The Effect of Fast Neutron Irradiaticn
on the Mechanical Properties of Some A
Quenched and Tempered Steele -- R,R,
Hosbons and B.LMotton , Atomic Energy
of Canada , Imd.

Impurity Conecentration (AISI403)
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Rapporteur: L.E.STHELE ,Naval Reeearch
Laboratory
Title! 8tructure and Composition Eff—
ect

on Irradjation Sensitivity
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ZRRE : Compoeition! cu , N, ¥Ni,
Structure ; B KE, HAZ
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Ci--Hawthorme, N...Igata,

Ni--.Kawasaki.

9:00a,m. Tuesday, 830 Junhe
THERMAL REACTOR MATERIALS
Session [
Chairman!W,R.THOMAS , A¥Omic Energy of

Carada, Litd .,

Neutron Dogimetry for Thermal Reactor
Radiation BEffects to Motal Applicati-
ons — J Motetf , University of Cineci-
mati; K. M, Barry and J. A, Corbett,

Westinghouse Blectriec Corporation,

BAREAEOBR

#ik LT ; Hastalloy: REHH 2 vV — 7
B OUVAR., BRERL 225> &N
7 ) -7 HE BEKRD

Reacbter
Effecte of Irradiation in a ThermaNon

the Tensile Propertiesof Fircaloy —2
Zircaloy ~4 , and Borated Stainiess Stesi—
C. I.Baroch. AV,Minim, and B. N. Har—
bineodn , Babeock and Wilcox Company

4ircalay —2iIndian Point Rexctor @
Chamnel %, ( 525 °F, 3x102l nvt)
—BROU 1 BT

Infiuence of Neutrom Spectrum and
Irradiation Temperature on the Eleva'bl—-
ad Temperature Embrittlement of Aust—
enitic Stainless Steel - M, Kangilaski
J. 8. Perrin, and R, A, Wullaert, Ba—

- ttelle Memorial Ilnstitute,

TH i EELT347847(+348)
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The Effect of Neutron Irradiation on 5 I HE R
the Mechenical Properties of Zirconi— A

um Fuel Cladding Alloys in Uniaxial
and Biaxial Tests — D, @, Hardy, At
omic Energy of Canada, Ltd,

Effects of Neutron Irradiation on the 5 IB&MR
Metallurgical Properties of Cold-Wor-] H
ked Zircaloy-z Pressure Tubes — W. T,
Langford, Atomic Bnergy of Canada
Lta .

The Influence of Weutron Irradiation s IHER
on the Dimensional Stability of Zi-— i
realoy—- 2, Stainleoss Steel and Nio—
kel — J. E Harbottle, Berkeley ILe—

boratories

2:00P ,m, Tuesday 30 June
FABT REACTOR MATERIALS Darages
Mechanisms
Segsion ¥
Co— Chairmen; J.R.BEELER, North
Carolina State University , and
R.BULLOUGH, United KinfSdom Ato-
mic Energy Authority

, o o ) no of Bubbles o a fRRE
Quantitative Transmisgion Electron Mi- 101 o Bubble it (% &

croscopy of He—Bubbles and Voide in =) 0N A EBRIR

Al and A1-A1,0, Alioys — E.Rued], '

EURATOM 7 :

0 500 1000 2000
Distance from the Edge of Foil

The Mechaniem and Kinetice of Void Gr 2HESE

owth during Neutron Irradiation-R. - B

Bullough and R.C.Perrin, United—
Kingdom Atomic Energy Authority
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Void Formation in Metals during Accel—
erator Irradiation — D. J. Mamey, J.iL,
Hudson , and R.S. Nelson United King-
dom Atomic Energy Authority

Ion Accelerator used fov Void Simila—

tion ExXperiment ; Ions

Heavy Ion Linear H. of, n7
Accelerator Fed3t Ni,
Cockeroft — walton N+, et Ni,
Van — de —Qraaff g, Het

