
m a..y 1 w =n, m
. . , -

~ 1.. . , _ 8,..,,
-

,,. . - ,

~, r.&. 4
.

g) s a ; ,

, ,.,-x : o- . .
,

-
,t 34 _

,
, , , , ,

5
'* ,

# " Ay. g

' Myr ',,,k- y -
.y. '. ~#.; - G.. _: ..J- . . % [5hMS$8 ' * " I M i . . q. ',

",' ' .% ; - :^_ T ,; %"*. *

'
4, + + -

6

.,p- .

m ,
< ,,... -

r : .,; ; , ;(w;y " , y ,

,t ~g_- -
, , - . r - n , < 31

~ ',; j.m es ,
.- ,; ., n - g 1.- .

s y p < ,

; e J D;y. +- %; p, | _b d /
, _

4,
.t, .d hW

j

m[m_y% :|. .'
*a ' 4 1

-

< -'- ; 3; b. ,
,

, . . . ,_c , ,, ,- 4y u s .

-,1
* ~, ' t;' '' <

-./'+
'

>

A
,

p ,y
-7 ,,,, > \ . 11 J

".;$

w" , : M . ,n.
w

.e
*

+- Y s- % 3 a

e m' ~

N.unsa/cmem ,
.

r ,
't

'"

.?c h,%

y a';m, 4>;'*a-
+:e

n t.:
D -t.; ,.,.nL;* # .:<= .t t

c,

-

c- . m. .- . m
'

- - - - u in %~.. . o t
- - w ,

e+ ~ .< ,w x,; =x . - q m- o WNat me r d = ne, rt 4es4 ,,, .

. v- -
s c

, . w! % g -

,. ,

' '

f ., :
'

.

A k W
,

,y y V-,I' , . , '''
y % ,.

P (#-
9

-

'

e .- f %"'5-
i , .

ap | 6

q u- 'N*, #. ' ' '3

k. y
g

o
',

'.'.,ey" #

< ,.,.: ,
4

r u...,y. ,

f,yp
f )b "

|
#'

A
) d"

$
g -)'' ?',,'# 1

sE
M'

|
'

, g
i #7 y

' '
,

'

,l

1
~

_9..,3 ., "+ , '

-
,

5 g;- , e r
,

[ #',
e >

* '''#9 * g.
s s

'.-' .k 1k _ g #- 1

.,. y ;. s - ..[- ,
3 ' ; _./ )

e ,C,'yi .- . . .

- ,
. - - }m '. 8

,Q''gE y '
'

. -J/ ,. !, "*I. J:g ( F

7
,

(StructairaLIntegritylofTWaterJReactorf '
' ~ '

e,..
.n c . ~ . o*n . . .~. . .., .. . . . . . _,

Q ' Q , |fpeSSurefBOUDdarydCOmpOnentSQ Ji f ,

'
. s; ; ~ -

,

- ~ nm ~, y mr~ m >
, ,,

4, 9 W : TQuarterlyLProgress Report?Xp'ril-June 1979[ - y mi -
'

. ,

:~ ., "~- w
, p;.g ,;;;, n o ,' m ,e : ,x . .. , - ~ w w +. . .

- -
.

,

y . .
'

, , -/
-, .- +

t 4
^ ~ ' ' ' t *

.c- , w; , .
-pmo.

, ,

y
< a , g j yj%, s., c

(
.

,
.x .u :

- 9p. , - . ,
- . - , - s ,. - _ .m . <

s . m ;
, >=. e, - + 4, , .,

_- , . ,- , .
, %n, m, , , .

'

3s> _

. W. , Ther&iidrdSNs.Branchi
- '

' '
" ' . j '*,

" . -
"

,,.. .

.Q %p- aterlat science and TechnologyDMsion : - 7, ,,, , ,
- s, < . ,

.. - .
w. ~

s
> - , ,- ,- ,, ; . .

.

y 3 _

t
,

-$ r?h.| ' -

f 4, s g. *

, .
-- .s .n.

c. . s % $ * y#.
.

-

; .a.

. -
,

h k, .
*^ t% ,

,.,_
I

as w<
..f|t ,,. . ._

y 3 3u,
e

. s ,, .
, c

,
s ..

"

" ' " , ,
. , ,.,

- .,, ,
.

' - *

+ y .r.. c3 .,.,1.. . _ , , ;, r -. ... . , #
,

,a. .
.

~ .,

> -
. y

''

,. . ; . s
'v,. .p.~,

,?
- _2

Y .s..
,

4 *'' * ',
Y * ~L y s !

. , . , ~,
-

, ,

4 8 E

. .
e, r :

-,

t' _ 7. , n, +. . ; - w
-. ,

,

x -- " . ,
>m - /~..; ,

. , ,..

e . " ...p
-.

.,
*

. s y > > ".. *~ ~
3

m: . W-
- c,('

m e
s' September 28/19793 - | |.

'r. m .t -

%,- s s 4 "
a,~, s ,- . q'g

~ ~
y

i-G:, 4
..1; -

*^R ._
.c ' 4 4

~ - -
' - i ~

..,'Al
i.

. ** 2

_m
,'%

,f _.'y|
y .

. - , , , ..x !. -

a ps - < *
, e '~r'

s..s.e'.',~.m'.--,; s' \
-

.)
4

', ,.-|
5 ~ ,, ' 'y ',t'y f.- /- u .

.

*.

r._
:

-.~ -

8 ,.
,

a. - c..z .

' - '. , ~_ g;.6.-.y j ,

, $' ; *g' A* . , -

g

u . ~,
<

\ "

., , , . .
.' .; \

s 4 Y . , . , t .'',|, % Q S

f, .\ F ~ j ' " r'' '' 4 * * '
' ,

, y-
< , r\ }

, -
* ' ''

,

''

'''' y ' " k

<; . _ ,
#

- . -
ey,.t #' .

n ( [.-| 1 ,
. .- , .

~ ' , , , , , .~ . , . * ~ M _.t,

-, .. ?
'e y < >a

-
'

# ' ' _ ' . s , g, ,' . 7 <

+,

,,n,.. ,'To;iv,*
P

y ,s
'*.r1,4

.

~

,.~t, ' .- )
h ., ,.. . , - < .,.

.~5-' vs, r.g
u;.3 ,,; ,

w z :. , s:w ;* ,. % .4;,.y.w . -3 j ,.t.
.

+_ s +
-

, ,

.,

- , , -

, , . , . .~.. . /.<
'r. & *

-

,
~ "

n.
Y . < f r

s c-. m > <
,F,; 705.- u~:

- - : '-v . .
+, , ,. .

. #
,

t - m' .
.e,

.

".4.-.' e
,

'' ry' (,' 1 -

,
a"A T-

,#
. w '' ' 4

q , . , ,

y , e. . -
~ m- ..

m. .
.

4 s (,% . . . * . .j [ z
t. . , , . < l

.M~D' " R, '. , _ %.''{Prepar6d for U.SyNuclear Regulatory Commission 5 - ",., , .

y . '/.. 1
,,

/ - s
% * . . - . . . . ,w '- -.,~p' i - , , . , ,

*
.

t
~

y .
$ '

< ~ 3, 3,. ,[~.- .- ; , ' , ' Q;. , ,' n ; . y_ -.

~,
(Qg .

-t

r

,__
_

; m . . us c
. a u*

.

m ,.. * -;; . * V,

< 1 ? % '+ e
;' W - ,, $7 - _ mi. ; f, ' ' , , ' ,

m66- ;
5' % ! ' n'

. v,',' , .e m g=,,

'

- _ &, t - , ,
+

_ #
s

+y-+ A u;+
' _k

' O 4 , b
-

S , ,&'

g
*

: -- , .

e u.. - , >
, ,-s .

e
. :.' .

O$':y- * '_,..,''.'W~
, ,

.

<.w
,

' , ,+ '' i* U "

*3.,,,.

. < r a~"
r

- .,
-

,

t
..

g yep * g ;, . _ ,<

. +~s. m-
4 , . - m

- ues _ . . o.-- - ...
- , .

- ., . . .

w
-

I -

*
.

. n'. - - - ' ,w<. 'n',~,'a"- +- -!~.. ,iJ - e,v J ;n '.',,:r
:

-

. e < <p,?c
r % s ".s,p: w, . :.~, ww $ % . , , . . 'r

>< ,.-)
mm, L - 9. 3~ ~. % 7 |S :' .}%w

~
, N,. %. ,K ,E, '. '

,
'

t
,

1

~y ^ * ~ .o~ a

, ? ' '' ' _ ) ,_1.~|
:s

Y '. *|'
.

*
, ,.

, _
s-s _-.

_ ,m_

.* = w*
+.

v.s , t .--4.r , - . ., *s. -
-3 -

g,,
,4 . . y +

-
J~. i .

.

., ><s ,

- . .. n .n , > 1n -
,

r m, c-_ ~~,p,. w - . . - .w,+ ,
' 1

; . . ' " .& ; . _f ,
- n 2 - = .

,
's' '". :q i

e a' ~ I Y:'

,: M' . t w ' ' ' f.w%|' & ''Q ~. 4 -. Y' _ yE ;

m, , " ' - p' ~ _ > - wm
;

/u
'

i. , ,m, -. a . w. s % < s1 ,4
e-. _ . .. .m. . o,. . y

-
i.

a Lt 4 .
s, #- - ga

, ,
-

<v
4 _.,- ,,y

-

; s . , ,
- = .'

+-w e a r

= > . .m. ,

,

.ng~'. ..;....,. , - , . ,, ,

y s
x'

. . %& -

:: ,p,si,,4 .' , , . , - '_. ,>
, ys,.ea,,~ _,

p p ; ,.- '
- - . ^

t 'B:t -:y' ; * ,.1 ,. ..:

|14},. ,
s :s r ,.s -

a

~|'W ''
- .

.,-N
~

- 2' - <9 M ..* . . ,

'
' ' '

'&n L.

M.W|X ?|dM?Q ' F; W. . .: in ' ENAVAL RESEARCH LABORATORY 4
-

L . ,

- :

M.a . ~ .. , ~ . . .

.
. . : ~

I

'

en _ - .

'W "- 4'a Q~@, ~W. . y V .x Q.WanMagten, D.CQ + f.. ~ .

=s ;~ : ~ ;+. am

,' ^'

r ~

- m.;, s- ;wa s mHy';<l
, .M - S,U ',,1-

%
, s ax +

.
" ,' ' me

,.m -

L,wL ~y ,, , zw-~ * *' .

, , .,
aw. . - -' i ' ny-.

'

ya+ * ''' n
'.Ih 7

"*%3 ~ ~,# e'M.;,.M E:$. .t. '

a . -

J'' E^ _.a y ' | ,,4
"

.M.-(,", s
< 2

"

i

,sh m!g '. ,*. w, -; - ,+ -'

m 3

f

.J f. ,
.

*
< : ) - N '?.. ' ~- A

.

_ ,-;, - 1. a Y
- .U ! *Y'* -

n., 'm. .h . . : .,-_.
.u). '',h- ' . , ' ~; b L 3

' '

. m ~~e 3

'd*

<o
- s

, ,
:M~"e. r,i ,,

[). i; < a q
' . .$ .. ,

,

p h ?. .~ |Bf M' ' '_''.- , ~ '
y..

'
i ' 'I b

.

-N,,,)f N[ - 4 ->d'
* 5

-.}M M.
-- 'r

M'' ' ["liI
**,,'% [ ,

p
~

'," '''[', i ' _ ' .-

#

" f, < ~',."N'?,
#'''

'l b . s ;v ,_

- w~ % ,
.

.m.. . :.s ,j ? , g
u,, z

Y vgd 5 Y
.

= * ., ,-
^

r, * -
. O t y.

.. : v: ~ .g a ; . v n y. ; ' . ' w a. -. ' ,/,- ,,2 ar - - ~ ; 'u _ , .' g - saa
~ x n _. ~ 1

m

r. - n nn ~i
. ;-j+ pr y 1

- ,ip i
E

_

.*#' * ;,
,_ v . - *- .,, - J'

A
,%,i ' , y

,' ( , ,wT ,7' _4,_(i'9 * ,g

m., .s
-

E.
+.7

* *
~:2 m~, ~ I P.n.

. s . > m..
,

n . u,. _ .-n.
.. ~.s. ~> . , . . . , . _; ,_ " > > , ;, .. > , < su:

'_ d . "a* * ' ' 19 i , a
I

a

dr
r

4
;'u ,~.

d
'

$. W- ~, -- ."
r

- ,---
,

-[-~ p 4 #*k1 ,'- #,f ~'p

,. "p r )3%' ?"1'
' ' "5 s' 1.s 5 ''V'.

. "s'"#' . P- 3-Q'.' .,r

'

.,
'

g.f y,'

,

:'s',.e% 'J[ 'e |d y , * e '

- -- -g y.3,a p; * zg a,g ,-. t. y e 1



L.w/ w, 4%m,Ls*)w";,
x,. !W) :%, y.[h' a.M ':

WM~, n a. ym%W~.ss & M~ o%m W %|s r &w; d '. m @ m . sa w Lj:
*E cmu&w c m. +, ,ma,1 .n. n~ w- ~N f

w m::w
+ g,em + e< ~ n [u w% ,~_g u

= ; - >< .

m'.'. h
ra .:- .

,"$ t + .. . .a
-

,. W ,*vA., ' . -i Qn r m ,,? y ,p%-^
w " - "< 4 >ey.

