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STRUCTURA L I NTEGR I TY OF WA TER REACTO R
PRESSUR E BOu NDARY COMPONENTS

PROGRESS REPORT ENDING 28 FEBRUARY 1977

SUM MARY

I . RADIATION SENSITIVITY AND POSTIRRADIATION
PR OPERTIES RECOVERY

A . NRC-CE-NRL Cooperative Program: Series 3 (Extra Low
Copper) Material Evaluations

Preliminary radiation assessments of notch ductility
for the Series 3 materials (extra low copper content) from
the NRC-CE-NRL Cooperative Program have been completed. The
materials  represent best current  steelmaking practice and
copper impur i ty  control .  These primary observations were
ma de from the results  in conjunc t ion  w i t h  de terminat ions  for
Series 2 (low coppe r con ten t)  and Series 1 (norma l copper
content , nonimproved s teelmaking prac t ice)  materials . First ,
the spec i f ica t ion  of O .06’ Cu maximum as opposed to O.1O~ Cu
maximum does not provide a large beneficial increase in 288 C
(550°F) radiation resistance for A533—B steel for the fluence
range inves t iga ted .  Second , a l l  Series 3 mater ia ls  (pla te ,
weld , and weld heat a f f e c t e d  zone) exhibited very high radia-
tion resistance wherein brittle/ductile transition evaluations
were less than 56°C (lOO’ F) for fluences of ‘—‘5xlO~-

9 n/cnf .
Finally, the weld deposit demonstrated that nickel contents
in amounts up to l’~ do not con t r ibu te  separa te ly  to r ad ia t ion
e f fec ts s e n s i t i v i t y  in low copper content  A533 welds . A
final report on this phase of the cooperative program is in
preparat ion.

‘.55/’

B. Influence of Phosphorus  and  Copper on Postirradiation
Upper Shelf Performance

An exploratory study has heen made on the individual
contributions of copper and  phosphorus to upper shelf
behavior with 288°C (550’F) irr ’~di:~tion and with 343 and
371°C (650 and 700’F) post.irradiation annealing. Four
A302—B and A533—B steel materials were employed. Fracture

- :  toughness d e t e r m i n a ti o n s  (K Jd
) as we l l  as sta ndard Charpy-V

notch ductility determinations were made .

Note : Manuscript submitted April 28 , 1977.
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Assessments of  copper and phosphorus  e f f e c t s  fo r  the  as—
irradiated condition were not conclusive but.. do suggest a
rol e of these impurities in upper shelf degradation. For
the postirradiation annealed condition , the data demonstrate
that uppe r shelf recovery decreases with increasing copper
content. The findings also demonstrate that a difference of
only 28°C (50°F) in ann eal i n g tempera ture  ( i . e . , 371 vs 343 C,
700 vs 650°F) can have a very marked effect on upper shelf
I’ S ‘c very

II. THERMAL SHOCK-RELATED INVESTIGATIONS

A. Characterization of t he  Warm Prestress Phenomenon

An e x p e r i m e n t a l  s tudy has been conducted to invest igate
the poten t ial elevat ion in K ic by warm prestress (WPS) and
t o  translate the significance of this behavior into struct-
u ra l terms in th e sense o f mi n imiz in g crack extens ion in
nuclear vessel during a loss of coolant accident (LOCA).
I t is concluded t h a t  the mechan isms assoc iated w ith WPS act
to elevate the K Ic of the material at the crack tip and thatth is fact  can grea t ly  min imize crack extens ion tha t  would
have been predicted without consideration of WPS. The ex-
perimen ts demons trated tha t spec imen f r a c t u r e  never occurs
dur ing the un loading portion of the simulated LOCA path .
This finding is of major significance to the vessel integrity.
Specifically, it implies that crack initiation in a vessel
will  not occur as K 1 decreases w i th t ime regardless of the
magn it ude of K i~~

.

In terms of marg in of s a f e t y  against f r a c t u r e , it is
shown tha t the e l eva t ion of K j~ by WPS is not un iform and
depends upon WPS leve l , the degree o-f unloading, and the
i ncrement  between th e tempera ture of WPS and the fa ilure
temperature . In terms of structural significance , it is
clear  t h a t  WPS by it se l f  canno t prevent  the  i n it iat ion of
sha l low cracks . For the typical vessel geometry considered ,
howe ve r , it is concluded that all cracks having relative
initial depths greater than 0.2 are prevented , by WPS , from
extend ing any amount. Finally, because of complete wall
penetration during a LOCA predicted by a conservative elastic
ana ly s is w ithout  con siderat ion o f WPS , th is phenomenon may
form a key element upon wh ich to predicate structural in-
tegrity during the acc i dent.

B. Plas t ic Net Li gament Stud ies

A simulation of the plastic net ligament behavior asso-
cia ted w i t h  a deep , axial crack in a vessel wall during a
LOCA was achieved . Using fatigue-cracked bend specimens , it
was demonstrated that the bendin g of the vessel wall , due to

2
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t he  t h e r m a l s t resses , s a r i  r e s u l t, i n n e g l i  b i b l e  c r ack  ( X i  ( f l S  1(01
f a deep cr a ck  co e q i c e n t  l y , the  vessel  i n t e g r i t y  w i l  1 be

m a in t a in e d . ‘f l il s  f a c t  w i  i i  p r e v e n t  t h e  loss of  coo l i rig v,ater
t h r o u g h  t h e  cracked w a l l  and t he reby  p rec lude  coro m e l t  d o w n .
The e x p e r i m e n t s  were  conducted  w i t h  A 5 3 3 — B I  st e el  wit h i n  he
upper  shelf toughness regime . Additional experim ents are
r equ i r ed  to s i m u l a t e  t he  b e h a v i o r  of t he  w a l l  when t i e -  Leui -
p e r a t u r e  of the c r a c k — t i p  r eg ion  f a l l s  w i t h i n  t he  b r i t t l e —
d u c t  i le I i’aflsi t ion r eg i o n

I I I .  F A T i G U E  CRACK PROPAGATION IN LW R M A T E R I  :\LS

Eva  I u at  ion of  Cr i  t I cal  Fac tors  I n C r a c k  Gr’u wt  ii Ra
S tu d i e s

4

Fa t i gue crack p r o p a g a t i o n  d a t a  are  i . re.~e n t e d  f o r  A~~t) 8 — 2
forg ing mat erial. Tests were c o n d u c t e d  in  acco rdance  with
t h e  pre l im i n a r y  NR C m a t r i x  desi gn ed to c h ar a c t e r i  ‘~e hy d r o  and
leak t r a n s ien t s  as wel l  as h e a t u p  and cooldown t r a n s io n t s  of
a commerc i a l  n u c l e a r  pressure vesse l .  To in v e . st i ga tp~ t he pr s-
s ’esl i r i g t r a n s i e n ts , tes ts  were c o n d u c t e d  in 93 U C ( 200 1 ’~
r e act o r  grade  w a t e r  at a t m o s p h e r i c  p ressure  and ii i  2~~~ C
(550 ° F) w at e r  at  11 MPa ( 2000 p.s i g ) .  A modi f i e d  t r a l I l ’ z o i d a l
l o a d i n g  w a ve  was used w i t h  a r a p i d  r i se  t i m e  w i e ’r s .-~i n  th e
u f t e c t  o f  ho ld  t i m e  was i n v e s t i g a t e d .  The d a t a  show t h a t
h o l d  t i mes o f  1 , 3 , and 12 m i n u t e s  do not  r e s u l t  i n  di  f l e r e n t
g r o w t h  r’ate trends at 93°(’. Fur thermore , the g r o wt h  r at e~; in
93 °C w a t e r  a re  e ssen t  i al  lv  i d e n t i  cal  to those  i n  an a i  r ( II —

vi  r~~n m e n t  ; t h e  b e h a v i o r  suggests  t h a t  t h e re  is  no - U i e e t  o f
I lu  w a t ’ ’r  en v i  r o n m e n t  f o r  the  t e s t  condi  t i o n s  and m a t e r i a l
i i l \’ ’ st  i g a te d .

_ _ _ _ _ _ _ _  
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RESEARCH_ PROG RE SS

I .  RADIATION S E N S I T I V I T Y  ANI) P O S T I R R A D I A T I O N
PROPERTIES RECOVERY

A. NRC-CE-NRL Cooperat ive Program: Series 3 (Extra Low
Copper) Mater ial Evaluation~-i

J. R.  Hawthorne

BACKGROUND

The primary objective of the NRC-CE—NRL Cooperative
Program on improved A533-B steel is to establish trends in
rad iat ion emb r it t l emen t  r e s i s t ance  for  t h r ee  series of mate-
rials r ‘senting progressive reductions in allowable copper
con te’ ach material series includes plates , weld depos its ,
and at affected zone (HAZ) materials. The program
bu l ~e findings of laboratory melt studies

1 wh ich
r~~ ~ i at certain residual impurity elements , espec ia l l y

r and phosphorus , have a particularly adverse effect on
radia tion resistance at reactor vessel service temperatures

~.288°C (...,550°F). Conversely, the reduction of impurities
was shown to yield steel with high radiation resistance.
Demonstrat ion tests with a commercial scale A533—B melt and
weld 2 ’ ~ confirmed the conclusions based upon laboratory melts.