V. E. Cyclotron g++

Void Formation in Stainlese etesl hy
Proton Irradiation — D, W, Kee fer H.
H. ¥eely J. ¢. Robinson, and D, Kr—

amer , Atomice International

1Mev proton irradiation ——=—
ngutron fluence Logsﬂf/af at500 C
BA 1 31668 T0il EZE(LKHEE
With 2 appm He

Irradiation Induced Bwelling in Auste—
nitic Btainless Steels— J,L.Straal-
sund , H. R. Brager,and J, J, Holmes ;
Battelle— Northwest Iaboratory

ar

e ) Kg B/r (88 + Swu 4+ Sa)

dt
@ ne density
B O

® eize of voi

Neutron Irradiated Metals — 8.D, Har—
imess and Che — Yu — Li , Argonne
National Iaboratoy

e
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® o &,‘a&
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& GQ? 4
b 2> ~
3 e
A Model for Void Formation in Fagt 2 TR

Some Observations on the Structure and
Tensile Properties of AIST Type 316
8teel as a Function of Fast Reactor
Irradiation Temperature — P.J.Barton
and P. R, B, Rigging United Kinggom
Atomic Energy Authority
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FAST REACTOR MATERIALS
S8welling Behavior
Session V
Chairman : J, MOTEFF, University of

Cincinnati

Neutron Dosimetry for Fast Reactor Ap—
Plications — W, N. McElroy and R. E.
Dahkl Jr, Battelle — Northwest Labor—
atory

Swoelling of Austenitic Stainless Stee—

idence and Design Considerations Rap—~
porteur ; J, R. WEIR, Oak Ridge Na—
tional Laboratory

1ls in Past Reactors— Experimental Bv—|. .-

2R

AGENDA DISCUSSION SESSION
Chairman:g Zwilski, U, 9. Atcmic Ene —
rgy Comiesion Rapporteur : T.T. Cla—
udson , Battelie Worthwest
Labvoratory TITLE; HOW DO WE SOLVE
THE VOID PROBLEM 7

2IHER

9:00 a,m, Wednesday , 1 July

FAST REACTOR MATERIALS
Properties
Session

Chairman ;H . BOHM, Gesellschaft fliy

Xernforschung

Neutron Fluence Limit Determinations
for FFTF Components — R.A. Moen (B—
MWL) J.C.Tobin (BNWL), and K.C.
Thomas (WAPD)
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Axlal PFatigne of Irradiated Austenitic

(Pull Paper — Available]

Steels at 500 and 600C — J. M. Bees—| 7 3 EHR
ton and C.R.Brinkman, Tdaho Nucisar
Corporation
The Effect of Fast Neutron Irradiation tHER
on the Structure and Propesrties of fm
Type 304 Stainless Stéel — E.L. Bloom
and J. O, -Stiegler, Oak Rj.dge Nation—]
al Laboratory
Uniaxial and Biaxial Creep- Rupture of 4 JE R
316 Stairless Steel after Fast Reac — A
Yor Irradiation — A,J. Lovell, and R,
W+ Barker,Battells— Northwest Labor—
atory
Effect of Irradiation on the Mechanic- Modified 18—8 88, (120 0~1400F) @
al Properties of 19-9DL Alloy — &, L. =) 7 — 7RE R, BEESREcEL T
Lowe , Jr, and0. J. Baroch, The Beb— 30488 X bt kv, ( Fluence — 1 X
cock and Wilcox Company 10%nvs )
Influence of Neutron Irradiation on the LESR
Creep— Rupture Properties of a 16/13 | &
CrNi— 8teel — K. Ehrlich , H ,Bdhrm,
and C.Wassilew, Gesellschaft flur
Kernforschung
The Effects of Helium on the High — Sandvik 12R 72 HV (@.1C), IN—744X
Temperature Ductility of Two New Sta-— A (0. 06C), 1X10™ %~ 25 x10~%atom fr—

inlese Steels — D, Kramer , K.R.Gary

C.G,Fhodes , and A,G,Pard, Atomice In—
ternatioﬁa.l (Fhodes — North American

Rockwell)

actionHe , 12R72HV { Z&EHe IKH
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The Mechaniem and Kinetice of Void Growth
During Newtron Irradiation
FHFRETOFRA VEEDOBKE - EHH