-~ q' , , k :' [y;s S H;, .j i h:g 1>+ . ~ %n . ey
.p.gf . , q~ w '

.qi+ ,- gi y ;33' m . ^< - - -gN: f:.i,y;_ m@L. . .,.n%p /,=d:n , <

"M ;%., +_g,y n n ,~ ,n @., ;p , m.w. .r,e'w a ~m -g'y!r<43 ' - w y$y&y y
m e . . - .._

'

.

m.g. .>a# ,4;. A,, r m %e.>u w M1,e
. %. - . ,?(4 ,4 #y-ww w w ~ 2 f.'.. , Y% y;I _ f , 2 a . . .v. c

.

,f,'
x :. 4

.v /s -
c

,

m~c
,sc n s ~ -ca

g
.I

' :.:.,.1,,
_ , k~p n%.- , .,,v:

..

_kt , . . # ,r .,,* ,.x a p. m %- m....nr,,

wp, ng s s - _ , _ r3n..''' n ~ u q ,.,p4.~.,--(i
,,g'[m+ ,, f

w
. -

?' 5 , .- _. .
., 4 _ , ~. .a

5 - .f,..
-

-,f4.' i ,,, \ ..!.'v,
4

5
_ .

v .. .
g M

g .r .r,4 f -
g. f . , .

*, ,

b , -

k

r ... .a, :v y ;. ,,~
_

m+ :u y' m,.
c

u. m . p--.x >
-

..c% : w. .n y a
.> *s < x ?. -r . ?? e. 8 >w n , , ,ag. < < p~;.3,.r

- .n' " . e<,

'# 4~
. - ~ .- .

~a. y u - *
, , ~. ,

.(M. YDy.< A,. {-%./m#'h W'sx+ N 'M * '+~D
+ n m, -- n q. - ~ e 2

* Z.- [ 2.1
y .

. Q [~f-W "O ' ,
w.e - .. E;) p m e

-

.<

-~ U ?,, _ x' 'a" ' ~
_

e'*'
. y

# # .- *x $# , g ~. 4.0 i3 p'
~ , ;q'' r,Cq '.? ' " ,'p e

g-- - A 3 %^ :;y ,

t^J.,.,. f,.gg - :- ~n,, - g ,'
.&, ,: y ,..

sh - ) # Gy
4)-.Q-

y
- "

s

._yz
~

p. ~
,.~ 4''n ,m.? ' -^ js . . hT|F[=j i

v i : - w 'h%. m- :4. , " , . ,r, G b C_ I D . &

.% |y_ :, z's *L R. . p' V f'.a .j y g s- Q., , w,m*o
'

, . - ~,q. -. -
'

~ . -. n s
.

, y. sn
' j ;,QQ Wd ~ , w'. p : _ y j.j. .f~4RJ

i
.

M% N JL ' T f| X '
' 's a, + ;'; ? c

s *[' p.j / g 'on- , g-

r a, w_ t. z .4 _w! i remynnw.ma -n - '

- hm ~ ~ , s'w n' . *

inc: x~ nm r 7, e , o x r,,,,..w - m a
SMnp.?pg&pSW j& ,, r

n
| W&mq&:W* ..%~}Q U 4 c. M

.

'EU. . ..M " ,. ',C 'w$~.! .- My n ,,aLu m mmL* mn ; ~ ;- - ' n - r,+.

v0.%%Q: ". -j. .W.
w w ;_

6, y:~'jy : mT' [ ' t% . _7.; '' ~
f z %m +%w., M n

' a J&g <73R
q- gy n ._ ,; m

w_ . s
s-

- _4:
, . . ,, ..

o a s , >sse- .f w
- . . ~

r y3 ox m%_,;3 / ~e g. , , - , , ~, - :,4+w%. . -

,f ,, K c. . :. s.f;b , m

e,. . , s,
,

f [q,,I, ; a ry
. , ,

.

%, .y y - 4,.,y ' . - p* t. g ge;, - - $
'

i

L s y .r.4
- .%.. ) x..,A

f Q ) ..,
'-

3

.#y ,
r,

ya , ep g, 3" . - _
"c. . ,'.- *r ~ f.

1.
, . . <_ y

a,9. 8p3. -

.t , , F%.m y" l-

w .- e y > w _ ; c. 3.:3 3 3 n, +. 7
m . -

,
.-

v2 0g
, ,..'t,*; . _ey 7 , ,J 3..n, . -

~;o,a > <.3.y .x.fe7 8

g >

%n n&; ,. . y .,e....;m W ~.p' ,~,.\.:.
v

.
-

e ,Qas C .c. . . c,

m ag
.~w mpy , y' .n('p ;.+ s

'd- ~
.A.'-

?h i w .
,g- ; n.;

'', - - s y:w;; 3 , . , ., s s

~7
,

1

,- . , m, _ 'v- + =.,,,.e.- 9 <,. - m.-; . ,
-

u,: t g...n <, , . , .- gy
,g, ", s ;s

~;_ s .: m-
.

p. w .p q,
.

.g t
>

w a g 3,:w _
,' yMr -

> -. .g w v,w ,w ,. . r,an. ~y w :g;!y w . , . o<%m, _r j y t W-
< ;- a , i m;-p qf_ .7 , .. s n3 .W.

, s ,a .W,"~ (f ; c
F. b*

d y .W. , b./e ,i - -
.n

y,,. c
a n;;+ ,

y..ghg s. ., y. , r ~, , y Ny p a- .., , ~.- ..~~ - .' h ;" u_, n. a ;- ma +..
< y - m. , . u s

x : m"n,, " ,I'-:
. c<

w- -hye, or s s
9

.

;" a s .m , , ~w'<^
.-

* ' '

.,
a.s. rr:.,j a >' y~ i .v, %. . , ,r' r. .j ,t ..m9J . w<x'. ,. :

w

f, , _ ~ .~ ' '-. a. C~, ,.'a <. .

~ _-, , ~ . ' _ ~ .
%

-

e ._ e, w

. , )s.,Q v S e _. :M t.e'
1~

,,r~~,. 7
m.. _ y;, ' " **' ,

..,. ' , . ' :,y | v
, ,

L ? M_r. M - % - fU+ . .y m _ %
- e*

Q' w%' M.
-

sc--' :a : k ' y % ,._ ,

.
- ~' o'sy-

,r

q7 r
n.- . s, *

>,

-- w'
~ ,

..?s, s i e , p_s: T *c .v;x -p ,. p. nsn
.: .ms .. <
%.3., J. n . ,?.},,<fyjgg.s. . g gyyggMy % j y# %g4 gg

-%,u. , .3m m. m ,s
. + -e, 2, x

- w m @-w. .. . f..,9 . ,w, - -t. . u- y a.
y # - ,~ , ,

g...
-u1 4 +- p

=.,g ; ( s
, ., : , y 7,

,

Rjy [ g g/
a n

;n. em . c.: . x e.3 ,m. . - y, >~, s- -

,..~ ;.P e
- , n x . - . . ,, b:.-

-

n , s. - . . .. .- ,-

+. + . . a - n -

n o,. ~ ,,7,; ?g.a y".f + a jp y + e zf. c ,p # m,aa. ,.,,

2 e s -: , . - ~ . -. # -

Sf WIhis[reportAwaspepared;as; an]accountfofnwork ?p--edf,asQpg
-

i. r~ rms . .

% Z.M.L@m- sM@y gn
m y-m ,

3byjanlageneyiof ti.ejUnited(StatesfGovernment.$Neitherithe? Q~ %,VM 1 t,

, 4R ' f Q jp y @fnited18tates; Governments norg.any; agency thereof,9or(anyG l4

g W%gjQWA u fo 1

W J p? 26?WLN R(orf|theirjemployeeshmakesfanylwarranty,; expressed |or= Implied,(DQ; 9assumes; any; legallliability f orf responsibilityjfor/ any; third n
bW fj A ~,, @ M partyEuse,(6r4theiresultssoffsuch':use,ioff anyjinformation,\ QJC
([$%@M 4g < Q 4 Othatsitsjuse; byisuoNthird partyiwould inot; infringe (privatelyJ 1 NW@MM J A 4 M T happaratnj product |or processdisclosedin this rem orrepresentsj

;

$49,.R MAfgM f owned rights.p A y W' J, , % ~ < ~ WC ' ' w+w ~ ,. - , -

"
. . . . u. . :n. . . gw . .-,sm.mm s% c

-

, .,r ,g' s ,. .c .

,v-,

;" N. . ' . jQ+.9 C 2 o~f. _ . r; e A:* W,y @cAN'a
? y 'k

'' ., 1

?_ h ,, J , $ f.
11 . , ,

#;

-.,, 1 f., A ,; 5 + N }".$'' y
<

. \ {| f N:;f, .W
- y. v.

, ' + y ,
', ? & h..p

a . .-)-.-
5 ' r,g; . ;a

.

*
,- W -g. T@'$' 3.; - 4 ' ,. ,

' 1*

f , ;,, M*s ,,

4 : ;c , ; . :s

[ ^* 's , - an[W' .r q.
e '

1", h. '9 "
w. m

*
3

,
v.a

s1,
- +'~-*

~3 ; - ,;, w.,>- n m. u,' $2N}.s*
; p' ji - 'P''"

jd_ %C

eM N 'f, |+ ','t]c t''v ,[ e ''n,
- j - s

.

p w".. . ' ' . . -
. ' . . . ' '

h. . / , GN:s
c

e,S.Gm-.,--f,+. .. 1
,3 ..g ; r;# e >5 m, ewc u

3- c=,,.3 m g.n.' u a ms- . 7n y.4 - > :.
r 4 .p 4 .Ti y .+. es - - ..m. g;-

k%' DbI,d Mc,iareInOf M 8Fk([ h 6
.

a '? 9 ' W N P M.
;

lofThe,U. S.!Nue_ lear, Regulator;y Commission.) * D'; 5 4- -
gA #"

, ny n
s gs .,r I

. ~ .
_- . . w-

m y y - w- ~. . f _"?
-. m2 ~ - , - c m, .

n , - , , .
.m

'

7 . , .,
.

> .#; y .o r. *
.,

4 j =, ' " - -.,:-v (

,i
y

i j p,-
d,f.-I*. Nf'j' T

,,..."4,.''F q.i g; . ' *+O h'; - '3. h" f -4 b u'

y,''/'', raa ~ ~,

P 4 .- j*
t-,G..f

- ,._,,g
s

m i-r4 y';mee . " ' -j ,., 3 " e. s e m L d ~~ ) e

,g
. a ~

-3 . g;c
+?_

.~ . , ,'#"
,. ) 3

y
'9 - - ,'Q h ,..-G;,.-,'r*>A~%h...g .C'

'

4ir y v.n y
, . y

r

, Afd;i f'.p,.--
a- ,y7

1

.? <, fy
Ny'--Y'. ,

.yhh ?, % M P: y :n ,,,-y 4 4. /
* f i "_, 4' ': :'. ~ ' o'M ,Let4--

n

f

'<

- ,
-2p'i }',,

, i , _ s
3 g up g 9 _= - T j.V- ,;f. =y,b.- v

c. s

,
hy.,'

: p-
' ' gj

--

-

_Y ;g! .
,

y Ms. ,m.q.- ;g ':.,_.L
. - :f J

?m. ~.; 5, _. ~ , -
~;wo , , n.,, , < ye

e m r +w.. w ._ A m.:y
.. c . . n ~ ,

n,, .3 , p o: .-
-

)~
.

:
-

r. o. c_ .

.
A. -

-*r ..;. t& .

b. 94, - %< .- t ,. h hT. C .J. 4% # ' #
.j-5 k6/* x' p s'k k, % 4 , '

y4 x
- =

%'v ,~e
- ,;w 3 -4 r; h; .t m,

> - my ' ~, r;g-#gu _ .x n ,, .m :
, n:2^JA QQW, j%.e, <

s.

s ~ ,h t , ~ / ' W+ 8 * * Aiw+ . ,i, e4 ,'~_.,s._* ,,...i. .
e

.- .- -

+
- ... .vr:; L M,v , .. . . ,. i ,, , . n

. ;'' *,
m ,,.n. - v~

-

si t.
, %, . , u .- m

t a ,, =*
,_ 4 .- x . ms +

9.- p

e. u. '*- 7' yf 4, ,y-nh .- '
2,3

e.i,,'d'' ' ' ' ' 'v,. wn. ,p: ......m.
. /

e %. ,. , .< s. y , c%u'
v

fe >-- n. , ,y v u-h,.t , r,r, . .r ; ~ + a ,
s , . .

, , . -.#|
#.

w (,_[',
' ' ' v - e s s

,ei
'

4,'[gE. yy' gj

"W'
;

g,' g

r .

'[', d [P ,[,- ( .,,4 ,,I
,%,,,_ _ , .,I

,

N.
-

.

D' '

3

,Y ' ?' . n

- J a
.ge, 4. ' y .ph *s. #%. .'

~. I r .,
M j " - .M''"i - - "[.

-
'

'[ w.g

b_h'
* , 4,";O 'gbk?*g

,' * , 'j . r '4'

$ n > e g ,'' s . % v,-';;.c

, g.

,', l '.;7
a h't '' ' .
*; '

. '-
y

" . ":V L . % i 3 f S| p}_ .-
,-z'. h . g s

,.b ~ *:' * W |' . r 9.2 g
A.-2's ...~b *.': n .