Mater i a l s  in the  presen t s tudy  were :

Series 1 — normal copper content (~ - 0.15% Cu)
typical of non improved commerc i a 1
steel producti on (pre—1971).

Series 2 — low copper content (0.10% Cu maximum
with 0.012% P maximum ) representing
improved steel production (current
prac tice).

Series 3 — extra low copper- c On t e nt  (0.06% Cu
max imum ) considered the practical
lower limit for copper content control.

Findings for the Series 1 vs Series 2 materials have been
reported .” The results clean demonstrate that a major
reduction in radiation sensitivity is achieved with reduced
copper content in commercial production A533 plate , weld ,
and weld HAZ mater ials . The improvement was evident both
as a smaller Charpy—V (Cv) transition temperature increase

4 
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(Fig. I) and as a s m al l e r  decrease i n  Cv upper  s h e l f  s ’r e ’ r g~
level with i r r a d i a t i o n .

A s p e ci f i c  o b j e c t  i ve  of  t he  Series  3 vs S e r i es  2 m a t
r i a l  assessments  was to e s t a b l i s h  w h e t h e r  o’: no t  an  a d d i —

t o n a l  b e n e f i t  to  r a d i a t i o n  resi  s t a n c e  is achieved by a ~“ r ~.’
low copper c o n t e n t  ( o p t i m u m  s t ee l m a k i n g  p r a ct u ’e )  -orn l ct r e d
to a low copper  c o n ten t  ( i m p r o v ed  p r a c t  i ( 0  onl y )  . During
this repor t  i n g  per iod , r a d i a t i o n  assessments  o f  I he S r i  s s  3
m a t e r i a ls  we re completed and p e r m i t  t h i s  determination Is , be
made .

MATER I ALS

The chemica l  compos i t i ons  o f  t h e  S e r i e s  3 m a t e r i a l s  ar’~g i ven  in Table 1 a long  w i t h  those f o r  the Ser i e s  2 i -  ‘ 1 - I S V

m a t e r i a ls . It is noted  t h a t  the  Series 3 w e l d  deposit ~~~
produced by t h e  sh ie lded  m e t a l  arc (SMA ) process wh e i - eas t h e
Series 2 ( a n d  Se r i e s  1) w el d s  were made by t h e  submcrg -d ar (
( S / A )  p rocess . ” W e l d i n g  pa rame te r s  and m a t e r i a l s  used for
t h e  SMA we ld  are repor ted  in  Table 2 .  A l l  welds  f o r  t h e
program were produced u s i n g  s t a n d a r d  comme ri i a l  e~~U 1 pmen F
and practices .

The C~ spec imens  were t a k e n  f rom the  q u a r t e r  t h i c k n e ss
loca t ions  of t h e  p la tes  in two o r i e n t a t i o n s :  longi  t ud m a !
(LT , p a r a l l e l  to t h e  p l a t e  p r i m a r y  r o l l i n g  d i r ec t i o n) ,  a n d
transverse (TL, perpendicular to t h e  p l a t e  p r i m a ry  r o l 1 i n~- ,
d i r e c t i o n ) .  W i t h  one e x c e p t i o n , o n l y  the  TL o r i en t a t  i o n  w as
( v a l u a t e d  w i t h  i r r a d i a t i o n .  Weld  m e t a l  C~, sf ~~~~im en s  (0 15’
removed be tween t h e  1/8 and 7/ 8  t h i c k n e s s  l o c a t i o n s  a n d  io ’r ~
o r ien t e d  p e r p e n d i c u l a r  to the  w e l d i n g  d i r e c t i o n .  The IIA’ /.
C~- specimens were also o r i e n t e d  p e r p e n d i c u l a r  to the w e l d i n g
d i r e c t i o n  bu t  had the  specimen V — n o t c h  i - en t e r e d  0.8mm (l~~2 i n . )
i n  f rom t h e  weld f u s i o n  l i n e . The }IAZ sp ec imens  c o rr e sp o n d
to the  LT o r i e n t a t i o n , q u a r t e r  t h i c k n e s s  lo c a t i o n , of  t h e
p a r e n t  p l a t e . In  each case , t he spec imen  n o t c h  was  l ) ( ’ r l ) ( ’ f l —
d i c u l a r  to t he  p l a t e  ( o r  w e i d m e n t )  s u r f a c e .  Drop w e i g h t  t e S t

spec imens  (ASTM Type P—3) for unirradiated condition NUI’
d e t e r m i n a t i o n s  were t aken  e i t h e r  a t  the  q u a r t e r  t h i ck n e s s
lo c at i o n  ( p l a t e )  or t h r o u g h  t,h e  t h i c k n e s s  (weld d e p o s i t ) .

MATERIAL IRRADIATIONS

Material irradiations were conducted in the U n i o n  ( ‘a r b i d e
Research Reactor ( UCRR) D—3 f u e l lattice posit ion arid in t h e
(Jnivers i ty  o f  B u f f a l o  R e act o r  ( UB ) B— -’l f u el hit t ice  p o s i t  i on
Target I l uen c e  levels* c a l l e d  f o r  by the original p r o g r a m

— calculated spectrum F l ue n ce .
‘F — f i s s i o n  s pe ct r u m  ( a s s u m e d )  f 1 u ence
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NJEUTRON FLUENCEI 4T 550F (288C) (x)0 19 n/cm2)> t MeV ,

Fig. 1 — Summary of Cha r py-V 40.7J (30 fL-l b) transition temperature changes with ir-
radiation observed for Series 1 materia ls (large tilled symbols) and Series 2 materials (large
open symbols). A benef it to radiation embritt leme ti t resistance by a low copper content
is clearly evident. Earlier determinations for low copper content A533 -B materials from
commercia l scale demonstration tests are also given (small open symbols).
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TA BLE 2

Welding Parameters and Ma terials
(Series 3 Weld)

Weld Process Shielded Metal Arc ( SMA )

Electrode Type E8018—C3
Electrode Diameter 4 .75 mm (3/16 i n .)
Vol t age 25 V , dcrp

Current 210-260 amps
Trave l Spee d 26 .7 cm/mm (10.5 1pm)
Preheat Temperature 149°C (300 ° F) minimum