R, Birllough & R.C. Perrin (A.E.R.B,)

([ ABSTRACT )
4 theorefical model is presented which enables the swelling dus
to void growth to be ealculated. The model 1is particularly appropriate
to the study of the high swelling regime and the approach to
saturation. The basgic reagon for the void growth is attridbuted to the
gignificant drift interaction between the intrinsgic interestitials and
the dislocation sinkxs, This interaction has been included in either an
eZplicit epatial sense appropriate to the gituzation when the voide are
small, In this caso the flow procees is dominated by the cylindrical
geometry defined by the neighbourhood of sach dislocation and the next
point defect loss to the voids must be much lessg than the loss to the
dislocations, Alternatively at relatively high dosges when the voide are
large and the point defect loss to the voids is considerable we have
"agsumed the flow to be dominated by the epherical geometry definsd by
the neighbourhood of an indé%idual growing void, In this egituation the
dislocations have been /smeared out/ into a continuous distribution of
epPropriate point sinks and the preferential drift interaction beitween
the interstitials and the disglocations has been included by agsociating
an appropriately larger éapture croge—s8 ection between an interstitial

and dislocation eink than between a vacancy and dislocation sink,

The governing kinetic equationse for both these models havVe been
80lved with appropriate allowance for both recombination effecte at
relatively low temperatures and thermal equilibrium effects at high

temperatures,




The temperature dependence of the swelling znd ite dependense on dosse
rate , disloecation denesity and the recombination parameter will be
discussed. Analytic results for the kinetics of swelling at the peak
swelling temperatureec have been obtained and these , together with the
corresponding numerical results at other temperatures will be presented.
The dependence of these kinetice on bhoth satatic and transgignt

Variations of the disglocation density and void density will be

discussed and related to current eXpecrimental work on Nickel and

SBtainless steel,

&z 2 =)
[ \ Void dGrowth ¢
@ Void#%a gas in solid &
//// LTHE LB,
infinite @ Dislocation density %
cascade
point defect digtribution

CE &ML B,

(Governing Eguations )

ia 2 Aly
Dv[——f + —e - +K—“Rov01“DvaP10v=0
dr T r

gt C 2 doy
Dil: Pl |+K"“ CyCy =Dy 230403 =0
dr r ar

(1
(1
i

Cy ¢ concentration of Vacancy

C. ¢ concentration of interstitial

aty Fab’
= (ByCy — K Cy) — Ky 2 BXp[ 1
d+ i¥i Gy JBH-
dgv av
¢+ analyitic funetion of —
dg v
av

ChodHizk o T&Eﬁ%ﬁ%d)ﬁéiﬁza LTHFhT,
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4 Model for Void Formation in Faset

Neutron Irradiated Metals

N_

8.D.Harkness & Cho—Yu—Li(Af&ZL)
BHEPETFREAC L AEREPOF1 VEHOE T A

(&8 =)

Governing Equationsg

dv
=0=0—-gv, sink — R
dt .
di
—— =0=G— Qi #ink —-R
at
Mechanismg
Dislocation- dislocation annihilation
Dislocation— barrier interaction
Diglacation— void annihilation

by migration %o sinks

ent of point
ecte Gnnihilation

, e \\\\\\\_‘RBCOmbinatiOn
$SxCH T
&9
. heutron Expogsurse
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400C
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450C
00
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gwelling of Austenitic Stainless Steels
in Fagt Reactore —- Experimental Evidence®

and Design Considerations

J.R.Weir(ORNL)

(&g 2= ]
oV D(T) |n¢T)for px(pd n(Tg > n(T)
n(T) for2t- a (43) (T)for px(pd) n(T)for da(gt)
Temperature p:Void no Density |d:Void Diaweter
cc)

PNL OR ANL PNL 0 R PNL OR
3760 L1 8. 8 - 0: 8 6 7 ¢12 -
400 - - 1.2 - - 616 "
4740 1.8 iL.g - L. 4 L7 218 "
550 i 9 - - 15 - 0.18 "

—13—




AGBENDA DISCUSSION SESSION

% How to Solve the Void problem ?