..
r s., ,

vs .. .~e i:.: . k:1, y "* Gy? '*~

*). #[ p ' > -: p. . 7,'
-'

;:1
'' e L

, g g h
, .e

^

jf *
'

'

;
,

y ,

d4 " i NE@OMd4C VNadinaITechnical~Information'SErvicC 8 , 2M%
/hyU >[]h@ %ff h $ , 34 SpringfieldfVirginiaT22181%s.

"

* 'R^ 9
m[' .{M.

4

, . A. _ , , :
m!%.:Y'.- s . .&: G. . -

. #,,. --

,~ _ . s ,.m;'| 6 .' x.,Q;
~

+ e' 4 _' m,
_

> * ,| + ,3.t g . %se.n,4
.

4>

. s, I. 7 ', w' i,
q.

' n,s .g. ! - an 3,Jr,
...a'g .z, :: , .

n
-

t -
-

< 1.& + . -./ .,

e.c-
- ?. n, ,.

,

1+u. P'
i

- W
_.y c8'.,k,.c, 7{ / .( v[i -

.-y .

') 4,N T *r..,. *[d" = - . .
-

t'

4

-
]' .1

,,. ,3--t,
c

d'- -. g

/ .c, .k. ,,,)., . j 4' . 4.
,3'. cyA' r/ .-, 6

% y
a _T

,- s3 y ^ ,je g m

% s s, ~ Q,' S }Mc s . a)m' . . , w;. s.

P . 'a y -
m.

.

nQ . e' f Y
D t' f

'~g'' _]J_ 5 '__?
, j ,_#W. * '

. f t . Q.f p . :
, , , . ,

s.Y Q - fh T ?w'.
>

f,r ,+ ,

^ . , , '
< 'd '' s~.R:'r u

%
.^%..

-+n e
c

. :S[e[ L ' q " ' [ h [ #

.* . . ,|M #.C
,

,,x p3 'p m . , e , e , ,. ..
_ g_ . ,

.g>gg' n ,'q. m ,.g,y :. f. ..s*f' w w(fk' ja.c - rg,s m v ,. . q . m. .a.J' 'y 'r
' ^

, 7 kK '' ' ,'
'

'n '-
'

..we
.

sp t

|<QL_;; ,i. ;Qy |, ,,2 ._ * f.L 'y- :% gg<% __~: _ '.
h., |[_c .n

Q..
- ~ ? >

w.m. ,, .w4~, . ,I,.'w # . ,94 ;7 r .

Ws - N ~

''
e . . . . , -

c' a.r

4 [ w'4-Q ' N .a . 9 'o[/ * h''r * Mh .", .}i|'
~

,
F -*s'i ~ "*f.

7 "w Ur ''' " ~
.

DWs ~Q %_ { !_ '
. i f J!L,

,o, n, - , ;c . L
,

s M k|* ' %' ' g ,' -;. -. e .[hQ' ['p+ u. .
g s.,a, ,s m, .m% - : u .s - w ~,2 m. ij a

yyMr ., G" i tQ Q; y'"*-i4 f 5w.y.Q3; pf Q pfyy. ,-g;"hi\' . MC
'

fq_
'|'W,

+ , , ,,
rl'' y'

-

f'-r,
W' ' # .f *y'p

, ~u -

' ' ' ~ - V uw'A_s',,.___ M'

p' e

,^'c'.+ '., _ ~ , . ,

.[' e[i
W% , I' 'W ,

4 #
,

..M
%'

.'

# j- .{ '
L* '[''p,Q. e # fhyg.

,' .\

''f. Q^jj#'I,'

"

y -7 'L n ^m,%4

[#"
>- g

J^ ,3 Q''
>b* * ? eM* ' d

.
. s e x,, - y y. s .. . ,

> NN ! '- #. U$U L ', . t $ ;m N7: N/!C*

Q " Q G ["
,F c

, , 'q..
- e

-
, ,.

,
,

.L2. n% .a. p @:e. h
,r

.. + w *> 4.- %n .. ~ . m&^ r ? 7 ' " e. % i.,
+ ~ _ =e., ~ ,' -

M::
" . . . ;

%-- , y, a

~ ;, v n','=a -sA 'L, G 4cO , ~%- e-a .,p - - w &. -c .,t.~,.

.

-- 4
r

c w. x0;7.a
k. . . tQ (;q&W?

~ < %y 7 .

h.8. m, .N N b:W - y%
: , .wh O- ,

m m|.u. .W"u
- ~.s+- r ~, , - stw u

'''

4+.Y . . . . .p s .,,m..h]. . ,h Y
^ W. & cpq , .-g,e: f.i - *'s v.~ :

. , . e. - w .
-

( ~_
s. < u ,

..m .e3n , . . , %g. ~ - y..q. a . m. e , . - f y .,w. :. . . ,, eI-i.; y #p,.-wws.%.y.h, . s. .
4"12%;r . . . 4 y ;

, g ,' ssr~. s c t.g % , 3 , 7- m. -

.- gm .;.;.

yv 3 _;s y>p
7, .4 x y,,'.;<, -, ,n g;g

A L *
t ,_

f j iA-
;y( m _ ;. .y_

b J g F f j''; _ ,.,.; [ # ( .*
w

5
h*

,
f I '[',#,._- Di'bpF [

_

,s' . + [ jt'J.' 'd"h. 9$'a}b{g5' % '* f;pgj_7

W @N ^? ?;C'w' . ; . , D "Y ; ' - E -+w %.LM gr;./!<(''
-

^t .[:/i E

' 's ' ' J ' N[-i% n:f "? ''*g ., j (j :|%'|'#'?;. ' Y '
y,

4'W':8;;Y .'.
'M

CW) . ::
i % gM' ',' Q 5 3$. ' 9 N** ^ 'h %

''F : '& f f
.z. s-

- f |:|:~.' ' " ',.' _ j ! *
]

g p,,

e.a-y;y , %* '.$ D.u, w 7'- i n_ . , '

e ~ - w LGM7+" y f 4 s Q t
Q, 'i:n -- - < , _ , y; v:: ' .' - $

- -, m . .W (4 , - # 'a a3,

M.w %.- W y., -
f. - . j V + ~ L +*:59-3 ,.q - g '-

.. 3 4 - ' a rt
-

, ,' ?:y.u a

e<:-p : ,- ; n g.m, > < ./,
,

| h,
q. _ "p' =.f }:,;m %. 4 r ;Q. L3, y

*

.p
.., p;

,o .

$ - M:& ~ . + T
,

3 3 - o; .# eSc

'w%w$ % ?f SW
- - .ws _

y 3:p, a&n.% 5m :x %sa = mngx g 4;&+?; -}, W:O 44; Wg |''W sN JO 5 I J .' ' Wi?.'$5 5 F% O ' '" " ^

4, > x > ,

4.- m
z.::4 " ^ w* Ym x?y < y.,/. , -- n= . , ;

u;->d.,.,
_f

e &.. y x .g, 4..
. v- n

,+
1 ." ' , - a

:qsn;.:r, p~ wc. < ,.,

.. mn :w& n s wu . m. v...w<,t- 7: ,y : - c. . . :,y
,.

I*
9. p,._ . r .pc.:ey, . y. 9 . e ,;.g' ,,t... .

,

- i,p$ V'E ~M '^, .
n

[ v'' ,O,S.M$ ' j'a ., b,. > N f' t
-4n

X ~- wi, , ,, 7 W@.

P.'"D~53' .'7 n A, y\W f* *. . f'.13.W .
.

7o .N'. A'
e1

b.,,A4-
&, ,( u^, k ,, ?J'. . . , . tl ~ 0 L, . #.2.'b.E.~~

. ~ . ..i

''_+'4".h'
f f j, "M ,f.

"

, . t .L,Y. .n. y' e*R ., " -..4)'),.?,w.,.Q'.Y,,*
- .-:%'w.y ;".( '^ * ^ '\ e%. w%t. 'a'h' ; E.n.%q.,eg G.rz

a.-

<4
-

L.
'Y'.Y..,9 y' O, s

_

| EW '' imh

.' . 'J' h,*. )y p;y"

W:
' - . q %.

-
r

-&,
-. g _ y'A

.. 4.,, -.m
vd f '*"f,3 -i-Js..d. * &'e , #- #/4.N'mf-

,

}
' g

%.n'' --( ~, EE-.

%@ $; b''"p/r
.%'''r'2' g,d'%m

1;-

Q ] .rpk'Wk' ,'''
3-fmN

'o' 4 &
- .'yg *M''" _

y
- % "r '? ' i. $;27-'

l rg

M ; > $' h ' M-M7p% 2 t 5 i9M's N.4
o

W .'-

e

9 guyms
" J *s +4

" ~~e\
__ g'< N.1

'

W.9%'p

-. 5 M-Q +
'

,,

'-g
'e' N y v . s' iar.iy .

2
.

h-H%;C s'%-g;, 4'iW s '.A +ip-QW ' Q' Vivl %kM ~ **
#

f ,. N c.+.9 - , M*x s m y.g /
!2.W *- 'y. A iy _. 0 49. e : eao, m G M 71

r .h .,m':~ h k~ ,h',g-MM m, m' Q- .%m u,7y.%. m k 4

y ,,
.h [ -

k . ._[fs[s
. [ .O''a4_ '

w,\,,m .[i f
-- q . ' _ . - . ,,,|3 ,3-' f -

a mg ss
-

, . ,.

:
, 5

,

e i
1.- J

.y
4 .

. Ei 7 lh %- ;ba_y ]
. m" ' 'm# # m[$, !,t ' .*

: .&;. -qu e.n.gm,. '" , t. n'Q _p' im' - m, o w ' &gm . u .m m#> < am' m,w&).'
, m m +m , O B @m'4# Yy:w [ ;[

-.

w4. :p,.
- .,

.a wp ; wma ::w ; y sw :v.y. v r.g x y 3 p;r- w s~>pw,a n.

542r M '' ; ,w MCQ $na:.2.;%p M ,; ~ .MI%-Q1hjMg;2f.shsdP;PM S ' ' 9P , jM



SECURITY CL A55sFtC ATION OF TNes P AGE (when Date Eneered)

REPORT DOCUMENTATION PAGE st,"oye"cQMT,S ,uo
5. REPOR T NUMSER 2. GOVT ACC E$5 TON NO. 3 RECIPIEN T'S C AT ALOG NUMBE R

NUREG/CR 0943
NRL Memorandum Report 4064

4. TsTLE (and s.stiste) 5 TYPE OF REPORT 4 PERICO COVEREO

STRUCTURAL INTEGRITY OF WATER REACTOR Interim report on a continuing
PRESSURE BOUNDARY COMPONENTS - QUARTERLY NRL Droblem.

5 PERFORMING ORG. REPORT NUMBERPROGRESS REPORT, APRIL-JUNE 1979
&

7. Au f ,eO R( e) 8 CONTR ACT OR GR ANT NUMSER(e)

NRC-RES 79-103F. J. Loss, Editor
NRC FIN B5528

e

9. PERFORMING ORG AN12 ATsON N AME AN7 Apongss 10. R AM ELEM N T. P RO J E T T A$n

Naval Research Laboratory
NRL Problem M0140Washington, DC 20375i

.

I I. CONTROLLING OFFICE N AME AND ADDRES$ 12. REPORT D A TE
U.S. Nuclear Regulatory Commission September 28,1979
Office of Nuclear Regulatory Research ,, ,y,,,,o, ,,,,,
Washington, DC 20555 68

34 MONITORING AGENCY N AME A ADDRESSOf different freen Centreifrag Office) 15 SECURITY CL ASS. (of #AJe report)

UNCLASSIFIED
i s e. ggFiC ATiON/OO.NGR AoiNG

16 OsST RieuTiON ST AT EMEN T (of inde Report)

Approved for public release; distribution unlimited.

17. D157ReguTION ST ATEMENT (of the esarrect entered in afecs 20. If different frome Repe

it. SUPPL EMEN T ARY NOTES

Prepared for the U.S. Nuclear Regulatory Commission, Office at Nuclear Regulatory Research,
Reactor Safety Research Division under Interagency Agreement RES 79103.
NRC Distribution Category R5 and AN

* ss. R Er wOROs (cenusa.. e. reeeres esse si ne<eseerr one onentsfr sr steas ser)

Nuclear pressure vessel steels Radiation sensitivity
J-integr , R curve Postirradiation recovery
Single specimen compliance test A533-B submerged are weld

.
Charpy V test Microstructure

2o. AesTR ACT ccenson.e a.eereo eone af neceeeerr one is.nurrr sr sneas nue.s.r)

'!his report describes research progress in a continuing program to characterize materials
properties performance with respect to structaral integrity of light water reactor pressure boundary
components. Progress for this reporting period is summarized in the following areas: (a) post-
Irradiation fracture toughness of IAEA coordinated program steels, (b) Charpy V-notch ductility
trends of submerged are weld deposit with cyclic postirradiation annealing and reirradiation treat-
ments, (c) J R curve characterization of irradiated submerged are weld deposits, and (d) evaluation
of critical factors in cyclic crack growth rate studies in a pressurized water reactor environment.

DD i S",3 1473 EOifiON Or i Nov es is OesOLETE'

5/N 0802 034 6601
SECURITY CL AlstFIC AT4CN OF TNIS P AGE (Irhen Does 5 sered)g



. _ _ _ - _ _ _ _ _ _ _ _ _ .