Interpass Temperature 260 °C ( 500 °F) maximum
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plan  were 2 to :!xlO ’9 a n d  5 +x l O ’ ’ 1 n / c m 2 >1 M s - V  ( 
~~~

‘
) l’or all

m a t e r i a l s .  H o w e v e r , t h e  i r r a d i a t  i ‘I n  p l a n  was  m o d i  t i e d  fo r
the Series 3 m a t e r i a ls  i n  v i e w  of  t h e  p e r f o r m a n c e  of the
Series 2 ma t :  r i al s  ( h i g h  r a d i a t i o n  r e s i s t a nc e )  and  o n l y  “ h i g h
f lu ence ” experiments were performed . Experiment 1 (UCRR)
with Plate 5 and HAZ 5 samples was irradiated to an average

• fluence of 5.3x10 ’9 n/cm ’ >1 MeV ; experiment 2 (UB) contain-
in g al l  mater ials e~. - opt HAZ 5 reached fluences of 4.9 to
6.1x10 19 n/cm 2 depending on experiment subsection.

Fluence determ in at ions were based on measurements  w it h
iron neu t ron dos imeter  w ires in c l u d ed in each exper iment
specimen array . Irrad iation period was of approximately
1500 hours duration for the UCRR experiment and of approxi-
mate ly  1900 hours for t h e  UB exeeriment. Irradiation tem-
peratures were monitored continuously by means ot multiple
thermocouples in  each specime n g r o u p .

RESULTS AND I)ISCLJSSION

Irradiation data developed for the six Series 3 materials
are illustrated in Figs . 2—7 and are summarized in Table 3.
Consistent with the low copper (and phosphorus) contents ,
all of the mater ials show excellent radia’ ion resistance in
terms of not ch duc ti l i ty  r e t e n tion .  For exam ple, Pl ates 5 ,
6, and 7 exhibited Ci,, 40.7 J (30 ft-lb) transition tempera-
tu re  increases  on t h e  o rder  of o n l y  36 to 42° C (65  to 75 °F)

HAZ materials , although showing wide data scatter , were
noted to h ave a t r ans iti on tempera ture eleva tio n comparable
to the parent plate (e.g., HAZ 6) or less than the parent
plate (e.g., HAZ 5). More importantly, postirradiation data
for the HAZ fall consistently to the left of the postirradia—
tion curve established for the parent plate in the transition
region . (For Plate 5, the postirradiation curve for the LT
or ien ta t ion is assume d t o f o l l o w  the  cu rve  f o r  t he  TL orien-
t a t i o n  in the transition regime based Ofl preirradiation com-
parisons). In the upper shelf regime , II AZ compar isons are
less clear. The data for HAZ 6 vs Plate 6 suggest a some—
what greater irradiation eflect on the HAZ both in terms of
upper shelf energy reduction and in terms of absolute values .
A similar comparison for HAZ 5 vs Plate 5 was not possible
for lack of plate LT or ientation data. It is observed , how—
ever , that the pustirradiation upper shelf of the HAZ is not

• reduced below that of the TL orientation of the plate in
either case .

• Referring to Fig. 7, the weld deposit depicted very
high resistance to radiation , surpassing that of the Series
3 plates. The performance of this weld was of special in-
terest because certain experimental data 1
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h a d  r a t  i-o-d SUSI ii . I ) f l 5  I ) f  a d e t r i men t a l  (o f l  t r i b u t  i ( , i I  Of

n i & ‘k el  c o n t e n t  t s r ad i  a t  ion sens i  t ivit y in addition to that
o f  i ’ I p l I * ’ r .  The m a t e r i a l — i  in q u e s t i o n  c o n s i s t ed  l a r ge ly  < t I
I i i  gli C O I I P ’r ( > 0.  2 (Y’ - Cu) w e i d m e nt s  of  A533— B st ee l .  The N H L
m t  & ‘-rp r t t  at ion of  t h e  dat a was a reinforcement by n i (Ike l of
the p r i m a ry  c~~pper e f f e ct  r a t h e r  t h a n  an  in d e p e n d e nt  co n t r i h t ~—

l I lt  o f  n i ck e l  to  r a d i a t i o n  r e si st a n -e for f l i ( ’k * ’ l  ( O f l t  5 1 1 1 5
up t o  l’~- . - - ~ An independent e f f e c t  of n i c k e l , on the  o t h e r
h a n d , was p ro jec  ted by o t h e r  i n v e s t i ga t o r s  • ~ Because of t h e
b roa d  use and  i m p o r t a nc e  of  E80 l 8—C3 electrodes (‘~..t~ Ni)
f o r  s h ie l d e d  na t a l  a rc  w e l d i n g  of  A533—B in n u c le a r  c o n s t i - u c —
t ion , t he  e x i s t en c e  and  mode 01 a n i c k e l  cen t  r i l t u t  ion to
r a d ia l  i t I n  p e r f o r m a nc e  were  c r i  t i c a l  u n c e r t a i n t i t -’,’- The
r e s u l ts  of  F’~~g .  7 c l e ar l y  d e m o n s t r a t e  t h a t  n i c k e l  dt ) ~’s not

c o n t r ib u t e  se p a r a t e !  v t s ~ r a d iat  ion e m b r i  t t i e m e n t  se’nsi I iv i t v
lo r  a m o u n t s  up to l~ Ni. NRL findings for a O . 6~ N i  w e l d
made by t h e  submerged a rc  process  p r o v i d e  separa t  e C -  l tp po rt  —

in g  ev idence . Thus , the  o r i g i n a l  conce rn  f or  the  use low
c o l ) p c , r  ( ( I n t e n t  E 80 1()— ( ’3  e l e ct r o d e s  fo r  h i g h  f l u e n cy  app i  i a —
t io n s  can he d i smissed . rth €, resul  ts , however , do not  r e i -;o lve
s u s p i c i o n s  of a n i c k e l -c o n t e n t  c o n t r i b u t i o n  to r a d i a t i o n  be-
h a v i o r  f o r  t he  case of  h i g h  copper welds  s ince  the  p o s s i b il i ty
f o r  a n i c k e l — c o p p e r  i n t e ra c t i o n  f i r s t  su g g est e d  by t h e  N h ! ,
analysis remains .

In  F i g .  8 , t h e  C,~, 40 .7J (30 f t — l b )  t r a n s i t i o n  tenlpt ’ra tu l- t’-
increases determined for the Series 3 m a t e r i a l s  a re  -omp a i ’ ’d

t o  p r e v i o u sly  r epo r t ed  d a t a  fo r  t h e  Ser i es I and 2 m a t l ’I - ials .
Significantly, comparabl e trends i n  radiation induced p1- sp o r t y
ehan~~s’s are  i n d i c a t e d  f o r  t he  e x t r a  low i - o p p v r  Coflt S il t m at  I

r ia l s  vs the  low copper content materials; that is , for- t h e
Ser ies  3 m a t e r i a l s  and  the  d e m o n s t r a t i o n  test m atl’l - ials vs
the Series 2 materials. The study accordingl y has ( 1 I 0 I i l ’ f l
strated that a further reduction in maximum allowab le (‘II l I I ) I ’t~
con t e n t  f rom 0 . l 0~ Cu ( ASTM s p e c i f i c a t i o n )  to O • I)( ’ (a ( b est
s te e lm ak i n g  p r a c t i c e )  w i l l  not r e su l t  in  p art ic’~t Iai - be fl t’t i t

to rad iation resistance , at least for plate and HA/S m at -d ais .
For welds , the  pract ical significance of o. r)(i ’; (‘u max vs
0. lO~. Cu max wa -s not  a c t u a l l y  i n ve s t i g a t e d  t ) 4 o ’ a I . t s t ’ l i t  t h e
similarity of copper contents (equally low). From l a l I l ’ 1 ,
it is noted that weld copper contents were al l  i n t lt 1 -  r a n g~ -

-: of 0.04 to 0.07” - Cu. It is pointed ou t , hIIv,& ’ \ I ’ r , I ~ a t  t h t -
w e l d s  w i t h  the l owest copper and p h o s p h o r u s  ( ‘ ( l i l t  o u t  s t’xh ~l) I t ed
the highest radiation resistance of all the m ateria ’s & v a l —
uated.

Limited results for postirradiation hc ’- at t r e a t m e n t
(anneal ing) of Plates 6 and 7 are presented in Figs . 1 a n d
6. In both cases , 343°C (650 °F)—168 hour ann ea ling d id 111) 1
produce significant re -uvt5ry in C~- 4 0.7 J  (30 ft—lb ) tra tis i-
t ion temperature and produced only limited recovery in the

1 
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C 67.8.J (50 ft—lb) transition temperature . A high degrs’e

recover~ was no t  expected from earlier results. For mate-
rials showing high radiation resistance , embri tt le r i je nt r i ’ l i e t
by annealing is nut expec ted to be important for ext s-nd ing
component lifetime ; however , the current results do help
exte nd the state—of—the—art on postirr adiat ion anneal ing
trend s among steels.

CONCLUSIONS

Preliminary radiation assessments ci the Series 3 mate-
rials (extra low copper content) from the NRC—CE-NRL Coop-
erative Program have results in the following primary obser-
va t i ons  and con c l u s ions:

I. The specification of extra l ow copper content (o.o6~; Cumax , optimum steelmaking practice) as opposed to a low
copper content (0.iO~ Cu max , improved practice only)
does not provide a l a rg e  increase in 288°C (550°F)
radiation resistance for A533—B steel for fluences up
to “s~5xl() 

1 9 n / c m 2 >1 Me V .

2. Al l  plate , weld , and lItlZ materia ls of Series 3 exhibited
ve ry l~~~ s t - i t s  i t  I v i t  v to radiation induced change in C~.
notch duc-ti l i t  v in t orms of transition temperature
eleva tion and t i l l s ‘r  ‘1 f ( ‘ I I I  1- gv degrada t ion - Typical iy
C
~ 

30 I t— lb t rait s it ion temperature elevations were less
than 56 C (100 ’ F )  v, I t h  I l t t en c e s  ( -t~~~) of -1 .6 t ot 5.3x10 ’9

n/ cm - >1 M s - V .

3. The weld deposit showed the best radiation resistance of’
the Series 3 m a t e r i a l s .  The weld HAZ , i n genera l , ex-
hibited a du c t i l e /b r i t t l e  transition no higher than that
of the l)areflt plate . Somewhat poorer upper shelf re-
tention by the HAZ is suggested by the data.

4. Nickel in amounts up to 1% does not contribute separately
to radiation effects sensitivity in low copper content
A533 welds .

5. Postirradiation annealing of extra low copper content
A533 steel plates at. 343°C (650°F)—168 hours is not
highly effective toward radiation effects recovery .

A final report on this phase of the NRC—CE—NRL Cooperative
Program is in preparation.* The report w ill include a summary
of Series I and Series 2 material investigations as well.

*Joint NRL and CE authorship.
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B. Influence of Phosphor i—~~-and (l ~~j~~’r In Postirradiation
Upper Shelf Performance of Steel

J. R. Hawthorne

BACKGROUND

The detrimental influenc e of phosphorus and copper im-
purities on the brittle /ductil e t ransition behavior of low
a l l o y  steel under 288°C (550°F) u -rad iation is well estab-
lished . The importance of these elements to upper shelf
energy retention during irradiation and to upper shelf re-
covery behav ior by hea t t rea tment  ( a n n e a l ing ) on th e other
hand has not been explored in detail. The mechanisms for the
phosphorus and copper contributions to radiation sensitivity
are known to be different.7 8  Accord ingly, it is possible
that one and not the other of these impurity elements exert
an influence on upper shelf behavior with irradiation. It
is e q u a l l y  poss ible that  up per shelf  degradat ion by rad iat ion
exposure is s imply  a func ti on of re la t ive ‘ damage state ”
wh ich is defined by material sensitivity level , regardless
of the par ticular metallurgical factors involved , coupled
with the fluence received .

PROGRESS

A recent investigation has explored t he  individual in-
fluences of copper and phosphorus (Sn upper sh e l f  behavior
with 288’C (550°F) irradiation and with 343 and 371°C (650
and 700°F) pustirradiation annealing. Four materials were
employed and are identified in Table 4. Plate N27 served
as a reference material. The material s were irradiated
simultaneously in one reactor experiment to minimize exposure
d i f f erences. Some small fluence (n/e m 2 > 1 MeV) differences
due to the reactor flux gradient were noted . The experiment
inc lude C

~ 
specimens for typical notch ductilit y determina-

t ions and fatigue precracked Charpy—V specimens (PCCV) for
fracture toughness determinations (Kj~~) by the J-Integral
me thod .

Table 5 summar izes findings for the C specimen assess-
ment -s. Referring to the irradiated condi~~iun , greater em—
br ittlement in terms of transition temperature increase with
increasing copper and phosphorus content i-s indicated (ex-
pected trend). In contrast , abso l u t e upper  sh e l f  en ergy
decreases show no trend with copper level. In terms of per-
centage decrease , however , the performance of P la te  N27 vs
Plate IT suggests a greater percentage decrease by irradia-
tion with a higher copper c o n t e n t .  Similarly, a greater
e f f e c t  by i rrad i at ~on for i ne t-oti s i n g  p h o s p h or u s  c o n t e n t  i s
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suggested by the results for Plates N27 and 40C . R e fer r i n g
to r e s u l t s  f o r  the  p o s t i r r a d i a t io n  a n n e a le d  c o nd i t i o n , two
important determ i nat ions were possible . F i r s t , a decrease in
upper shelf recovery with increa sing copper content is demon-
strated by the 343°C (650 F) data. secondly, a di f ference of
28°C (50°F) in anneal ing t s - m p s - r t t u r s -  (i. e . ,  371 vs 343°C,
700 vs 650°F) can have a very m a r k ed s - f  f t - c t  on upper shelf
response . For Plate -IOC the I l a t a  t r e  t e n t a t i v e  but suggest
tha t phosphorus content 1-s  i s - I  r ims -r i t al to recovery behavior
as well.

Table 6 lists pro— and p vs t i rr adi at ion fracture toughness
(K~ ) values for one plate and weld. All tests were con—
duc~ ed a t 177 °C (350°F) (-orl- s-s ponding to the upper shelf
regime . For Plate N27 , upper shelf degradation with irradia-
tion and recovers- with annealing ars- < -lear lv depicted . For
weld W i , an inconsistency i-s noted rs lat ive t o  the C data
trend , that is , the a ve r a g e  K j d v a l ue  f o r  t h e un i r rad ia ted
cond ition. This may he simpl y a mani festat ion of data
scatter but could point UI) a potential problem in the use of
the PCC~, tes t method , i . e . ,  need for multiple -sjs- (-imen tes t-
ing.

To summarize , results of this investigation signify an
important role of copper and phosphorus impurities on post-
irradiat ion C~, upper s h e l f  level , espec ially with post-
irradiat ion heat treatment. A follow—on study with a series
of laboratory split melts with statistical impurity variations
has been undertaken to prov ide a more def init ive test of the
impact of both copper and phosphorus on upper shelf trends .
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I I . THE RMA L SHOCK-RELATED INVESTIGATIONS

A . C h a r a c t e r i z a t io n  of Warm Prestress Phenomenon

F.  .1. Loss , R .  A .  Gra y , - J r .  and .1 . H .  Hawthorne

BAC KGROUNI)

One of the postulated events for a nuclear pressure
vessel is a sudden loss of coolant accident (LOCA)followe d
by operation of the emergency core cooling system (ECCS).
Introduction of the relatively cold ECCS water subjects the
vessel wall t o h i g h  t herma l stresses , i.e., thermal shock ,
tha t (-an lead to extension of a preexisting flaw. It has
been assumed tha t crack extension will initiate when the
applied K1 leve l at the flaw tip achieves the critical Kj~level. However, crack extension may not  actually take
place if K 1 is decreasing with time when the K i~ level is
attained. This phenomenon is known as “warm prestress” (WPS).

Since K J(. is a function of temperature , its value can
exceed the  peak applied K1 level early in time when the
vessel, wall is hot. In this event crack extension will not
take place as the peak K1 is applied. Later , both the K1
level a n d  the wall temperature , and therefore Kj~~

, decrease
at different rates; this behavior can result in an equiva-
lence between K1 and Kj~~

. At this time , however, the prior
WPS at the crack tip is expected to preclude crack extension .

An experimental program is underwa y to characterize the
WPS phenomenon and to de f ine  its potential benefits in terms
of inhibiting crack extension in a nuclear vessel . The ex-
perimental program employs notched , 3—point bend specimens
of A533-13 Class 1 steel. Spec imens are sub,jected to a K1
vs temperature path tha t simulates the conditions during a
LOCA . The experimental procedure has been described in
Ref. 7. The first phase of the WPS experiments has been
completed and the results are summarized here .

EXPERIMENTAL RESULTS

Results from 38mm and 76mm (1.5 and 3.0 in . )  thick bend
specimens are presented in Figs . 9 and 10, -respectively.
In both figures, specimens were loaded to a predetermined
K1 levE l at room temperature (i .e., warm prestressed) and
then simultaneously unloaded and cooled to a given tempera-
ture . This was followed by an isotherma l loading to failure .
The figures illustrate the behavior of two specimen loading
patterns . The filled symbols denote a partial unloading

¶ (e.g., 30-60%) over the increment , ~T, between the tempera-— ture of WPS (T ~~~ 
and t i s t ’  t e mp s r a t i i re O f  isothermal loading

to failure (TF~
. The open symbol-s denote complete unloading
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Fig. 9 — Warm prestress trends for 38 mm (L5 I n.) thickness specimens. Specimens received
a warm prestress loading at room temperature to the levels indicat ed. Filled symbols denote
partia l unloading while ope n symbols denot e the failure path “load , unload , cool , fracture ”
( LUCF).
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FIg. 10— Warm prestiess trends for 76 mm (3 in.) thickness specimens. Specimens
received a warm prestreas loadIng at room temperature to the levels indica ted. Sym-
bols are defined in FIg. 9.
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at T
~ ~~ 

coo l i ng  t o  ~~ a n d  I a i 1 a i- - h~ 801 - i  uent isothermal
loading (LUCF). It mus t In  e mp h a si  / ed  t h a t  only the partial
unload ing path is rei)resento& 1. i ye o I l OU\ condi t ions in that
complete unloading will not occur during the accident. The
LUCF path , however , provided a means to characterize the sig-
nif icance of the degree of unloading. Also shown in the
figures is the K ic trend measured by Westinghouse Corp .

9’
~~°

for the same plate of A533—Bl material used  in the present in-
vestigation (HSST plat e 02).

In order to unde rst and t h ( -  da ta t rends, it is i m p o r t a n t  to
note first that rio specimens fail ed during the simultaneous
unl oading and cooling even though t he  I-ri L ica l K 1 - for the
virgin material was attained. This loo t is of m~~ or import-
ance to the vessel integrity a-s explain ed later . Nex t , no te
that all specimens that were p a r t i a l l y  unloaded following the
WPS , exhibit a value of K at f a i l u r e  that t-xc-. ~eds the K 1 -

value at the specific faifure temperature . It is there fo~ econcluded tha t ~ZPS during a LtX’A e f fe c t  i ve l v i-levates the K1of the material . The specimens thai ~o - r & -  (- em l )let e lv unloade~
also exhibited an elevation of K 1 - 

hut t o  a l e ss e r  degree than
was the case for the p a rt  i a l  u n ) o ~k d i n g .  In  J o e - I  , no e l e v a t i o n
j f l  K~~ was e x h i b i t e d  by sp e c i men s  I h a t  \ o i e  t u m p l i t t l y  un-
loaded and then f r a c t u r e d  a t  a \‘e i-v I w - rnpe r a t  ore  ( — 196 ~ ( ‘
—320 °F) . Thus , the data siog~ - t that t h e . - x t e n t  o f  t h e  un-
loading (partial unloading vs eono l )  I t - I c  u n l o a d i  n g )  does i n f l u -
ence the specimen behavior .

As illus t. rated in Figs . 9 and 1(1 fl.- SjS i I rlit lis were sub —
ject -d to different levels of ~~~~~ t h e  l o w e r -  l e v e l i n  each
( O t ( corresponds to the  ASTM l- - : t ~~i) a] 1 l w - l b  I t -  f o r  t h e  speci fic
thii-kness. With the 38mm s l it - -im ens (1-1g . ~9 )  t h e higher WPS
l e v e l corresponds to t h a t  wh i -