® 31624 7AF vV AHORY =) ¥ IKERETHHMMTIOEE
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700 50 1100 1300 (o)
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AXial Fatigue of Irradiated Austenitic Stainless Stesls
Tested at Elevated Temperature.
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FIG 3-1

Fatigue Hourglass Shaped Specimen Details
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— Type 316 Stainless Steel, Heot No. 65808
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Figure 8—9; Effect of Irrcdi'oﬁon at 450°C on the Fatigue Life of Type 316 Stainless
Steel Tested at 600°C
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- Type 316 Stalnless Steel
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Figure 3—17 Summary of Fatigue Data Compared with Proposed Design Curve
for 18-8 Stainless Steel for 600 °C
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PIGURE 4—1. HOOP STRESS-STRAIN CURVE FOR 5.3 MM DIAMETER X 0.2 MM WALL AISI TYPE
316 STAINLESS STEEL TUBING SUBJECTED TO INTERNAL PRESSURE
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TABLE 4—I

CHEMICAL COMPOSITION OF AISI TYPE 316 STAINLESS STEELS
USED IN UNIAXIAL AND BIAXIAL CREEP-~RUPTURE STUDIES

Element

(a)
(b).

Specimen Typer
Uniaxial
(a) . (v)
0.057 0.052
1.80 1.72
0.02k  0.012
0.01k 0.020
0.36 0.38
13.39  13.55
i7.71 17.80
2.26 2.33
0.18 0.20
0.13 0.14
0.041
0.0k
0.003
0.026
0.005
0.0178,

Vendor Analysis

Independent. Analysis.

Biaxial

0.081

S 1.51

0.50
13.25

17.84

2.32
0.05

0.039
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Test
Tenp
°C

538
538
538
538
538
538

593
593
593
593
293

o

6o
6k9
659

760
760
760
T60

(a)

(o} -

(e)

(a).

UNIAXIAL CREEP-RUPTURE DATA FOR 316 STAINLESS STEEL TRRADIATED IN EBR-II

TABLE 4—1

TO 1.2 x 1022 n/cm? (TOTAL) AT ~ 900°F {(L82°¢)

True Init. Stress,ksi

Eng.
Stress

ksi. Trrad.
55 60.2
50 '53.0
b5 h7.1
Lo k1.1
36 36.7
30 30.5
L5 46.8
k0 40.6
36 36.6
30 30.2
26 26.1
30 30.3
28 28.1
25 25.1
22 22.1
17 17
15 15
12 12
10 10

All tests in inert gas.
Estimeted from creep curve.

Test stopped before rupture.

‘Extrapolated value.

Control

6.2
56.5
49.5
k3.1
38.1
30.6
50.0
43.3
38.k
31.3
26}7
31.1
28.8
25.5
22.2
17.1
15
12
10

Minimum'Creep Rate

(a)

Total % Elongation

x 102 (in/in/hr) Rupture Time, Hrs
Irrad. Control irrad. Control Irrad.
207.0 9.3 26.7 263 17.6
31.9 3.3 85.2 433 12.3
2h. 2 1.4/2.7  107.8 1032 .8
.3 0.8 1L0.6 2795 7(}
1.0 no.27  3673.5(¢)
0.1 ~0.06(8)  on Test
489.0 250.0 11.5 23 1k.1
68.6 L.h/3h.2 15,5 200 7.
23.2 n26.7 202.8 236 8.0
b7 ~5.2(8) s1ugg(c)
0.9 n1.5(8) o Test
8k.5 212.0 56.8 95
n42.8 9k.L A130 168 ~13(0)
25,0 63.8 262 375
10.1 15.9 800 1295 19 (2)
L8 878 9.3 28 ~8.8(®)
n222,0 460 /h12 20.1 T2 7.2
66 90.k 55.1 oL6 mh.B(b)
23,2 28.5 146.5 1050 5.3