#
CONTENTS

* SUMMARY l

RESEARCH PROGRESS 4i

I. RADIATION SENSITIVITY AND POSTIRRADIATION
PROPERTIES RECOVERY

A. Evaluation and Comparison of IAE4 Coordinated
Program Steels and Welds with 288 C Irradiation 4

B. IAR Program Investigation of Charpy-V Notch
Ductility Trends with Cyclic Postirradiation
Annealing and Reirradiation Treatments 14

II. FRACTURE MECH ANICS INVESTIG ATIONS

A. J-R Curve Characterization of Irradiated
Submerged Arc Weld Deposit 22

III. FATIGUE CRACK PROPAGATION IN LWR MATERIALS

A. Et sluation of Critical Factors in Crack Growth
Ra'.e Studies 43

B. Frarographic and MicrostructuralInvestigations
of Fa;igue Specimens of A302 Grade B Steel 54

REFERENCES 64

'.

iii

. . - - _ _ _



-- .

|

t

1

STRUCTURAL INTEGRITY OF WATER REACTOR
PRESSURE BOUNDARY COMPONENTS; -

[ QUARTERLY PROGRESS REPORT, APRIL-JUNE 1979
.

'
SUMMARY

I. RADIATION SENSITIVITY AND
POSTIRRADIATION PROPERTIES RECOVERY

A. Evaluation and Comparison of IAEA Coordinated Program Steels and
Welds with 288''C Irradiation

,

Four steel materials supplied by Japan to the IAEA Program on " Analysis
of the Behavior of Advanced Reactor Pressuge Vessel Steels Under Neutron
Irradiation," have been compared af ter 288 C irradiation against the IAEA
reference steel plate (HSST Plate 03). Notch ductility comparisons indicate the
Japanese materials to be somewhat more resistant to radiation-induced embrit-
tlement than the reference mcterial. The observed difference is believed due
to a copper content difference s.91%Cu, max, Japanese-produced materials vs
.12%Cu, IAEA reference plate).

B. IAR Program Investigation of Charpy-V Notch Ductility Trends with Cyclic
Postirradiation Annealing and Reirradiation Treatments

The notch ductilg /cmbehgvior of two submerged are weld deposits wgthirragiation to N L2 x 10 >l MeV followed by two full cyclg of 3g9 Cn

(750 F)-168 hr annealing and 288 C (550 F) reirradiation foygN 0.7 x30 n/cm has
been determined. The total fluence received was %2.6 x 10 n/cm . The results

#

demonstrate that the buildup of detrimental radiation effects can be reduced
significnatly by intermediate 399 C annealing and that the benefits can be retaineda

through two cycles of reirradiation. The results also confirm an earlier observation
with one cyule of reirradiation where the rate ;' reemb.4tlement of annealed
material y as found to be higher than that o' aon- - nnealet naterial for the same,

increment of additionaliluence.

"

Note: Manuscript submitted July 23,1979.
,

1
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II. FRACTURE MECHANICS INVESTIGATIONS

A. J-R Curve Characterization of Irradiated Submerged Arc Weld Depcsit

Upper shelf J-R curve trends of an irradiated A533-B submerged-are weld
metal having a high impurity copper level have been characterized as a function

of cyclip/cmtirrgdiation annealing and reirradiation. Irradiation to a fluence ofi 1.2 x 10 n >l MeV reduced the upper shelf J level by one-half
| value of 65 kJ/m (373 lb/in.) or an equivalent K Yalue of 119 MPa /m, to a

.

(10 8
! ksi /!::.). The tearing modulus was reduced to d" level of 30 which reflects

approximately one-third of its unirradiated value. After one and two cycles of
.

reirradiation, coupled with intermediate anneals, the toughness did not drop
[ below the level of the original irradiation condition even though the total

fluence was doubled. These results are consistent with the behavior defined by,

| C upper shelf energy.y
|

| J-R curve trends were established with IT-CT specimens having 20
percent side grooves and using the single specimen compliance technique. Due'

| to the nonlinear behavior of the R curve, an alternative definition of J is
proposed in place of that given by the ASTM proposed multispecimen standfrd.
An apparent new phenomenon of specimen hardening prior to cleavage failure
was also uncovered.

| III. FATIGUE CRACK PROPAG ATION IN LWR MATERIALS

A. Evaluation of Critical Factors in Cyclic Crack Growth Rate Studies

The objectives of the preliminary me'.rix test plan heve been met and the
testing of the main matrix has begun. ine basic conclusions drawn from these
test resugts are:(a) combinations of long ramp times ( 31 min) and low tempera-
tures (93 C) result in growth rates which reside a factor of three to five above
the ASME Section XI air default line, and (b) combinations of long ramp times
and high temperatures (288 C) produce data which reside essentially on the air;'

default line. The presence of a hold time, coupled with a long ramp, does not
increase crack growth rates at either the high or low temperature. The
influence of hold times for shorter ramp times will be investigated.

.

A hydrogen embrittlement model has been proposed to assist the explana-
tion of these results. The hydrogen is produced by hydrolysis at the crack tip
during Uy appreciable ramp time. The slower diffusien rate at low tempera-

.

ture results in accumulation of the hydrogen in the plastM enclave at the crack
tip and results in hydrogen assisted crack growth with rates of three to five
times faster than growth in non-hydrogen psodsing ' nvironments. At high
temperature, the faster diffusion rates, possibly coupled with passivation of the
crack tip by an oxide layer results in hydrogen transport through and beyond the
plastle zone, and crack growth rates are depressed back to the levels of growth
rates in air.

I
|
|

| 2
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B. Fractographic and Microstructural Investigation of Fatigue Specimens of
A302 Grade B Steel

Microstructural and fractographic studies have been performed on Type
A302-B ferritic steel to characterize the failure processes and establish correla-
tions with fatigue propagation data. Failed specimens were examined by scanning
electron microscopy (SEM) and by energy dispersive x-ray microanalysis. SEM
examina'.lons of the fracture surfaces of specimens cut in the T-L direction

,

reveale<J presence of inclusion bands above an observed AK threshold value.
Subseg.nent x-ray image scans and corresponding energy spectra showed that the ,

bands were manganese-sulfide inclusions. The inclusion bands resulted in increased
cra6c growth rate in these specimens compared to the specimens cut in the L-T,

ditection. The AK threshold value necessary to activate the inclusion bands is
believed to be a measure of the cohesive strength between the inclusions and the
material matrix.

4

2
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RESEARCII PROGRESS

I. RADIATION SENSITIVITY AND
POSTIRRADIATION PROPERTIES RECOVERY

A. Evaluation and_ Comparison of IAEA Coordinated Program Steels and
Welds with 288"C Irradiation

J. R. Ilawthorne

Background

| The International Working Group on Reliability of Reactor Pressure
; Components (IWG-RRPC), sponsored by the International Atomic Energy
| Agency (IAEA), is conducting a coordinated study of the radiation embrittle-

ment behavior of pressure vessel steels. The research program, formally
identified as " Analysis of the Behavior of Advanced Reactor Pressure Vessel
Steels Under Neutron Irradiation," was approved by the IAEA Director General
in December 1976 [1]. A main goal is to undertake a cooperative htudy of the
radiation embrittlement behavior of improved steels produced in various

| countries. The stated purpose is to " demonstrate that careful specification of
| reactor steels can eliminate the problem of potential failure including that

caused by neutron irradiation and to demonstrate whether or not knowledge hasl

advanced to the point where steel manufacture and welding technology can
routinely produce steel reactor pressure vessels of high radiation resistance"
[1] . *

Materials for the investigation (plate, forging, weld), representing current
production practices are being supplied to the program by the Federal Republic .

of Germany, France and Japan. A United States-produced A533-B steel plate
(IISST Plate 03) is being used as a reference material in a role similar to that
played by the ASTM A302-B steel reference plate [2] in reactog vesselg

| surveillance. Material irradiations are being grried gut at 290 C +10 C. The
target fluence range for the study is I to 3 x 10 n/cm ' >l MeV.

The Naval Reses reh Laboratory (N R L) is a participant in the IWG-RRPC study
under IAEA Research Agreement No.1661/CF. Particular interests of the NRL
investigations include determinations of the irradiation characteristics of the
coordinated program materials, the relative radiation resistance of USA versus

4

|

I

_



- .-. = __ _ - -. .

.

i

non-USA steel production, and the correlation of Charpy-V notch ductility,
fracture toughness and strength changes with irradiation. Projected results will
be of significant value to NRC Regulatory Guide 1.99 [3] for foreign steel
evaluations and to current reactor vessel construction codes.

Progress

Charpy-V (C ) and fatigue precracked C (PCC specimens of five
coordinged prya51 materials have been irradiated at 28%) C to approximately

.
i

1.5 x 10 n/cm >l MeV. Four of the materials were supplied by Japan and
include two plates, one forging and one we?d deposit. The fifth material is the
IAEA reference plate. The irradiations were conducted in two experiments in

,
'

the State University of New York at Buffalo, using its 2 MW pool reactor
(UBR). The irradiation period was 630 hours for both experiments. Postirra-

! diation C tests have been completed and are reported here; PCC testing is
y y

: underway

Table 1 identifies the materials by producer, chemistry and heat treat-
!_ ment. Tensile properties are given in Table 2. It will be noted that Plate LG

was the parent plate for Weld JW 502. Pre- and postirradiation C results are
given in Figs. I to 5 and are summarized in Table 3. Several obseTvations are

,

permitted by the data as follows:;

i
l. The C 41J and C 68J transition temperatures for the Japan-'

produced materials Ere considerably lower than those of the IAEA
reference plate for the unirradiated condition and for the irradiated"

condition.

2. The C 41J transition temperature elevations by irradiation for the
Japan roduced materlap were smglier than that for the IAEA ,

reference plate (14 to 31 C versus 44 C). Of the former, the forging
j showed the greatest transition elevation with irradiation.
'!

3. All of the materials exhibited high ( 2135J) upper shelf energy levels
before and after irradiation. For the most part, upper shelf reduc-

4 tions were less than 14J. The largest reductions ( 241J) were'

exhibited by the two Japan-produced plates. However, the preirra-
diation upper shelf levels of these plates were significantly greater.

than those of the remaining materials.

The observations permit the conclusion that each of the gapan-produced
,

materials have a high resistance to embrittlement by 288 C irradiation.,

Additionally, they showed a greater resistance to radiation than the IAEA'

reference plate. In this regard, the somewhat poorer performance of the
j reference plate can be attributed to its higher copper content (i.e., .12%Cu
; versus .04%Cu, Japan-produced materials).
:

Future Plans

Plans for the coming quarter include completion of PCC specimen
evaluations of pre- and postirradiation conditions. It is also expected that the
materials produced in France and Germany (now in transit) will be received at
NRL. Specimen blanking operations are planned for late FY-79.

5

i

_ _ _ .. .



. _ - _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - _ _ _ _ _ _ _ _ _ _ _ - - _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ .

TABLE 1

Identification of Test Materials

Material / Thickness Chemical Composition (wt.%) Heat
Producer Codes (cm) C Mn Si P S Ni Cr Mo Cu Treatment

HSST A533-B Plate 03 3MU, 3 NE 30.5 .20 1.26 .25 . 0 11 .018 .56 .10 .45 .12 1

(Lukens Steel)

Japan A533-B Plate 107 25.1 .18 1.48 .22 .007 .007 .66 .20 .57 .01 2
(Nippon Steel)

Japan A508-3 Forging 212, 213 30.2 .18 1.35 .27 .007 .005 .76 .12 .49 .04 3
(Japan Steel)

,

Japan S/A Weld 502,503 24.8 .07 1.20 .32 .008 .003 .89 .06 .50 .04 4

(Mitsubishi)

Japan A533-B Plate LG 24.5 5 (Not Available)
(Parent Plate Weld 502)

Heat Treatments: 1. 843 fo 899 C - 4 hr, Wp; 649 to 677 C - ghr, AC; 607 to 635 C - 20 hr,FC.
2. 880 C - 8 gr, WQ; 660 C - 6 hr, AC; 6g0 C - 26 hr, FC.
3. 870 to 900 C - 6.4 hr, WQ; 635 to 645 C - 7.8 hr, AC.
4. (PWHT) - 615 C - 26 hr, FC.
5. Not known.

* '
. .
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TABLE 2.

Tensile Propert.as of the Test Materials *

(Unirradiated Condition at 24 C)

Material YS TS RA Elong.
Codes (MPa) (MPa) (%) (%)

HSST 03 464 628 65.0 25.3

JP 107 442 589 72.6 24.7

JF 212 462 597 70.7 26.2

JnV502 530 619 73.0 24.8

JW(BP) LG 444 581 72.6 28.8

.
Average, duplicate tests.
TL orientation, plate and forging.

.
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TABLE 3

Summary of Preirradiation and Postirradiation

Charpy-7 Notch Ductility Froperties. cf Test Materials

C, 41J (# ) Transition Te p)rature Upper Shelf
C C, 68J ( C C,0.9 mm ( C) Durgy (J) I,ateral Expansion (m)

Material Initial Irrad. Change Initial Irrad. Change Initial Irrad. Change Initial Irrad. Change Initial Irrad. Change

-

ESST 03 -1 43 44 29 76 47 24 80 56 138 136 90 2.0 1.6 0.4

JP 107 -46 -29 17 -35 -21 14 -38 -21 17 > 270 212 1 58 2.3 2.1 C.2

JF 212 -63 -32 31 -54 -21 33 -54 -21 33 % 233 %218 s l5 % 2.1 % 2.0 % 0.1

JW 502 -42 -23 19 -29 -12 17 -34 -7 28 184 184 % 0 2.2 * 2.0 0.2

00 JW(SP) LG -37 -23 14 -32 -15 17 -34 -15 19 > 270 -228 2 37 2.2 1.9 0.3

* '
. .