~~~ i s pe rmi -d for a specimen

~~ 76mm or greater th il-Rn. -~-;s - Fe r t h e  7i nwi p - c r  mens the
higher WPS leve l c o r r e s p o n d  t I  t i e  t i  l ow a h  I . - va l i i . -  for a
152mm (6 in.) or gr- .-a tt- r t . h o - k n~ - -s :~ 1 - u n . - n .  N di t terences
are apparent hetw .- .-n t h. t r i n d s  t o  the i~~mno ~~p t c - I mi ns pre—
o-~ t res.sed t o  80 MPa m ( t h e  A — Y F M  a I 1- ~ -in It- F i r  ;t 7lirnrn specimen)
in F I g . 9 and t. h e-ot • r n 1- i g - } ( -) for t hi - 76mm s i n - c  ime n p r & —
stressed to the same J e v .- 1  - A l so , i s i m i l a r  t roo- t rire surface
appearance was obse r vt d t i  r 1 ) 1 1  Ii - s k i ’  1 l i - it - Il I I i i  ckilt sst s - Th is
correspondence s ugg st  s t h a t  t h i -  I a rge r ~ I :e~ t ic / oue  s ize  re-
s u l t i n g  f rom t he  ‘o v t - r l o a t l  - t i  ~~ ) \ W i ~~m , of  t h e  38mm speci —

men s is not  a d e t e r r e n t .  Foo t I I  i i i  oe oi- ss in g I lie e f f e c t s  o f
WPS . On this basis , t. I :-~ i - t m - I ud t - d  t lot  t t lit - geom etricall y
s i m i l a r  overload o F  th e 76mm :~f)e( I flk IJS  , t o  a p p r o x i m a t e l y  120
MPa /m , ( Fig . 10) would a ISO ~~ 

- p ri - e n t  he b et r ay  i or (If 152mm
t h i ck  specimens , had ti n -v in-en avai l :thie I i i -  t e s t . This con—
clus ion is sign i ficant . in t h a t  I t  perni i t s  a more gen era ’  i n —
te rpre ta t  ion of t he  h e n s - f i t s  o f  ~ t ’~-~ t i  t h e  h i  gh t ’r  K l evel s
tha t  may be exper ienced by a vess el  d u r i n g  a L0(’A .