Conuvrol

38.9
18.2
15.k
1k

v25.1
as
20.9

S0



TABLE 4—I

BIAXIAL STRESS-RUPTURE DATA TOR ATSI TYPE 316 STAINLESS STHEL

;E;; Hoop Stress, ksi Rupture Ductility Average Creep Rate
_°c Eng. Tr. Init. Time ,Hrs (AD/D %) X lOg in/in/hr
538 52.0 7.0 0.1 N.A. N.A.
538 51.0 62.0 6.0 17.0 117.
538 49.0 58.7 79. 21..0 46.8
538  18.0 56.7 55. 13,0 54.6
538 h2.0 L6.7 5k5. 13.0 10.1
538 38.0 14,8 1681. 8.7 2.56
649 38.5 L. 0 0.5 16.5 1120.
6Lo 31.5 33.0 5.8 6.2 ks50.
649 30.0 31.4 12, ‘5.8 225,
649 29.0 30.0 15, 8.6 370.
6o . 25.5 26.0 70 L.8 46,
649 23.5 2k.0 875. 13.0 127,
649 20.0 20.0 385. - 1.9 3.6
649 18.0 18.0 3470. 6.7 1.93
649 17.0 17.0 1230. 1k.3 115.
760 26.0 27.0 0.4 24,0 - 4350,
T60 19.8 20.0 6.8 19.2 - 2000.
760 18.0 18.0 10.0 15.0 ~1koo.
760 17.0 17.0 _ 16. 13.9 800.
760 13.9 3.9 k. 215 512,
760 9.6 9.6 300. o 9a 31.
760 6.5 6.5 1981. 9.6 4.8

—-36— .



TABLE 4—N

BIAXTAL STRESS-RUPIURE DATA FOR AISI YPE 316 STAINLESS SIEEL
IRRADIAYTED IN EBR-IT TO 1.2 x 1022 n/om? (POTAL) AT ~ 500°F (hB2°C)

3222 Eng. Hoop * . Rupture | Ductility Average Creep Rate
°c Stress, ksi Time, Hrs (ap/D, %) x 102 __in/in/hr
538 58.3 0.1 3.3 -
538 5&.0 . 2.2 | N.A. N.A.
538 50,0 L. h.é ' 1000.
538 56.0 9.6 3.8 - 3971.
538 149.0 29. N.A. N.A.
538 | 46.0 22. ' 2.9 132.
538 | Lo.0 1k0. 1.0 ¢ ', 0.
6l 36.0 | 0.6 9.7 9Tk,
649 : 36.0 | 2.1 1.9 905.
649 30.0 32. 2.k 5.
649 | - 25.2 - 20. 0.5 25.
6L 23.5 T0. 1.9 27.
619 © 18.0 139. 5.7 | 7.7
649 116.0 820. 0.9' 1.0
760 23.5 0.3 N.A. N-A.
760 17.5 - 1.k N.A. N.A.
- 760 12.0 8.2 5.3 : 6&6;
'760 7.8 330. . 5.3 16,

% Engineering and true stress assumed to be the same for irradiated tubes.

—37~



-
sna=y AESEROBEHER

CANDU~PHW B F7F O 44 TR LigilmT

ZIRCALOY—2 FHEOWLSHIEH

W,J7. Langford, Atomic Energy of Canada, Ltd

&%/ — b}
1. BREKE
EFED HOOP STRESS Tomp vt
(ksi)
1) NPD i240 105 252 1.2x1 02
~273C
{2) NPD 1240 105
(8 Douglas Pt Tube 458 14.0
{4 Pickering 148 135~16.9
(5 NPU 50 17.2
{(Loop 1~5)
1) HEFHE
Burst Test with slit (UKABA(Nichold ) Method)
@ REFHR
~
o
W
4
St
w0
@ 40
b
mw 30T
Q
@
;u
-1 20.1
-
o
=
11

I { { , . i .
) 1 2 3 4
—= 81it Length (in)

{(log)

Fig 5 —1 Post—irradiation Fracture Toughness



3. Oxidation
O0xidation Thickness in EXperiment ~ 14 microns

Estimated Oxidation Thickness 200 microns
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