_ _ _ _ _ _ ____________ _ __ _ _ _ _ _ _ _ _ _ .
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Fig.1 Charpy-V notch ductility of the United States-produced A533-B steel
plate (ilSST Program Plate 03) before and after irradiation. In this figure, and in
Figures 2 through 5, the upper graph relates specimen lateral expansion and
temperature while the lower graph relates specimen energy absorption and
temperature.
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Fig. 3 Charpy-V notch ductility of the Japan-produced A508 Class 3 forging,
Code JF 212. Results for two irradiation experiments are indicated.
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Fig. 4 Charpy-V nouh ductility of the Japan-produced submerged are weld
deposit, Code JW 502. The specimens were oriented with their long dimension
perpendicular to the welding direction and parallel to the weldment surface.
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Fig. 5 Charpy-V notch ductility of the Japanese-produced A533-B plate,
Code LG. This matrial was the base plate for weld JW 502 (see Fig. 4).
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B. IAR Program Investigations of Charpy-V Notch Ductility Trends With
iCyclic Postirradiation Annealing and Reirradiation Treatments
!

I
J. R. Hawthorne, H. E. Watson, and F. J. Loss |

Background

The IAR Program is investigating the notch ductility behavior of sub- ,

| merged are weld deposits with irradiation (I) followed by two full cycles of
! postirradiation annealing (A) and reirradiation (R). The intent of the program is

to identify the merits and potential of the method for control of radiation-
induced embrittlement in reactor pressure vcs' els. '

In a previous progress report [4], the background and objectives of the;

program were outlined. The planned experimental test matrix (Table 4) was alsoi

discussed together with a description of the materials selected for study (Table
5). Findings from Experiments I and 2 on IA, IAR and IARA trends have begn
repogted [5] . In brief, the results of these experiments revealed that a 343 C|

[ (650 F) intermediate heat treatment may not be a practical method for the
'

control of radiation embrittlement in reactor vessels becayse of the high
frequency of annealing which would be required. A 399 C (750 F) beat
treatment, on the other hand, showed definite promise for the control of
radiation effects bgildup in vessels. That is, both welds showed better notch
ductility after 399 C annealing and reirradiation than after the first egele of,

radiation exposure (see Figs. 6 and 7). Based on this finding, 399 C (750 F)-168!

i hr annealing conditions were selected for investigation in Experiments 3 and 4
(Tgle 4).2 >In addition, the target reirradiation fluence was selected to be %0.6 x10 n/cm lMeV.

Reactor 's radiation operations for Experiments 3 and 4 have now been
completed. Postirradiation Charpy-V tests to evaluate IARAR performance (two
complete intermediate annealing and reirradiation treatments) have also been
completed and are reported here.

Progress

Charpy-V (C ) notch ductility determinations for the IARAR condition of
welds V86 and V84"are shown in Figs. 8 and 9 respectively. Weld properties af
the initial radiation exposure (curve I) and after the second intermediate 399(er

.

C-
<

(750 F)-168 hr annealing treatment (curve IARA) are also shown for reference. I

Neutron dosimetry results are not yet available; however, the fluences received )
during the first radiation cycle (1) and by the seegd and jhird (repeat) irradiation

"

| cycles (R) are estimated at 1.2, 0.7, and 0.7 x 10 n/cm (> 1 MeV) respectively.
| Accordgly, tt)p total fluence received by the IARAR condition is estimated at

2.6 x 10 n/cm '.

Several important observations are permitted by the new data. First, the
results clearly demonstrate the benefits of intermediate 399 C (750 F) annealing

| and that the benefits can be retained through two cycles of reirradiation.
| Specifically, the upper shelf level of the IARAR condition is significantly higher,
'

in each case, than that of the I condition of the weld. At the same time, the C
y
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TABLE 4,

Radiation Exgeriment Matrixi

!. 288 C (550 F) Irradiation

Experiment Specimen
Number Types Designation Objective

1 C IA Expfore recovery b4343 andy
399 C (650 and 750 C)
annealing

2 C' IAR Explore reirradiation
respsnse of all three
materials

.

3 CT,C I Determine IARAR perform-
# through ance of Weld 1

IARAR

4 CT,C I Determine IARAR perform-
Y through ance of Weld 2

IARAR

,.

l

I*

j
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TABLE 5

Chemical Compositions of IAR Program Welds

Weight (%)

Material Code Cu C Mn Si P S Ni Mo V Cr

S/A Weld 1
(Linde 1092 flux) V84 .35 .14 L56 .14 .013 . 0 11 .62 .53 .002 .03

'

S/A Weld 2
(Linde 80 flux) V86 .35 .08 1.60 .55 .016 .013 .69 .40 .006 -

Heat Treatment V84 Stress relief annealed 593 to 621"C - 50 hr, furnace cooled to 316 C at 6"C/hr,
air cooled.

V86 Stres relief annealed 621 C - 40 hr, furnace cooled to 316 C.

.
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Fig. 6. gotch ductility behavior of weld V86 after reirradiation following a9399 C (750 F)-168 he annealing heat treatment (curve IAR) and after reirradia-
tion and re-heat treatment at 399 C (curve IARA). The notch ductility of the
weld after the first cycle of irradiation (curve I) and after the first cycle heat
treatment (data points IA) are also shown for reference [5] .
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Fig. 7 gotch ductility behavior of weld V84 after reirradiation following a9399 C (750 F)-168 hr annealing heat treatment (curve IAR) and after reirradia-gtion and re-heat treatment at 399 C (curve IARA). The notch ductility of the
weld after the first cycle of irradiation (curve I) and after the first cycle heat
treatment (curve IA) are also shown.
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Fig. 8 Charpy-V notch ductility of weld Vg6 after two cycles of inter-g g
mediate 399 C (750 F)-168 hr annealing and 288 C (550 F) reirradiation. The
dashed curves labeled (1) and (SARA) represent the first cycle irradiation and
second cycle annealed conditions respectively. A significant benefit of cyclic
irradiation and annealing to notch ductility retention is indicated.
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Fig. 9 Charpy-V notch ductility of weld V84 aftgr two cycles of inter-
mediate 399 C (750 F)-168 hr annealing and 288 C (550 F) reirradiation. Curves '

(dashed) showing properties of the (1) and (IARA) conditions are also shown.
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41J transition temperature for the IARAR conditior, is significantly lower than
that of the I condition. Second, the results confirm the earlier observation (5) for
the IAR condition that the rate of reembrittlement of annealed material is
higher than that of non-annealed material for the same increment of additional
fluence. Third, the upper shelf reduction and transition temperature elevation
experienced by the welds during the third cycle of irradiation appear to be about
the same as those changes observed for the second cycle of irradiation (compare
IARAR and IAR conditions of Figs. 8 and 6 and of Figs. 9 and 7). If additional
data confirm this tentative indication, it would appear that notch ductility*

changes can be maintained below prefixed limits by carefully selected annealing
schedules for individual materials. Moreover, the results indicate a good

(750{bility for optimizing annealing schedules once the effectiveness of 399 C
poss-

F) annealing, in .erms of residual embrittlement after an anneal, and the
material reembrittlement rate is established. The acquisition of further insight
into such factors is an important objective of the continuing IAR Program.

Status and Future Plans

A report providing a complete review and summary of the Phase 1 C
investigations by the IAR Program is in preparation. The report will include
information on hardness and lateral expansica trends observed for the welds
during cyclic annealing and reirradiation 3s well as energy trend information.
Tests of the compact toughness (CT) spccimens included in experiments 3 and 4

~

have commenced; discussion of observations thus far are reported in a sub-
sequent section.

Phase 2 investigations have also commenced with the procurement of
additional weld metal stock comparable to welds V86 and V84. Phase 2
objectives include but are not liraited to determinations of notch ductility trends
as functions of first and second cycle fluence levels, reembrittlement rate as a
function of fluence, and time-temperature relationships in recovery. Phase 2
studies also will continue the present investigation on the correlation of notch
ductility and fracture toughness for irradiated, annealed and reirradiated condi-
tions.

.
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II. FRACTURE MECHANICS INVESTIGATIONS
f

A. . J-R Curve Characterization of Irradiated Submerged Arc Weld Deposit

F. J. Loss, B. H. Menke, R. A. Gray, Jr., J. R. Hawthorne, and H. E.,

Watson

j Background
. . .

An integral part of the IAR program described in.the preceding section
involves the development of J-R curve trends for the two submerged are weld
deposits listed in Table 5. This study employs compact (CT) specimens of 25.4 .

mm (1 in.) thickness to characterize the toughness changes with irradiation.
i Two full cycles of annealing and reirradiation are being investigated as a'

counterpart to the C investigations. The primary objective is to define the J
and R curve behavYor in the upper shelf temperature regime. Here, y8

correspondence is being developed between changes in the J-R curve and in C}
j

upper shelf energy as a function of irradiation and annealing. If successful, thi
relationship will provic'e added quantitativeness to surveillance programs which
may involve only C specimens. As a secondary objective, an estimate of the,

temperature elevatiUn of the brittle / ductile transition region with irradiation is
being made on the basis of onif a few J tests. This temperature elevation,g
based on static tests, will be compared with a similar change based upon the,

(dynamic) C tests.
y

,

, . The J-R curves are measured by means of the single specimen compliance
(SSC) technique using IT-CT specimens whbh have been fatigue precracked to a
crack length, a, to width, W, ratio of 0.6. A large part of the program has
centered on the development of procedures to assure adequate definition of;

crack extension, A a, using this technique as well as to develop methods for the
hot-cell testing of irradiated specimens. In addition, a related study on
specimen side groove depth was undertaken to characterize the i,nfluence of4

this variable on crack-front straightness and the resulting effect on R-curve
j slope.

Progress to date has included the successful implementation of the SSC
technique for irradiated specimen testing. In addition, characterization oft

specimens from one A533-B weld deposit, Code V86, in the I, IAR, and IARAR
conditions has been completed. These resultr represent the fi t application of *

the SSC technique to irradiated material.

Experimental Procedure
-

With the SSC technique it is necessary to achie'.c o partial unloading of
the specimen (e.g.,10 percent) such that the unload-reload records of load, P,
versus deflection, 6, enable ; the specimen compliance 6/P to be defined.

4

Examples of the procedure are illustrated in Figs.10 and 11. The standard IT-CT
specimen geometry has been modified (Fig.12) to permit the attachment of
razor knife edges for the measurement of load-line displacement with a clip
gage. An experimental compliance for both smooth and 25 percent side-grooved
specimens has been developed with IT-CT specimens (Fig.13). With this
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relationship crack length changes can be inferred from the measured changes in
specimen compliance. Note that the experimental compliance for smooth
specimens shown in Fig.13 differs only slightly from the theoretgal expression
of Hudak and others [6] based upon a plane stress assumption.'

Successful application of the SSC technique relies upon accurate crack
length predictions. This, in turn, requires the minimization of both friction and
electronic noise so that the specimen compliance can be established with
precision.' The experimental record of Fig.11 is typical of a highly amplified.

unload / reload test sequence to determine compliance changes. From a repeat-
i ability viewpoint, the initial four unloadings in this record are sufficiently

accurate to define the crack length to a precision of10.05 mm (2 mils) in a IT-
,

CT specimen with a 95 percent confidence limit. However, repeatability is not
to be confused with accuracy. The latter is difficult to define exactly because
of its dependence on the compounding of errors due to load cell and clip gage
calibration factors, modulus determination, validity of the compliance expres-,

i sion and variations caused by the electronic noise level. Nevertheless, our
development of the SSC method has resulted in test records which exhibit a
scatter of only 10.08 mm (13 mils) in the predicted crack length in a IT-CT

i specimen. As a test of this predictive capability a correspondence between the
predicted and the optically-measured final crack lengths, when these crack

,

fronts are straight, is typically within 10.13 mm (15 mils) (see Table 6). On the'

other hand, larger discrepancies between predicted and measured crack exten-
sions have been detected for smooth specimens having curved or tunneled crack
fronts; the same is true of specimens which have been machined from an A302-
B steel plate having a 'high non-metallic inclusion content [7] even though4

straight crack fronts were exhibited.

|
The magnitude of J is computed from the relationship:

I+" 2A

1+02Bb _
(g)J =

'

. n o,
where A is the specimen energy absorbed based on total deflection, b is tp2

is the net thickness and the term (1 + a)R1 +a )
original unbroken ligament, B[orrection to account for the tension component ofis a modified Merkle-Corten
the loading [8]. A correction [7] is also applied to account for minor specimen
rotation which occurs during loading. This rotation reduces the moment arm of
the load and also results in a deviation of the clip gage loading points from the._

| true load line. A computer is used to provide on-line determinations of J and
! crack extension, taa. The computer code was originally developed by Joyce and

Gudas [9] .
,.