2~~

~

— -—--- -—-- - - - —



A N A L Y S T S  OF I)A TA

The magn i tude of the K i~ 
eleva t ion by WPS may be observe d

from Figs . 9 and 10. It is not possible to assign a quanti-
tative value to this elevation in terms of , say, K F/K Ic since
the failure level , KF, depends upon (a) WPS leve l (K wps)
(b) fa i lure temperature , and (c) degree of unloading. How-
ever, it should be noted that for a given failure temperature
and unloading path , Ki~ 

is elevated in proportion to the
magnitude of iç 

~~ 
Thus , it appears that a high  value of

Kic could be ob~ained at a very low temperature simply
through the application of a hig h leve l of I(~~~~.

The preceding is a simplistic analysis of the WPS phen-
omenon. Therefore , it is of benefit to consider the inter-
action of tire three major independent parameters listed
above and depicted in Fig . 11 . From thi~- figure it can be
conclude d that the maximum benefit of WPS, in terms of the
highest KF/KwPS ratio , is obtained for the case of partial
unloading for which ~T is small and the K~~5 is low . Fortu-
nately, during a LOCA , two of the above three conditions are
met. First , the metal at the crack tip is always partially
unloaded and t h is unloading is not expected to exceed the
30-60’; to which the specime ns were subjected. Second , the

~T is expected to be small between the temperature of peakapplied K-1 during a LOCA and the  temperature at which K1
attains tfie K1 level. That is to say, a ~T of l00 C ,
corresponding ~o a TF of -73~C in Fig . 11, may represent the
largest value that could occur during a LOCA . Consequently,
the partial unloading data at -73 C would be most applicable
to a LOCA . From this , it can be concluded that for K,~ ~
less tha n 120 MPafm (109 ksilin.), the WPS phenomenon ~ i1l(a) provide an . 1  F& -i - t i y t - l elevation of Kic and (b) assure
tha t th e failure level will equal or exceed the level of WPS.

An alternate way to interpret the interaction of WPS
level , failure temperature , and degree of unloading is pre-
sented in Fig. 12. This figure clearly illustrates that the
elevation in K ic i as reflected by KF, increases with WPS
level. The magnitude of the Ki~ 

elevation can be observed
by comparing KF with the mean Ric values for the appropriate
failure temperature . For example , a K1 elevation in excess
of 200’ is exhibited by the extreme of ~he partial unloading
data at -73°C; whereas essentially no elevation in Ki~ is

- ‘ - exhibited by the LIJCF data at -196°C.

An extrapolation of the trend illustrated in Fig. 12
suggests that even higher elevations in Ki~ could be obtained
with the higher imposed values of Kwps. Unfortunately, the
data deviate from the one-to-one relationship between KF and
K~p8 as K~~5 is increased. 

The reason for this deviation is
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Fig. 11 — Relationship between the K1 at failure (K F) and the level of warm prestress (K~~.)
at room temperature as a function of ~~~~ leve l , unloading path, and fai lure temperature (TF ).
The LUCF unloadin g path refers to load , unload, cool , fra cture .
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Fig. 12— Comparison of the K 1 at failure (K F) with the level of warm prestress (K~~8)
at room temperature. Warm prestress produces an artificial elevation in K it. However ,
the relationship between KF and K~~5 depends upon the loading path , K~~ 8 level, and
the failure temperature. The latter is denoted on each data trend line.
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believe d to be related to the interaction of (a) the com-
pressive residual stresses that can cause reverse y i e l d i n g
upon unloading of the crack t ip, and (b) the temperature
elevation of the yield stress that results when a large ~T
is employed. When ~T is zero there can he no y ield stress
elevat ion . In this case , one would expect ~~ to equal or
slightly exceed Kwps in that no m’rechanism exists to prevent
the specimen from again supporting the load it had withstood
a short t ime previously al the same temperature . The detri-
mental effect of reverse y ielding upon unloading results
from the i ncreased yield stress associated with a low value
of TF (large ST). If one assumes that the K 1 level and
local stra in) are proportional. then an attemp t to apply ~~~~
at the low value of Tt’ will subject tiìe crack-tip region to
the same stra in as during the WPS loading . In attempting
to reach this strain , the m etal may first achieve the criti-
cal cleavage stress , which in turn , precipitates fracture .
Conseque n t ly , one would predict a deviation from the one-to-
one line as illustrated in F i g .  12 for a large K~~ 5 in com-
bination with a large ~ T.

Fortunately, the reverse yielding that tends to prevent
the atta inment of the ~~~~ 

level upon reloading at a lower
temperature has a minima l t-t ~~ect under LOCA cond itions .First , only partial unloading is experienced and therefore
li ttle , if a n y ,  reverse yi elding at the crack tip is ex-
pected. Second , the ~T i s  expected to be small so there
can be little elevation in yield strength. Thus , the criti—
cal cleavage stress can be achieved only at a KF level that
is not significantly below the original value of Kwps .

The above model appears to offer a satisfactory explana-
tion for t he observed trends in Fig. 12. Spec ifically, the
large eleva tions in yield strength in the experimental pro-
gram that resulted from the relatively large ~ T values (95
to 220 C) are not expected to occur during a LOCA . Conse-
quently, that portion of the data in Fig. 12 most directly
applicable to the LOCA conditions (i.e., partial unloading
and failure temperature of -73°C) supports the conclusion
that WPS cair he effective in preventing crack extension
during a LOCA . The structural implications of WPS to a LO~A
are cons i dered next .

STRUCTURA L INTERPRETATION OF WPS DURING A LOCA

A theoretical analysis of the potential for crack exten-
sion during a LOCA has been performe d by Cheverton ~ for
a typical pressurize d water reactor vessel. His results are
interpreted here to characterize the maximum depth of crack
extension when considering the influence of WPS . The time —
dependent stress intensities computed from Cheverton ’s
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an~~ivsis for a l o ng ,  ax ial crack are presented in Figs . 13—
15. The following assumptions were  made i n  m od e l i n g  the
vessel

- W a l l  t h i ck n e s s  = 2 16 mm ( 8 . 5  i n . ) .
— Inne r w all fluence = 4x 10 ’9 n/ cm 2 >1 Me V

( cor r e s p o n d i n g  to a 4 0 — y e a r  i r r ad i a t i o n  p e r i o d ) .
- H i g h  i m p u r i t y  copper level ( >  0 . 2 5~~) .
— Pre i rradiati on K Ic vs t e m p e r a t u r e  as d e f i ne d  by

W e s t i n g h o u s e  Co r p o r a t i o n 9
’ 

1 0  for A533-Bl steel .
— Vessel  not pressurized.

Dur ing a LO(~\ . the magnitude of possible (--rack extension
canno t  1) 1 e a s i ly  computed. This fact has raised t he  p o s s i —
b i l i t~ — ( i t  c o m p l e t e  crack p e n e t r a t i o n  of t h e  w a l l . Fortun—
ab l y , t h e  factors of  decreas ing  f l u e n c e  and i n c r e a s i n g
t e m p e r a t u r e  toward t h e  ou t s ide  w a l l  surface p r o vi d e  t h e
mechan ism fur the arrest of a running crack that may initiate
in the ma te rial of relatively low toughness near the inne r
wall surface . Arrest is assumed to occur when t he  K IR * v a l u e
e X ( u 1 ds t h e  K 1 v a l u e  at the crack t i p .  F u r t h e r m o r e , the
d egr a d a t i on  in  caused b y n e u t r o n  bombardment  t h r o u g h  the
w a i l  has i l - I - n  c h a r a c t e r i z e d  in  the  s u b jec t  a n a l y s i s  accord ing
to t h e  p r o c e d u r e s ;  o f  R e g u l a to r y  G u i d e  1. .99.  ‘~~ The l a t t e r
d e f i ne s  t h e  vs t e m p e r a t u r e  t r e n d  fo r  i r r a d i a t e d  m a t e r i a l
by a s i m p l e  t e r n p ( - r a t u r ( -  translatio n of the pre i rrad iat i on
t r end , b~ts ti on t h e  f lu e n c e  l ev e l  and r e s i d u a l  i m p u r i t y  con-
t e n t  of t i i ’ -  s t e e l .  The K 1 vs t e m p e r a t u r e  t r e n d  for  the
i r r a d i a t ed  m a t e r i a l  has been s i m i l a r ly  projected. The vali-
d i t y  of  t h e  latter assumption , however , is subject to add i-
tional v e r r f i c at i o n .