J Measurement Proceduregg

Figure 14 illustrates a typical J-R curve for the weld metal (Code V86) at
a temperature within the upper shelf regime. The J value is currently defined
by the proposed ASTM multispecimen standard [10f"as the intersection of the
blunting line ( A a = J/2 o ) with the least-squares fit of the points lying betweenf

lines 1 and 2 illustrated ih the figure. Line No.1is drawn parallel to the blunting
line at a crack' extension of 0.15 mm. - This is termed an " exclusion line" and is

27
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TABLE 6

Toughness Properties of A533-B Submerged Alc Weld Deposit
bSpecimen 4 Side Irrad. Test Temp J, T T* Aa 4a 25J / ag ug g

Number Grooves Condition" C ( F) kJ/m (lb/in.) Measured Predicted a/W mm (in.)
um (mils) am (mils)

V86-18 0 I 200 (392) 79 (450) 43 33 5.9 (231) 4.0 (158) 0.60 3.2 (0.13) 21-21 10 I 80 (455) 21 14 9.1 (360) 9.1 (357) 0.61 3.3 (0.13) 9-27 20 I 66 (375) 28 15 8.5 (334) 8.5 (332) 0.61 2.7 (0.11) 14-13 20 I 65 (370) 24 17 5.9 (231) 5.9 (232) 0.61 2.7 (0.11) 14-5 20 IAR 72 (410) 30 19 6.5 (255) 6.5 (258) 0.62 2.9 (0.12) 15-4 20 IAR 77 (440) 34 20 8.6 (339) 8.7 (339) 0.61 3.1 (0.12) 17-2 20 IARAR 71 (405) 32 22 4.9 (194) 5.0 (199) 0.61 2. 9 (0.11) 17-8 0 IARAR 38 (100) 44 (249) - - - - - - 0.61 - - -

w -24 20 U -100 (-148) 23 (130) - - - - 0.1 (3) 0.62 1.1 (0.04) -
00 -28 20 -72 ( -98) 38 (217) - - 0.0 (1) 0.0 (1) 0.61 1.8 (0.07) -

-31 20 -60 ( -76) 62 (356) - - - - 0.1 (4) 0.62 3.0 (0.12) -

-29 20 -50 ( -58) 89 (510) - - 0.1 (3) 0.2 (6) 0.62 4.3 (0.17) -

-17 20 -40 ( -40) 119 (681) - - 0.2 (6) 0.2 (7) 0.61 5.7 (0.23) -

-1 20 -11 (12) 119 (682) - - 0.2 (5) 0.2 (6) 0.64 5.8 (0.23) -

-30 20 20 (68) 124 (710) 103 64 4.7 (184) 4.7 (186) 0.62 6.1 (0.24) 17-3 20 200 (392) 123 (705) 70 53 4.0 (159) 4.0 (156) 0.62 6.4 (0.25) 14
-26 0 200 (392) 132 (755) 116 - 2.2 ( 87) 1.8 ( 70) 0.61 6.8 (0.27) 23-15 10 200 (392) 144 (820) 102 72 4.1 (162) 3.5 (139) 0.61 7.4 (0.29) 17

*U Unitradiated b=
19 2 c

lerad, 1.2 x 0 n E dJ Evaluated at d a = 1. 5 mmI =

T s uses least squares slope of plus blunting and usingA = 3 '1 2 '
f R curve and 1.5 una da instantaneous dJ/Jat% xl *_

(, h dJr uses least
J da squares slope,

gg
of R curve and
1.5 mm d a

. .
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Fig.14 Illustration of the typical curved behavior of the R curve. An
alternative measurement of J is indicated by the intersection of the smoothlyiedrawn R curve with line No. I drawn at 0.15 mm crack extension. Also shown is
the proposed ASTM definition of Jgg. |
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believed to be an indicator of the first real crack extension. In other words, any
crack extension less than the exclusion line may be difficult to distinguish from
blunting. The 0.15 mm exclusion line criterion is also within the projected
accuracy of the SSC technique as applied to IT-CT specimens; however, this
accuracy will be more difficult to obtain with larger specimens.

For two reasons an alternative definition of J to that of Reference 10 is,

g
proposed here. First, the R curve for nuclear pressure vessel steels appears to
exhibit a power law behavior for which a J measurement procedure based *g
upon a least squares fit of the data may be irihppropriate. Second, in cases of
cleavage failure (Fig.15) the maximum crack extension can exceed that due to
blunting by only a small amount. For this situation insufficient data points may -

exist so as to preclude a least squares fit. For these reasons an alternative
''

definition of J is proposed: J will be defined here as the J-level correspond-
ing to the inbrsection of the 0.15 mm exclusion line with a smooth curveI

through the SSC data points, as illustrated in Fig.14. A smooth curve through
the data is felt to be an accurate representation of the nonlinear characteristic,

'
of the R curve. For the case of specimen failure at a crack extension less than
that defined by the exclusion line (e.g., some types of cleavage failure) J

ggwould be computed at the level of failure.
,

The advantage of the alternative method for J is that it will define the
g

same value of J irrespective of how little crack exte$sion is developed beyondg
the exclusion liWe prior to cleavage failure. Secondly, the method deals with

. the non:Inear R curve so as not to force a straight line fit to the data points for
purposes of J measurement. Note, however, that both the alternative methodu

and the propoTed ASTM method can yield comparable values of J, Rat the twofor a large
crack extension as illustrated in Fig.14. Thus, it is felt t
measurement procedures for J are not incompatible.gg

Figure 15 illustrates the R curve for an A533-B steel specimen which
exhibited a small crack extension beyond the 0.15 mm exclusion line .before
failure in the cleavage mode. This expanded plot highlights the 10.08 mm (13
mil) scatter which can be produced with IT-CT specimens. (This figure is typical
of the largest scatter which has been observed with tly current experimental

*

technique). For this case, J is given as 214 kJ/m (1225 lb/in.) by thegg
alternative procedure. Since the crack extension is less than twice the
extension to the blunting line, the proposed ASTM procedure would define J,fl65at,

the level of fracture. The latter corresponds to a value of 308 kJ/m2( ,

lb/in.) which is 44 percent greater than that given by the alternative definition.

Note that the R curve of Fig.15 exhibits a sharp change in slope prior to I

cleavage. This is not a result of data scatter and has been observed with other
specimens cut from A533-B steel plate. Possibly this is a new phenomenon
associated with a " hardening" of the steel prior to cleavage fracture; this
behavior is illustrated by the flattening of the load versus deflection trace just
prior to failure (Fig.10). For a similar-type behavior but at a somewhat greater
crack extension, the proposed ASTM procedure requires a least squares fit of
the data in order to define J The hardening phenomenon observed forI.
cleavage failure would appear to Ynake such a least squares fit inappropriate.

30
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Preirradiation CT Specimen Evaluation

Figure 16 illustrates the specimen-to-specimen variability in the R curves
exhibited by the submerged are weld deposit (Code V86). Both specimens were
side grooved by 20 percent and tested at different temperatures in the upper
shelf temperature region as defined by the C test (Fig. 6). These R curves
reflect a 36 percent variation in tearing modulus T, from 74 to 106, and a 14
percent variation in J
of a least squares fid"o. For purposes of comparison, T is defined here in termsf the data between the two dashed lines in the figure; ,

this corresponds with the region of crack extension included in the ASTM
proposed multispecimen standard for J .

gg
,

The R curves for specimens having 0 and 10 percent side grooves are
compared with preceding data in Fig. J. Note that 0 and 10 percent side
grooves have resulted in identical R curves which lie within the upper
scatterband of the specimens having 20 percent side grooves. Figure 18
illustrates the crack front curvature in specimens having 0,10, and 20 percent
side grooves. The specimens with either the 0 or 10 percent side grooves exhibit
crack-front tunneling whereas the 20 percent grooves appear to have over-
corrected this situation by causing some reverse tunneling. The R curves in

: Fig.17 suggest that the specimens with straight crack fronts will exhibit a
lesser R curve slope than specimens having a tunneled crack extension.

Figure 19 compares the crack front curvature of a specimen cut from the ',

submerged are weld deposit (Code V86) with one cut from an A533-B plate.
While the 20 percent side grooves have overcorrected the curvature for the
weld deposit, this groove depth is insufficient to completely straighten the
crack front in the plate material. This comparison suggests that the depth of
side grooves required to produce a straight crack front will vary between

i product forms.

Figure 20 illustrates the toughness variation of the weld deposit as a
function of temperature. The plot is presented in terms of KJc, where this
quantity is computed from the relationship:

_1/2
{_EJ 1

K-

(2)Je = 2_g_y
,

where E and v are Young's modulus and Poisson's ratio respectively. An upper
shelf toughness of 170 MPa /iii(155 ksi /lii.) is indicated for this paterial. Note
that little difference in the K values at a temperature of 200 C is exhibited -

among specimens having 0,10 ak"d 20 percent side grooves. -

We have chosen to interpret K as the value of K
been obtained from a larger specimek" meeting the ASTM Iwhich would haveg

399 size require-
ments. However, the degree of correspondence between K and K is a topic
of research. It should be noted that K can be lowef"than a "K value

g

measured directly. The latter arises from foe ASTM definition of K which has
a built-in size effect relating to the 2 percent effective crack extenkfon which4
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Fig.16 R curves exhibited by an A533-B submerged are weld deposit at two
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Fig.17 R eurves for specimens having 0 and 10% side grooves are compared
with the trend defined by specimens having 20% side grooves (Fig.16).
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specimens having 0 and 10% side grooves. However, a slight overcorrection has

- occurred as illustrated by thereversetunneling exhibited by the specimen with
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Fig.19 The variable effect of 20% side grooves on crack front shape is
illustrated for IT-CT specimens cut from A533-B submerged are weld deposit -

(left) and A533-B steel plate (right). The influence of side grooves in'
straightening the crack front appears to be alloy dependent.
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___________ _ _________



. . - -. - .

;

is permitted in E-399. Clearly, crack extensions of this magnitude in large-size
specimens could result in K values considerably in excess of a K level based
on a fixed crack extension d8 yond the blunting line such as 0.15 mdIf

"

CT Specimen Evaluation of Irradiated Weld Depsoit

Irradiated specimens of the weld deposit (Code V86) have been investi-
gated in the I, IAR and IARAR conditions. The fluences and annealing ~

conditions are identical to those of the C specimens described in the preceding
seegon. Tge majority of the tests have been conducted at a temperature ofV

*

200 C (392 F) which corresponds to the C upper shelf regime for both the -

irradiated and unirradiated material (Fig. 6).y The results of all tests are listed
in Table 6.

Figure 21 compares the J-R curves of the unirradiated material (Fig.16)
with those from two irradiated spgeimens in the I condition. Both irradiated,

| tests define a J value of 65 kJ/m (373 lb/in.) which is half of the unirradiatedThe corIesponding K of the irradiated material is 119 MPa 6 (108value.
ksi /fii.). The tearing modulud"of the irradiated tests in Fig. 21is approximately
30 as defined by a least squares fit through the data as previously discussed.

| This value of T is only one-third of the average value shown by the unirradiated'

material having 20 percent side grooves. Since the R curve exhibits a nonlinear
behavior, the value of T decreases with crack extension. For example, at a
crack extension corresponding to the dashed line (No.1), the value of T is

| approximately 18.

A comparison has been made of the crack-front curvature exhibited by
irradiated specimens (I condition) having 0,10, and 20 percent side grooves.
(The corresponding R curves are shown in Fig. 22.) As contrasted to the
unirradiated case, the specimen with 10 percent side grooves exhibited a
straight crack front as did the specimen having 20 percent side grooves. Thus it
appears that the increased flow stress of the irradiated material may have
permitted the use of a smaller percentage side grooves. Unfortunately, this
conclusion cannot be generalized in that 10 percent side grooves resulted in a
deeply tunneled crack front in an irradiated A533-B specimen tested in another
program. However, 20 to 25 percent side grooves have produced a straight
crack front in all cases thus far.

-

..In Fig. 22, the R curve for the specimen without side grooves is above the
data band formed by the specimens having 10 and 20 percent side grooves. This
behavior is consistent with that of the unirradiated tests (Fig.17) and suggests *

that the R-curve slope is proportional to the degree of crack-front tunneling; a
lower bound ~ R curve appears to be exhibited by specimens having a straight
crack front evea though various side-groove depths were employed to achieve
this behavior.

The J-R curve trends from IAR and IARAR specimens tested in the upper
shelf temperature regime are illustrated in Fig. 23. The results show that J of
the reirradiated material is the same or slightly better than that of me I3

condition. On balance the R' curves of the IAR and IARAR specimens are also
slightly higher than those of the I-condition specimens. These results are

-38
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consistent with the smo improvement in C upper shelf energy previouslyy
illustrated for these irradiation conditions (Figs. 6 and 8).

In terms of K , Fig. 20 compares the toughness of specimens in the I,
IAR and IARAR condftlons. For the specimen with 20 percent side grooves, the
toughness in the IAR and IARAR conditions shows a slight improvement over
that defined by the I ccr.fition. On balance, however, little variation is shown
between the irradiated and reirradiated conditions. These results are consistent -

with those of the C tests. Therefore, it is concluded that annealing has been
successful in mitighting the embrittlement which would have resulted in a
material having accumulated a total fluence of the IAR and IARAR condition
without the benefit of intermediate anneals.

.