F igure  13 i l l u s t r a t e s  the  K 1 leve l for  a l ong  ax ia l
flaw 7.5 m inutes after the LOCA initiation. From the first
in t e rs ec t ion  o t  K 1 and K 1 , i t  is concluded t h a t  an axia l
crack h a v i n g  a d e p t h — t o — w ~~l1 t h i c k n e s s  r a t i o  ( a / W )  of 0 .03
w i ll initiate at this time . The flaw will propagate to a
relat ive depth of a / W  0.36 before it is assumed to arrest.
I t  s h o u l d  be noted that different size flaws can initiate at
d i f fe r e n t  tim .-s . In other words , Fig. 13 represents crack
initiation conditions only at 7. 5 m i n u t e s .

A er o s sp l ut  of  t h e  i n t e r s e c t i o n s  of K 1 w i t h  K i~ and K IRa t  v a r i o u s  t imes  i s  shown in  F i g .  1-I . The dashed l ine
i l l u s t r a t e s  the  progress ive  i n i t i a ti o n — a r r e s t — r e i n i t i a t i o n
b e h a v i o r  of a s h a l l o w  crack.  - This description suggests

~The KIR vs temperature behavior for unirradiated material is
• defined in Section 111 of the ASME Boiler and Pressure Vessel

Code . The mechan ics of crack arrest is a topic of current
research and present ly  one canno t guarantee tha t  crack arrest
will occur exactly when Kj~ 

K IR.
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FIg. 13— The K 1 level for long, axial flaws of different depths in the reference vessel at
a time of 7.5 minutes after the LOCA initiat ion . Critical crack depths for initiation (Kit)
and ar rest (K IR ) are also illustrated. (Ref. 11)
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Fig. 14 — Critical crack depths for initiation and arrest with a long, axial flaw in the sub-
ject vessel. The dashed line denotes th e progressive initiation -arrest-reinitiation behavior
that could lead to deep penetration of the wall without consideration of the WI’S phe.
nomenon. (Ref. 11)
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a/w , of a postulated long, axial flaw . The locus of points where KjIK j c is unity denotes the
predicted time of initiation of a give n size f law with out consideration of WI’S effects . (Ref.
11)
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that the crack could deeply penetrate the wall. However.
- - Chevert on 1 1  has p o i n t e d  o t t  t h a t  the  a s s u m p t i o n s  of h i s

mode l are conse rva t ive  and t ha t  complete wall penetra t ion
may not  actually take place. Specifically the Ki~ 

calcula-
tions were based on linear elastic behavior . For large
crack penetra lions (a/W-~0.5) the remaining ligament is sub-
jected to plastic deformation and the assumption of linear
elas~~ic behavior is not valid. The presence of p last ici ty
w ill result in K1 levels less than those computed elasti-
cally and therefore will decrease the propensity to penetrate
the wall.

Figure  15 dep ic t s  t he  behavior  of K 1 w i t h  t i m e  for  a
f a m i l y  of  long ,  ax ia l  f laws . I t  is i m p o r t a n t  to  note  the
relat ionship between these curves and the locus of points
for whic h K1 /K 1 is u n i t y .  W i t h  f l aws  of r e l a t i ve  dep th
greater than 0.~~, it is clear that the intersection of K 1
and K j~ 

occars with decreasing K1. Thi s points out that all
cracks greater  than a relative depth of 0.2 have been warm
prestressed. On t he  bas is of the N~ L i n v e s t i g a t i o n s, it is
therefore expected that cracks greater than this depth will
not i n i t i a t e  in  t he  s u b j e c t  vessel. Given the above , it is
possible, nevertheless , to predict crack extension to rela-
t ive depths greater than 0.2. Co ns ider a flaw of r e l a t i ve
depth of 0.1 in the framework of F i g .  14. Since t h i s  f law
is not subject to WPS , it will begin to extend at a time of
3 minutes and penetrate to a relative depth of 0. 2 . Because
o n l y  cracks of re l a t i v e  dep th  grea te r  t h a n  0 .2  are subjec t
to WPS, the crack will reinitiate at a time of 7 minutes and
extend to a relative depth of 0.34. Further extension is not
l i k e l y  because of WPS d u r i n g  t h e  t i m e  periods up to  18
minutes when the iiext initiation would be p r e d i c t e d  i n  the
absence of WPS .

The prece di ng descr ipt ion i llustrates that wh i le crack
i n i t i a t i o n  from shallow cracks cannot be prevented by WPS,
the magnitude of the crack extension can be limh -~d by t h i s
phenomenon so as to preclude comp lete penetrat ion of the
wall. The benefit of WPS is such that a potentially severe

_-.—-..--~~~~~~ acc ident, that of complete wall penetration . is reduced to
• one of lesser seve r i t y  in w h i c h  the vessel i n t e g r i t y  is

m a i n t a i n e d .

SUMMARY AND CONCLUSIONS

The present research inves t iga t ions  have considered the
phenome non of warm prestres s and its potent ial benefit for
the m i n i m i z a t i o n  of crack extension durin g a LOCA . It is
concluded that the mechan isms associated with WPS act to
elevate the  c r i t i c a l  fracture tou ghness , K 1 , of the material
at the crack t i p .  Du ring a LO CA , an eleva f~~on of K i~ results
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when t he  peak va lue  of WPS ( K
~~ 5

) is applied at a sufficiently
h i g h  t empera tu re  so that the R ic of t he  m a t e r i a l  exceeds K~~~~.A f t e r  t h i s  peak load ing  to ~~~~~ the  K 1 leve l in the  vessel
decreases and  achieves  t h e  c rit  ical  K ic value  a t  lower tem-
perature (because of the temperature dependence of Kj~~

) .
Th is study has demonstrated that failure never occurs during
unloading . Thi s observat ion is of ma jor s igni f icance to the
integr i ty of a protot ype vessel. From th is behavior it is
concluded that crack initiation will not take place in a
vessel once the crack tip has been subjected to WPS . This
conclusion is valid irrespective of either t h e  degree to
which K 1 a t  t he crack t ip f a l l s  below K ic or the  n a t u r e  )f
the tnloadin g path. In other words , crack extens ion af ter
WPS can take place on ly  w i t h  i nc reas ing  K 1; s ince  K 1 does
not increase after t he peak K~~~~, no mechanism exists upon
w h i c h  to postu l a t e  crack e~~~’~ngion .

In terms of trargin of safety against fracture , t h is
study has shown that the elevat ion in Kic caused by WPS is
not u n i f o r m  and depends upon (a) t he WPS level,  (b )  t he  ~ T
between the  f a i l u r e  tempera ture  and the  tempera ture  of WPS,
and (c)  the  degree of u n l o a d i n g .  S p e c i f i c a l l y,  the  be ne-
f ic ial elevat ion of Ki~ 

appears to be greatest when both the

~T and the degree of unloading are small. Fortunately, both
of these cond itions are met during a LOCA , and an eleva t ion
of Ki~ 

should be assured by the WPS phenomenon . In partic-
ular , it is concluded that WPS levels of 120 MPa/m or less
can result in an elevation of K Ic for the vessel material
to at least the WPS level during a LOCA transient, assuming
of course , that the mater~~~l is metallurgically capable ofex t

~ib iting this level of toughness .

In these experiments, a relatively large ~T was neces-s i tated in order to unambiguously demonstrate t he elevat ion
of K Ic by WPS. During the LOCA however , th e .~T can be much
smal ler  t h a n  the  values i n v e s t i g a t e d .  I t  is f e l t  t h a t  a
small ~T will result in even greater benefit of WPS than
demonstra t ed by this study. Nevertheless , experimental in-
vest igations are continuing at NRL to characterize the WPS
phenomenon in the case of a small ~T.

It has been suggested th at  the use of un iaxially-s t ressed
bend specimens in  the  present investigat ion does not permit
simulation of the biaxial loading that occurs in the vessel
d u r i n g  a LOCA . However, the  i n f l u e n c e  of biaxial loading in
t l-’e linear elastic regime is not considered to be significant
and should not alter the conclusions of the present investi-
gation . A partial verification of this hypothesis result s
from a comparison of the data from the uniform specimens vs
specimens having face grooves . Although not exactly similar ,
face grooves tend to increase the crack-tip constraint.
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P - - to  ~e r .  t i n -  d a t a  ~i a \ i  s l i c v. n t h a t  no t r e n d  was e f f e c t e d  h
h i t -  l ; t - - --- g r c c c c v i n c .  N c - ~~. - r t h e l t - s s , t h e  sigfli I i - an -e o f  b i a x i a l
I i  ~~~~~ I ~~~~ ~~ ~ l~~ 1 ~u-~ n~~t ~ ~ c f l &  1 u -  i Ve I y demonst ra t. c -d
I r ~~~i 1 c 1 c c -  ~L r ~~ t h a t  t u r t h i - r  an~t l ~

- ---~ is  is  r e r t u i r e d  to i - - i - s o l v e  t h i s
~t I’ ’ a

-\ tl I n i ~~ ri i r - t a t  ion u l  t he  s t r u ct ur a .I si g n i f i c a n ( - t -  u l~~~
has  c t - i - t i  n u ( I ( -  i c r  a I ~-p i c a 1  r i - a c t o r  p r e ssu re  vi s s i -l  c o n t a i n —
in~ a Ioti : a x i a l  1 la~c a n d  whose w a i l  has bt~~-n se -re J~ . riI~
b r i E  I l t d .  l3:e -~~-d u h i o n  an  i n t e r i r e t a t  ion of N 1 I r en c-l. -~ f o r  th i s
vt s s i - 1  l ) m I d I l t O ( I  1

~Y OkNl , ‘ ‘ i t  i s  ~- on c lu d e d  t h a t  ~ l~ - by i t - - I l
a ! I I II t p I , - \ c -  li t t ht - ‘- N itusion of s h al l o w  ‘- r a ck s .  I I c v ; c - \ c - r , to t

tl ,t- reto rt n i t -  ~~ - -sse I contarning a long—axial flaw , 1 I is Oil —
c l u d -d t h a t : ( a )  a s h a i l c i w  c r ack  ( a/ ~V < 0 . 2 )  can i n i t i a t e  - i d
ex tend to a r t - l ~~ t i v o  ( h - p I .h id  0 .34 , and  (b )  a i-rack o f  i n i t i a l
r e l a t  I Vt- u t - t i t h  gr e a t e r  than  0 . 2  is p r e v e n t e d  f rom ex t  i- nd l ng
a u ~- a m o u n t  by  the ~VPS phenomenon - W h i l e  t he  preceding i ni o r —
pre t a t  i o n  ( i t  WPS to a r eac to r  pressure  vessel was m e a n t  I
((u s I dur the wors t  case , a general  c o n c l u s i o n  r e g a r d i n g  t he
s I g n i f i c a n c e  of  WPS to the  m i t i g a t i o n  of c rack  extension
d u r i n g  a 1 -OCA requi res  a p a r a m et r i c  a n a l y s i s  to be ma de t h a t
considers dJfferent initial flaw g i -o un e t r i e s  as w e l l  as di t for—
(~ fl~~O5 i n  K 1 trends , f luence and m a ter i al  sen si t  i v i t y  to
irradiation~

Also , i t  was observed t h a t  an e l a s t i c  analvsi~s of c
ex t ens  I - H I  d t u r  i a g  a LOCA has  p r e d ict e d  urs-p p e n e t r at  i on
of  t he  w a l l  w i t h o u t  considera t i ol l  el WPS . Due t o  t he  con-
se r v a t i s m  in  the  e~ ast i c  a n a l y s i s , comple t e  p t -n ot ration 01
the  w a l l  may no t  a c t u a l l y  occur . Nevertheless , t he  - r a c k
e x t e n s i o n  computed more e x a c t l y  by means of a r e f i n e d  i - l a s t  i c —
p l a s t i c  model canno t  be e a s i l y  v e r i f i e d  by f u l l — s c a l e  t ’xp c - i - i —

men t s  . Thus , t h e  WPS phenomenon  may i - I  imi  n a t  V I hc  - u t .  ‘d I -

f u r t h e r  e l a s t i c  p l a s t ic  c o m p u t a t i o n s  and , more  i r n p c r t a n t l y ,
may provide  the  k ey e l emen t  upon w h i c h  to p r e d i c a te  t h e  i f l t e - -
g r i t y  of the  vessel d u r i n g  a LOCA .

F i n al l y ,  the  fol l o w i n g  r e c o m m e n d a t i o n s  a rc  c on s i d er e d
necessa ry  ( a )  to v e r i f y  a s sumpt ions  of  t he  pu’ esi nt iii:i l ys is ,
and (b) to generalize the benefits of warm prestress 1
other geometries and material properties.

— Pe r form a s e n s i t i v i t y  a n a l ys i s  to ch a r ac t i - r i s c  l i i i -
intex~tet ion of t h e  si gnificant parameters

— Validate the assumption t h a t  crack art~es t is def t i i~~~~
by the condi t ion , K 1 

= K I R .
-. Provide a technical basis to disregard t he  e f t e c i s

of biaxial loading that occur during a LOCA that
we re not sp e e J  I i c a h l y  co ns ic e r ed  in t i n - ‘ - x p t - r i m t ’ n i s

Fl :19



— Verify the assumptions : (a) the shape of the
irradiated K j~ and KIR vs temperature curves Is
unaltered by irradiation , and (b) the temperature
elevation of the K j~ curve due to irradiation is
equal to or less than the elevation of the K IRcurve as defined by Regulato ry Guide 1.99 .

B. Plastic Net L igament  S tudies

R.  A .  Gray , J r . , G. Sica and F . J .  Loss

BACKGROUND

The preceding section considered the propensity for crack
extension in the wall of a nuclear pressure vessel during a
loss of coolant accident (LOCA). It was demonstrated that the
phenomenon of warm prestress (WPS) can prevent crack extension
beyond relative wall depths (a/w) of one-third . In order to
demonstrate a still greater margin of safety against complete
wall penetration , a second investigation was conducted wherein
no credit was taken for the inhibition of crack extension by
WPS . In this case , it is assumed that a crack can be driven
almost completely through the wall by the thermal stresses
associated with the LOCA . The purpose of the subject investi-
gation is to demonstrate that further extension of the ar-
rested crack will not be caused by the thermally-induced bend-
ing of the wall .

It should be recalled from the preceding investigation of
WPS that the factors of decreasing neutron fluence and in—
creasing temperature toward the outside wall surface produce
a steep gradient in toughness that provides a mechanism for
the arrest of a running crack . On this basis , one can con-
sider as the worst case a long, axial flaw that has penetrated
deeply through the vessel wall (e.g., a/w = 0.8) and has been
arrested . Under these circumstances the remaining ligament
is subject to a rotation , 0, due to the thermal stress dis-
tribution in the wall. This rotation also results in a “cusp”
01 the vessel vall as illustrated in Fig. 16. The bending at
the crack tip can cause a plastic hinging of the remaining
ligament provided , of course , the material has sufficient
toughness to preclude britt .~ fracture under this imposed
loading. Fortunately, the rotation of this “ p las t ic  net
ligament” is self-i iiii iting by the thermal stresses. Using
the temperature distribution in the wall of a typical vessel
during a LOCA ,’’ Merkie 1 3  showed that the bend angle
would be no larger than 2° in the case of a crack having a
relative depth of 0.8 in a wail of 216mm (8.5 in.) thickness .

I f  one assumes the arrested crack is subjected to a bend
— angle of 2 ° , some crack extension at the crack t ip  is expected.
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PLASTIC NET LIGAMENT ——VESSEL

deflect ion slop

Fig. 16 — Illustration of the bending of the vessel wall that results from the
therml4l stresses imposed du ring a LOCA. The deep, ax ial flaw in the vessel
wall is simulated by the bending of a cracked beam .
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This extension will be stable (occurring with rising load)
rather than unstable (brittle) under the following conditions :

— The toughness  of the material at the tip of a
deep crack has not  been severely degraded by the
neutron bombardment at the inner wall surface .

— The metal temperature at the crack tip i.s suffi-
ciently high to result in “upper shelf” or
ductile behavior.

- The upper shelf toughness is sufficiently high
to preclude low energy tearing. The latter
process can proceed in a rapid or unstable
manner at constant load.

If the stable crack extension is shown to be smal l  compared
with the remaining wall ligament , then the vessel integrity
will be maintained. If correctly predicted , this behavior
will preclude the melting of the reactor core that could have
occurred due to the loss of cooling water through the fully-
cracked wall. An experimental program was there fore under-
taken to simulate the bending of the vessel wall and to char-
acterize the nature of the crack extension.

EXPERIMENTAL INVESTIGATION

E x p e r i m e n t a l  Procedure

The pure bending in the plastic net ligament of the
vessel wall was simulated by the four-point bending of a
cracked beam as illustrated in Fig. 16. Specimens were
machined from A533-B steel plate (HSST plate 02) and were
identical in all respects to the 38mm WPS specimens described
in the previous section. As with the WPS experiments , a
portion of the specimens was face grooved.

In accordance with the preceding requirements for ductile
behavior , the tests were conducted within the upper shelf
regime (approximately 93°C, 200°F) to assure a high leve l of

- 
fracture toughness . The specimens were heated in an oven to
the required temperature and then placed in the same loading
f ix ture  used for the WPS experiments.  The specimens were
loaded slowl y in four-point bending to various levels of mid

-
‘ span deflection. For comparison , some specimens we re also

subjected to three-point bending. The deflections of various
specimens were controlled so as to impose bend angles both
smaller and larger than the theoretical value of 2° computed
for a typical vessel. During loading the specime n temperature
decreased on the order of 10 C (18°F), but this decrease was
insufficient to prevent the attainment of the upper shelf
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toughness level throughout the  t e s t .  The specimens were re—
moved from t h e  l o a d i n g  f i x t u r e  and the  p l as t i c  bend angle  ( 0 )
was determined optically from the position of the machined
n o t c h  f l a n k s . The specimens were t h e n  hea t  t i n t e d  to mark
the c rack ext ens ion and broken apart at a low temperature .
Crack extension was measured with a traveling microscope and
an average was obtained from measurements at the 1/4 , 1/2
and 3/4 thickness positions .