A single specimen from the IARAR condition has been tested to a
temperature within the transition region. As expected, the R curve for this
specimen exhibited very little crack extension prior to cleavage failure and J
was taken as the value at failure. This result, plotted in Fig. 20, is to d8
compared with the estimated trend for irradiated material (dashed curve). The
latter was obtained by elevating the transition curve for the unirradiated
material by a temperature increment equivalent to the shift in the C curves at
the 41J energy level (Fig. 8). It can be seen that the positfon of the
experimental result in Fig. 23 is consistent with that projected from the C
trends. y

.
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III. FATIGUE CRACK PROPAG ATION IN LWR MATI; RIALS

A. Evaluation of Critical Factors in Cyclic Crack Growth Rate Studies

W.II. Cullen, Jr , II.E. Watson, K. Torronen.1 V. Provenzano, F.J. Loss,
dand G. Gabetta

Background
,

For the past two years, the cyclic crack growth rate program at NRL has
followed a preliminary matrix test plan prepared by NRC and NRL. The plan

* was designed to evaluate, for a single material (A508 steel), the effect c ramp
time (1 see-30 min) hold time (1 min-60 min) and temperature (93 and 288{C) on
crack growth rate, with the objective of determining the most aggressive test
conditions for subsequent tests. These tests, carried out at a load ratio of 0.2
and in pressurized, deoxygenated reactor grade water [1000 ppm boron,1 ppm
lithium, i.e., presurized water reactor (PWR) conditions], were designed to
simulate heatup, cooldown, and hydro-leak-test conditions. This period was also
used to develop and improve test facilities as well as to refine methods of data
acquisition and reduction. This effort has been coordinated with the Westing-
house Nuclear Power Systems Division [11-17] .

In December 1978 it was determined that the objectives of the preliminary,

matrix had been met. Building on these results, the main matrix has been
developed which includes a variety of pressure vessel materials including plate,
forging, and weld / flux combinations. As with the preliminary matrix, these
testing responsibilities will be shared :ith Westinghouse. The administration of
the program will be carried out by NRL. Table 7 indicates the materials,
waveforms and load ratios selected as elements of this test plan. Load ratios of
0.2 and 0.7 have been chosen for the initial tests in order to yield data at these
extremes; tests at the intermediate value of 0.5 will follow if necessary. A
program of tests on irradiated steels will also be carried out as part of the main
matrix. The elements of this test plan are listed in Table 8. Additionally, NRL
has assumed responsibility for evaluation of the effect of the main matrix test
parameters on a variety of piping materials including welds. This program was
initiated in March 1979.

Preliminary Matrix Results.

The results of tests selected from the preliminary matrix plan, together
with supporting tests, are shown in Figs. 24-27. Figures 24 through 26 are

*

paired according to certain characteristics of the waveforms and the lower
temperature (93 C) results are on the left and the higher temperature (288 C)
results are on the right. There are three factors which strongly influence the
crack growth rate in A508-2 in the reactor grade water environment; these are
the prime variab.'s of the preliminary matrix scheme: rise time, hold time and
temperature. An interrelationship among the three determines the particular
crack growth rate; it is impossible to isolate one variable without fixing the
other two.
Permanent addressest
ITechnical Research Centre of Finland,02150 ESPOO 15, Finland
2CISE, Via Reggio Emilia, Segrate (Milano), Italy.
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Table 7 Main Test Matrix (Unirradiated Materials)
<

R = 0.2 R = 0.5 R = 0.7
1 cpm 1 min 1 cpm 1 min 1 cpm 1 min

Sinewave Ramp Sinewave Ramp Sinewave Ramp

A508 4C+S 2C+S D D 1C+S S+U

Linde 80 2S 2S D D 2S 2S

Linde 80 - HAZ 2S 2S D D 2S 2S

Linde 0091 2S 2S D D 2S S+U

g Linde 0091 - HAZ S 2S D D 2S 2S ]
.

Linde 124 S+U 2S D D 2S 2S
,

Linde 124 - HAZ D S D D D S

A533-B 2S 2S D D 2S S+U

Entries reflect combined Westinghouse and NRL effort.
S - Test scheduled
C - Test completed
D - Test deferred
U - Test underway

( . *
, ,

_ _ _ _ _ _ _ _ _
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Table 8 Main Test Matrix (Irradiated Materials)

R = 0.2 R = 0.5 R = 0.7
1 cpm 1 min 1 cpm 1 min 1 cpm 1 min

Sinewave Ramp Sinewave Ramp Sinewave Ramp

|

A508 S S D D S S

Linde 80 2T 2T D D 2T 2T

Linde 80 - HAZ

Linde 0091 2S S D D S+T S+T

Linde 0091 - HAZ3
vi

Linde 124 2S

Linde 124 - HAZ S

A533-B 2S S D D 2T

Entries reflect combined Westinghouse and NRL effort.
Blank - No test or irradiation scheduled at present
S - Test scheduled
T - Test tentative, pending other test results
D - Test deferred

. _ - - _ _ _ _ _ _ _ - _ _ _ _ - _ _
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An examination of all the data sets produced under the guidelines of the
preliminary matrix, together with other tests run under similar environmental
conditions but utilizing non-matrix waveforms, indicates that each data set
falls into one of two rather clearly defined categories. One band of data lies

!
.

close to, or essentially on, the ASME Section XI Code air environment default
line. This class of data, exhibiting the lower of the two crack growth rates,
will be called " low." The other band of data, which resides a factor of three to
five above the first, will be termed "high." This latter band of data resides
approximately midway between the Section XI air and water environment .

! default lines.

Figure 24, showing data from tests with a fast (1 see) ramp time, and Fig. '

25, showing data from tests with a longer (21 min) ramp time indicate that
combinations of long ramp times and low temperature (93 C) result in growth
rateg belonging in the "high" category. Regarding the high temperature
(288 C), it is impossible to determine, from Figs. 24 and 25, whether the

;

longer ramp, or the hold time are solely responsible for the low crack growth )
!rate results. Figure 26 shows the results of tests involving 1 min ramp times,

and no hold time, and the results for high temperature are in the low category.
Thus, it is clear that a hold tiene is not required to produce lov growth rate
data at the higher temperature. On the other hand, at the lower temperature,
a ramp time component is sufficient to produce a high growth rate, and
mmparison with Fig. 12 shows that a hold time component does not
auditionally aggravate the growth rate. Lastly, Fig. 27 shows the results of a ,

| 17 mHz (1 cpm) sinewave test which produced data in the high growth rate ''
category. If the sine waveform is interpreted as an increasing ramp of
approximately 30 see duration, the'i this implies that there is a maximum
crack growth rate dependence on ramp time which lies between 1 and 60 see; a

,
'

! ramp time of 30 see yields a higher crack growth rate than ramp times of 1 or !60 sec.

At the close of this quarterly reporting period, confirmation of this be-
havior was being sought through a series of additional tests involving ramp
times of about 20 to 30 see, with and without hold times. The fact that 17 j

mHz sine waveforms yield high growth rate data is incontrovertible, and the
irealization of these same crack growth rates for a linear ramp test is possible '

by simply choosing the appropriate ramp rate.

A primary objective of the prliminary matrix was to determine if any
.

conditions could be found which would produce data which exceeded the ASME
Section XI water default line. A very limited amount of data had been
previously published [4] showing that a 17 mHz sinewave and a load ratio of *

0.2 would just marginally exceed this limit, but a much larger amount of data
for R = 0.6 [8] and 0.7 [4] shows that the limit would be exceeded over a
significant range of cyclic stress intensity. However, consideration of the ;

NRL preliminary matrix data indicates that the ASME Section XI water,

; defgult line is not exceeded for these load ratios (0.2), temperature (93,'

288 C), and waveform (ramp / hold, sinewave) conditions.

Hydrogen Assisted Crack Growth Model and Fractographic Re ults

As these results have begun to cohere, a model fw bydrogen assisted
crack growth has evolved to help understand and interpret .nese results. As

50
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with most models for hydrogen embrittlement in aqueous media, hydrogen is
generated by a cathodic reaction at the crack tip. This occurs only during rise
time of the fatigue cycles as fresh metal surface at the crack tip is exposed.
Hydrogen generated during this hydrolysis can enter the metal and diffuse to
the region of high triaxial strain just ahead of the crack tip. producing a local
embrittlement and resulting in an accelerated crack growth rate. Ilowever,
this effect may be countered by other considerations. For example, anodic
dissolution may induce an increase in crack growth rate [19], or it can create*

the opposite effect, namely, blunting and crack growth retardation [20-22]. At
higher temperatures, the formation of a stable oxide inhibits entry of hydrogen
at the crack tip provided that the ramp time is long enough to allow this [22].*

On the other hand, a very short ramp time allows neither the hydrogen entry,
nor the oxide formation, and hydrogen-assisted growth is not expected.

With some refinements, the above model can be employed to understand
the crack growth behavior observed. For the fast ramp time tests, growth rates
are low because the hydrogen cannot be evolved, absorbed and admitted to the
matrix in the quantities necessary for measurable assistance to the crack

i growth rates. For the longer ramp times, and at the lower temperatures, the
hydrogen can be formed at the crack tip and can diffuse into the plastic'

enclave. The temperature is low enough that an oxide layer either cannot be; ,

'

a formed fast enough, or the layer, if formed, is porous enough to allow hydrogen
admission. The mobility of hydrogen is low enough that it is retained in the
plastic enclave rather than diffusing on into the bulk.

At the higher temperature, it is again probable that the fast ramp times
do not permit the hydrolytic reaction to occur to any large extent. Foi the

( longer ramp times, the resultant low growth rate data leads to the conc 1'.3 on*

i that here also there is little or no hydrogen assistance. It is possible that I min
ramp times are sufficient to allow formation of a passivating oxide layer, or
that stress relaxation processes at the crack tip result in blunting and resultant
retardation of crack growth rates.!

The 17 milz sinewave data, which exhibits a high crack growth rate,
suggests that there is some sub-range of ramp times, between 1 see and I min,
which produce high crack growth rates. Mechanistically, this might be
explained as the time range which is sufficient to allow hydrogen entry to the

" metal, but insufficient to allow passivation or blunting. At the end of this
reporting period, an additional test, with a 22 see ramp time, was being run to
help determine the waveform resulting in the highest crack growth rates.

..

The details of this model are well supported by the fractographic observa-
tions of the fatigue fracture surfaces. The influence of hydrogen assistance on
the fatigue crack growth rates often manifests itself on the fatigue fracture
surface in several ways including added cleavage or quasi-cleavage, a greater
percentage of intergranular failure and a lesser percentage of fatigue striation
formation. Many of the specimens from the preliminary matrix test series have
been examined both metallographically and fractographically, and the results of
these observations are given in Table 9.
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i
Table 9 Summary of Fatigue Fracture Surface Characters as Functions of Temperature, Rise Time and Hold Time

Table 3a Tests With Long Hold Times
-

Short Rise Time
_.

Long Rise Time

Low Temp Transgranular ductile Mostly transgranular failure
failure, fatigue with quasi-cleavage facets, ;
striations, secondary some intergranular failure. '

cracking. Absence of fatigue striations, ;
fewer secondary cracks.

High Temp Transgranular ductile Transgranular ductile failure,
failure, fatigue fatigue striations, secondary
striations, secondary cracking.
cracking.w

"
__

4

-

Table 3b Tests With No Hold Time

Short Rise Time Intermediate Rise Time Long Rise Time

Low Temp . N.A. N.A. Mostly transgranular failure
with quasi-cleavage facets, g

some intergranular failure.
Absence of fatigue striations,

i
fewer secondary cracks.

High Temp N.A. Transgranular failure with Fractographic examination
fatigue striations, some underway
cleavage-like facets, fewer
secondary cracks. '

j
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| These data compare with the' data in Fig. 3a, showing that the growth rate is in
the high category for this long ramp time and low temperature set of'

conditions.
,

1
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Progress on Main and Piping Test Matrices

| As indicated in Table 7, several main matrix tests of A508 steel have been
completed although at the time these tests were conducted in support of the

'

preliminary test matrix plan. Preparation of specimens and several other tests,,

! of both main matrix and piping steel materials, are underway. The materials
currently under test include A533-B steel plate, A508 steel forging, Mn-Mo
weld metal (Linde 0091 flux), and A106 piping gteel. These materials are being *

tested under simulated PWR conditions at 288 C using a load ratio of 0.7 and a
| 1 min ramp / reset (positive sawtooth) waveform. In addition to the A106 piping
I steel test included above, several other piping steel tests are planned. These *

Include A516 steel and specimens cut from a large stainless and carbon steel
| research vessel.

| Data from low temperature tests of main matrix material (Q34 - Mn-Mo
| weld Linde 0091 flux) is shown (93 C) in Fig.28. These data show the expected

g

| high growth rate from a one min ramp / reset waveform at low temperature .as
| discussed above. The fracture surfaces will be examined in order to be .er

de,termine the exact reasons for this crack growth rate behavior.

| Preparation for Initiation of Irradiated Corrosion Fatigue Tests

i Two single specimen autoclaves will be utilized for the unirradiated
specimen tests. One of these autoclaves, capable of testing a IT-CT specimen,

| Is installed in the hot cell. So far, this facility has been devoted to preliminary
| matrix testing. Preparations are now being made to conduct the first test of an
| irradiated specimen. Fourteen irradiated IT compact specimens are available

for testing in this autoclave.
i

; The second autoclave chamber has the capacity for 2T or 4T CT or WOL
| specimens.- This chamber will be installed in a hot cell within the next two
i months. A total of four 2T CT specimens have been irradiated and are currently

available for testing in this autoclave. Both the IT and 2T specimens irradiated
for the hot cell autoclave tests were machined from either A508 forging, A533
plate, or Linde 0091 weld materials.

B. Fractographic and Microstructural Investigation of Fatigue Specimens of
,

A302 Grade B Steel
|

I
| G. Gabetta and V. Provenzano

.

| Background

The studies of fatigue crack propagation (FCP) behavior of ferritic steels
| for pressure vessel applications are of primary importance to light water

reactor safety. One of the many objectives of current FCP studies is to test the
,

validity of ASME Code Section XI curve for materials in nuclear environments.'

Further, these studies are aimed at understanding the complex mechanisms of
fatigue failure as a function of the significant fatigue variables which include
material condition and environment. -

I
Permanent Address: CISE, Via Reggio Emilia, Segrate (Milano), Italy.
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The light water reactor safety programs involving the ferritic steels are
of interest to many countries. In Italy, a research program in this field is
sponsored by the Italian Electric Power Company (ENEL) and is being carried
out at the Centro Informazioni Studi Esperienze (CISE) research laboratory in
Milan, Italy. In support of the CISE research program for ENEL, preliminary
FCP tests in air at room temperature were conducted on low shelf A302-B steel
procured by the Naval Research Laboratory (NRL) to characterize early
production of nuclear pressure vessels. . These studies on A302-B steel are part*

of a cooperative research program between NRL and CISE to investigate the
fatigue and fracture properties of ferritic steels for nuclear pressure vessel
applications. This cooperative program is sanctioned and encouraged by the*

U.S. Nuclear _ Regulatory Commission (NRC).

Since the rolling procedure- used in steelmaking is known to effect the
microstructure of ferritic steels [23], preliminary tests were designed to
investigate the effect of rolling direction on FCP behavior of A302-B ferritic
steel. The FCP tests included in the present study were carried out at the CISE
laboratory; the fractography and x-ray microanalysis on failed fatigue speci-
mens have been conducted at NRL.

Experimental Procedure

Two sets of 1/2-in. compact tension (CT) specimens were tested. Each set

orientation.{ two specimens, one cut in the T-L and the other in the L-Tconsisted o
All fatigue tests were conducted in air at room temperature using

a constant specimen deformation procedure; the applied load was sinusoidal I

with a frequency of 13.3 Hz. In this procedure, the value of AK increases with ;

crack length even though the applied load is gradually decreased as the length
increases. Additional details concerning this testing procedure are given else-
where [24] . The starting AK values used for the two sets of specimens were 22
MPa 6 (20 ksi 6.) and 16.5 MPa 6 (15 ksi Vin.), respectively. During the
cycling the crack length was monitored by a traveling microscope and the AK
values were computed according to the formula listed in ASTM E-399 [25]. For
each test, the log da/dN versus log AK curve was obtained by using a seven
point incremental polynominal technique as recommended by ASTM E647-78T
[26] .

'
At the completion of the fatigue tests, the two sets of specimens were

fractured at liquid nitrogen temperature. The fracture surfaces were then
.cxamined with a scanning electron microscope (SEM) using an ISI Super-II SEM
operated in the high voltage mode. For the purpose of energy dispersive x-ray+

,

analysis, the fracture surfaces were also examined with an AMR 1000 SEM
equipped with EDAX Model 707B dispersive energy x-ray analyzer.

Results

The FCP data obtained from the specimen tests are presented in Figs. 29
and 30. As shown by both figures, all of the crack growth rates for the first set

The identification convention used is that suggested by ASTM E399 [25] .
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of specimens (Specimen VADA1, cut in the T-L direction, and specimen VADA2,
cut in the L-T direction) ran roughly parallel to each other for most of the AK
range, with the T-L specimen exhibiting the higher crack growth rate (Fig. 29).
The crack growth rates for the second set of specimens (specimen VAB1, cut in
the T-L direction, and specimen VAB2, cut in the L-T direction) were about
equal for AK values below 30 MPa 5 (27.3 ksi /fi[). Above this AK value, the
crack growth rate of the T-L specimen (VAB1) was higher (Fig. 30). The
difference in the crack growth behavior in the two sets of specimens are not

,

large. It is interesting to point out, however, that a lower starting LK resulted '

in a higher growth rate (the starting LK for VABI and VAB2 was 16.5 MPa /5i,
for VADAl and VADA2, it was 22 MPa M).

.

The significant fractographic featu'/es observed in the SEM examinations
of the fracture surfaces are summarized by the micrographs presented in Figs.
31 and 32. In the T-L specimen (VADAl), a microstructural texture running'

parallel to the macroscopic crack propag ation direction is present (Fig. 31). In
the second set of tests, the T-L specime.1(VAB1) shows an increase in the crack
growth rate at AK values of 25 to 30 MPa K(Fig. 30) that coincides with the
appearance of the parallel texture in the fracture surface (Fig. 32). Though not.

I shown for the sake of brevity, in the L-T specimen (VAB2), whose corresponding
crack growth rate was lower, the parallel texture was absent. The failure mode,

j both for the T-L and L-T specimens was transgranular. In some areas the
fracture surfaces were characterized by secondary cracking that ran perpen-,

i dicular to the macroscopic crack propagation direction. Similar fractographic
fractures have been observed in other ferritic steels tested under analogous4

experimental conditions [27,28] .

As observed above, the fracture surface of T-L specimen (VABI) is
characterized by a parallel texture when AK exceeds a minimum value in the
range of 25 to 30 MPa /iii This texture is thought to arise from inclusion bands
that are present in the rolled material. To see if the parallel texture is indeed
the result of inclusion bands, the fracture surface was analyzed with a x-ray
microanalyzer which is attached to AMR 1000 scanning electron inieroscope.
The results of the x-ray microanalysis are summarized in Fig. 33. The analysis
canfirms that the parallel features were manganese-sulfide inclusion bands.

From the results presented above, it appears that inclusion bands are the,

primary cause for the increase in the crack growth rate above a minimum AK .I
'

value. It is believed that a preferential decohesion process occurred at the
inclusion-matrix interface, which became activated above some threshold stress

,

level and resulted in higher crack growth rates in the specimens cut in the T-L !
direction. This threshold stress level is probably a measure of the bond strength *'

between the inclusions and the material matrix.

The SEM micrograph shown in Fig. 34 typifies the fractographic features
observed in the L-T specimens (VADA2 and VAB2). Together with a small
inclusion band, the micrograph reveals the presence of some lamina-shaped

' holes. These holes are believed to represent the inclusion bands that in the L-T
specimens are oriented perpendicular to the mnin crack path; the few bands'

that resided along the crack plane did not seem to have affected the crack,

propagation behavior,
j
|

58

- - - . , -- - -. - - - - - - -



- _ _ _ .. _ __ _ . - - - - _ - _ _

AK-15MPa[~~ .,

~ 5 |h
|

' \- g:n

.
|

-

s e,
Il

' . I-
,

Y~(
.

' *:
~ ')

.

4 .
,

,k 's..
6

Q ',
A

. fh
'k

,$
.

Q ,,

l
M

s ',

h Y

( .

f( |

k
I

*

Ar -
r,

'

'.

I

'

!
<

f. :
Ah1

ParallelTexture3
,

5. ..

,28m
,

t

| Fig. 31 Fracture surface of A302-B ferritic steel specimen cut along T-L
1 direction (VADAI) tested in air at room temperature with higher starting AK

value. Arrow shows direction of macroscopic crack propagation. SEM
micrographs clearly show inclusion bands in the fracture surface that run
paralici to the macroscopic crack propagation direction.

59



_ _ _ _ _ _ __ __ _ _ _ _ _ _ _ _ __

!

|AK-28Mrapr f(g

dhf;,f't.k E 'ki.?:.5hhh\
I

%;.I.# 0 Mi.| ! .pu u.

h
' r,b t ,. '; f, a; 4

A
-

|
'

i,gg.,. \ a
9(

c, 1. '%ny ' ' -)i$h
.

. ag ,-
s

&:
,

s .

j .

g|r'.p$k*.$+%>3f*i.g:?
||1:a|%es .:m n.
1

-f 1

f:g. .;c? n .* 4..-yy.r fg, ;.1<gtc. '?;pfc *
.

.

< . p r,pq

fp .foff, fQ,0.0,h&w,r--1 c, a. f
!

|. ~ r.5 -

I
-

ti '

| h .j'Sif

f,'W@',irigd{fA. hl
."

1,

Cf'}I'SY .$a|b| 9;!//t''ff|
-i.;!.

| Q ,9 ..,, _y

|
$' ,$"? ; E ''[5 g g

Yh:.'$yQtgry' ';& ,tj
bb -T

|

?tp : ~

| ,

| jd; '. : ? ' 1' ,

; f<,. . . ' '
-

-

,
, -# . , 1 . ',

.

.

; - 3-
6 .. .

4 t
-

-s . .;

1

.

..Y ' *N
- <-

. . . ;

) } ' ,, %+% j p * r1
k&

' 4r<

,

'

! '1 -s' r'

; ,;
!

. . .
*

-~ *
. 3..

.

1
: ,1 -

4
'' f

, ". . a 6 .',j

j

| . N N, n .f. ' i b '-
* .

,

p)

a,1 h '.3.9...'200pm. _thif.

j Fig. 32 Fracture surface of A302-B ferritic steel specimen cut along T-L
i direction (VAB1), tested in air at room temperature with the lower starting AK

value. Arrow shows direction of macroscopic crack propagation. Series of SEM
; micrographs show transition region corresponding to 25 to 30 MPa 6 AK

value, where inclusion bands begin to appear in fracture surface.
.

60
|

|



1

I
1

l

1

r / Y/
.

f fa
' J

[, / 3. \

'

.

.Q. g . ~t,

j ~r ; ''| .
I

,,.

.s

10nm |

u_ _ - __.J |

d, W . t . ,j.%g,3 (
' yf'.3-[$j .y 7 :,..}y .

,. . .tp ,.;p
c. ;, .f ss. + . % . :. V .% bd . ; , - ..

,ee g. . . .. . . .. .
,

2,w.41 Q .v .....&. -

.| , fy|*{?; f '. f ; g.,_9. ;. |.;.|dDX'f' .

a
.

r* r s., : ; wy .3, .gpp: :. e
.. ,

. -q. 3
. , w.. . . c ;- . g 9. , , .,. E ;f w.. -

-

., .g ,,D , ;: jy .. ,%%.,M4 ? 'f*h. ]; i. g., . . , . .

. .

C
.

'
i

"
'

4...y g _ 4 ;kc. v .
,

..t

_
.aqq.

. . u.

-

;a
. ; + ;.,. .. u :.? v g y ; 9* ...-

,-

. . ,;~. _3 T . . n..
.

..
r.. , ,.. .

-

; t--t, ;..c :,a).
. . ..

,

a . x.. ..s.~~.- :c A =.c. .
. -- , r ..

t%., . . :
-- : .m

*n
.:, ;;'.y r,. -r r*.

.%-s. - .
' y,Q. [ , . . ,c

u " m :-)9
.

-

:.; . * <g&q ,

'

:, ' . , . q,:, .. +. p w .y.. . = . . ,, .

,.g g; a% %. . <.. . :: .; -..x i '- y, :-
,

- ,, v. a .4s. ._s.;
_

b;, N,,, e'
^

h~
' f;. '

.. ,. ( ', *

., , .. _ . n }. t| K.. ,., , .'.,...' 9, n .
. -.. < q , . .-

.J
-

.,'.g, .~ q . .: . . y .e. ,

.

, _

. .,,...
a v- .-. .; -+> .r.: qs. tv q.s.+

, ., .

r " U-.

: '*;m a- ' 4.; ;; N[, f
. ,2..

O. . ,

J..s. s > f.R %5 |I , ' ,,f[ .;el [ '.t k .T. '.:,; _?
.: .. . . . . . . . , . . . ..v < , . y ; ,- .., . ., ._

.
.

Fig. 33 Fracture surface and corresponding energy dispersive x-ray point i

maps of A302-B ferritic steel specimen cut along T-L direction (V AB1). Arrow |
shows macroscopic crack propagation direction. SEM micrograph on top of 'he i
figure clearly shows inclusion bands in the fracture surface that run parallel to |
the macroscopic crack propagation direction. Lower two micrographs are
image scans obtained through energy dispersive x-ray microanalysis showing I

that inclusion bands are manganese (left) and sulfur (right) sec ond-phase
particles.
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Summary and Conclusions

The fracture surfaces and the microstructure of A302-B ferritic steel
FCP specimens tested at room temperature have been examined by SEM and by.
energy dispersive x-ray microanalysis. The crack propagation was taken in the
T-L and L-T test directions to permit an investigation of the effect of rolling
direction on the fatigue crack growth. The results may be summarized as
follows:

.

(1) Inclusion bands in the T-L specimens were strongly aligned in the
rolling direction and were observed in the fracture surfaces. The
composition of inclusion bands was determined by energy dispersive.

x-ray analysis; the x-ray microanalysis showed them to be
manganese-sulfide inclusions. These bands indicate a preferential
decohesion process at the matrix-inclusion interface that resulted in
higher crack growth rates in the T-L specimens when compared to
the crack growth rates of the L-T specimens.

(2) In the T-L specimen which had been tested with a lower starting lK
value, inclusion bands were not observed unless AK cxeceded a mini-

i

mum value in the range of 25 to 30 MPa /in (22.7 to 27.3 ksi / lit.).
The minimum AK value is probably related to the bond strength
between the inclusions and the material matrix.

(3) A few small inclusion bands were seen in the fracture surfaces of
the L-T specimens. These small inclusions did not appear to have
affected the fatigue crack growth behavior of the material cut in
the L-T direction. Ilowever, some lamina-shaped boles were present
and are thought to represent the inclusion bands oriented perpen-
dicular to the crack plane. The presence of few inclusions and the
lamina-shaped holes showed, as anticipated, that the inclusion bands
in the L-T specimens were mostly oriented perpendicular to the
main crack path.

.

,

'
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