Test Results

The experimental results for 38m111 thick bend specimens
are presented in Fig. 17. In spite of a large scatter ex-
hibited by the data , it is (— lear that the (-rack extension is
small , less t h a n  7mm ( 0 . 2 8  i n . ) ,  even fo r  a bend ang le  of 4°;
the latter is twice the bend angle predicted from a mathe-
mat ical model ’3 . The curve of bend angle vs crack extension
in Fig. 17 exhibits proportionately more crack extension with
each successive degree of bend angle. This trend is expected
as the specimen achieves its limit load . In addition , the
data exhibit no trends that can be attributed to three-point
bend vs four-point bend nor to the  presence or absence of
face grooves.

In all cases the crack front extended first at the crack
m id plane ; this resulted in a tunneled shape that became more
sev e r e  with increasing bend angle. Except for the specimen
having a -1 ° bend angle , no crack extens ion on the surfaces
was observed.

As might be expected with tests in the plastic regime , a
sl ight lateral contraction was present at the notch root.
For a 2° bend angle the notch root contraction was approxi-
mately 0.6mm (0.024 in .) on either side of the notch . It
should be noted that the presence of face grooves did not ap-
pear to reduce the notch root contraction at a given bend angle.

DISCUSS ION
• -Inspection of Fig. 17 leads to the conclusion that a

plastic bend angle of approximately 2° w ill cause only a
small crack extension , 3mm , in a bend specimen . In trans-
lating this observation to a typical vessel wall having a
thickness of 216mm and an assumed crack depth of 173mm , it

4 is apparent that a crack extension of 3mm in the remaining
l igament  would be n e g l i g i b l e .

One must use caution in applying the experimental results
directly to project the vessel behavior. This comparison is
val id only if the crack—tip constraint is similar in both the
specimen and the vessel wall. With respect to the constraint
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2 UPPER SHELF TEMPERATURE
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CRACK EXTENSION

Fig. 17 — Ductile crack extension occurring in a bend specimen
as a function of the imposed plastic bend angle
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in the direction of crack propagation , both the vessel and
specimen have the  same net  l i gamen t  ( a p p r o x i m a t e l y  4 3mm) so
t h a t  the  c o n s t r a i n t  in bo th  bodies is s i m i l a r .  However , due
to the l i m i t e d  specimen t h i c k n e s s , the t r ansverse  c o n s t r a i n t
in the  specimen is less t h a n  t h a t  in the vessel.  In  other
words , the through-thickness yielding in the specimen must be
prevented in order to achieve an accurate simulation of the
vessel constraint. For a given bend angle one would expect
a larger crack extension in the vessel wal l  because of  i ts
large~ transverse constraint. Therefore , addit ional experi-
ments  are r e q u i r e d  to cha rac t e r i ze  the  c o n t r i b u t i o n  of t he
specimen thickness to the crack extension at a fixed bend
angle. The e f f e c t  of  t h i ckness  can be demonstrated s imp ly by
i nc r ea s ing  t h e  specime n t h i ckness  w h i l e  r e t a i n i n g  the p l a n a r
d i mens ions .

From the present results i t  is f e l t  t ha t  the  y i e l d i n g  by
both the specimen and vessel in the direction of crack propa-
gation (i.e. , plastic net ligament) will dominate the crack
extens ion. Consequently , the crack extens ion trend in Fig .17
should reasonably approximate the actual extension in the
vessel wall. However , follow-on experiments will he conducted
with specimens of increased thickness , 76mm vs 38mm , to def ine
the thickness—dependence of crack extension.

Finally, a comment is  in order concern ing the influence
of the face grooves on the (- rack extension. Face grooves are
believed to provide additional transverse constraint , such as
would be associated with increased thickness. The results of
the present investigation suggest that 5% face grooves do not
provide additional transverse constraint. Specifically, the
notch root contract ion for both types of specimens was essen-
tially identical. One would have expected a smaller notch
root contract ion i f the face grooves had prov ided add i t ional
transferse constra int. The exper imental result s, i l lustrated
in Fig. 17, show no e f f ec t  of the face grooves , thereby
supporting the above conclusion regarding their significance .
However , it can be argued that face grooves of much greater
depth could increase the constraint.

--- --

SUMMARY AND CONCLUSIONS
- 

A simulation of the postulated plastic net ligament be-
havior during a LOCA was achieved by means of fatigue—
cracked bend specimens . The specimens were loaded to a bend
angle ident ical to that computed for the vessel wall. The
experiments were restricted to the upper shelf or ductile
toughness regime under the assumption that the material in
the vicinity of a deep crack in a vessel wall would exhibit
a similar toughness . Under these conditions , the bend
specimens exhibited a negligible crack extension. On the
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b i — ~i~~ that the t e s t  specimens adequately simulate the con-
str aint o f  a deep crack in the vessel wall , it is concluded
tha t the  c r a c k  i n  a vessel will extend a negligible amount
as a r e s u l t  of  the  benc~i n g  of the vessel wall caused by the
t h e r mal  st  resses . (‘ons eq u e n t  ly, the i ntegr i ty of the  wa l l
w i l l  he maintain ed. Howeve r , the specimens do not exactly
simulat e the c o n s t r a i n t  of  the vessel wall; additional ex—
J ) I - r i m ~~n t s  with spec i mens of increased thickness are required
f o r  ~t conclusive demonstration of the crack extension caused
by t h e  rotation of the vessel wall.

In the cast- of a highly embrittled wall , th e resu l t in g
temperature elevation of the brittle—ductile transition may
p l a c e  t h e  ( -r ack  t i p  w i t h i n  the  t r a n s i t i o n  region r a t h e r  than
the  u p p e r shelf rt g ion. In this case  the conclusions of the
t i n - s e n t study are not applicable. Furthermore , it should be
noted that , within the transition region , uns table crack
propagation can be exhibited by material that has been
plastically deformed. In other works , a cleavage fracture
mode has been observed after plastic deformation caused by
static loading at a temperature below the upper shelf tough-
ness regi me , the latter being defined by a dynamic test. The
cleavage fracture mode is absent only at temperatures that
l ie within the upper shelf regime . Therefore , the conclu-
sions of the present study must be restricted to the upper
shelf regime .

As a V inaI cons ide rat ion , it has been shown by Chever—
ton~~’that the cr it ical K 1 

level can be ach ieved by the
crack-tip region as the w~ l1 continues to cool during the
LOCA. In th is event one must rely on the phenomenon of WPS
as the basis upon which to project continued vessel integrity .
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III . FATIGUE CRACK PROPAGATION IN LWR M A T E R I A L S

A. Evaluation of Critical Factors in Crack Growth Rate
Studies

H .  E .  Wat son , B. I I .  M enke , and F. J .  Loss

BACKGROUND

Experimental results discussed here relate to an evalua-
t ion of the e f fec t s of water , temperature , and cycling rate
on the fatigue crack propagation (FCP) in A508-2 forging
mate r ial . Emphasis was placed on one material for the sub-
ject studies to minimize the effect of this variable on FCP .
Tests are being conducted in accordance with a preliminary
matr i x deve loped by the Nuclear Regulatory Commission ( NRC )
to simulate (a) the hydro and leak transient , and ( b )  the
heatup and cooldown trans ient of  a c o m m e r c i a l  n u c l e a r  pres-
sure vessel. The test conditions corresponding to these two
conditions are , respect ivel y, 93°C (200°F) water at atmos-
pher ic pressure and 288°C (550°F) water at a p ressure  of
14 MPa (2000 p s i ) .  Test specimens used i n  this ser ies  are
25mm (1 in.) thick compact tension (CT). Tue other test
parameters included: a modified trapezoidal waveform with a
r i s e  t i m e  of  I sec , an R — r a t i o  of  0 . 1  and c y c l i c  f r e q u e n c i e s
o t  1 , 0 .33 , and 0 .08 cy c l e s  per m i n u t e  ( ( ‘P M ) .  Crack  l e n g th
measurements are referenced tu t h e  crack mouth opening (CMO)
and in all cases , t h e  crack growth rate , da/dN , values wer e
determined by computer analysis using the incremental poly—
nominal technique recommended by the  ASTM Task Group on
Fati gue Crack Growth Rate Testing.’5

EXPERIMENTAL PROCEDURE

The FCP data were generated using both autoclave and
water pot fa tig ue test equ ipment to s imulate the heatup and
hydro trans ients , respect ively. The autociav~ is pressurized
to 14 MPa ( 2000 ps i ) and heated to 288°C (55~ F). The auto-
d a v e water is circulated through a filter and returned to a
reservoir which is pressurized with hydrogen to 0.2 MPa (30
psi). Th is ma inta ins the dissolved hydrogen at 30 to 50
cc/Kg in accordance with water specifications in a pressurized
water reactor (P~ R) system. Crack length measurements are
referenced to the CMO . Measurements of the CMO are deter-
mined using a linear variable differential trans former (LVDT)
designed to w i t h s t a n d  the autoclave environment. LVDT
measurements  are then converted to crack lengths using corn—
pl iance data obtained from A533—B steel specimens having
machined notches of d ifferent depths .
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Thi- water pot is heated to 93°C (200°F) and water is
c i r c u l a t e d  to i n su re  u n i f o r m  wa te r  c h e m i s t r y . A b l a n k e t  of
nit rogen is provided under a slight pressure to stabilize the
chemical composition of the water . CMO measurement s, using a
clip gage • are referenced to t h e  crack l e n g t h  i n  t he  same
m a n n t -  r as i n  I lie autoclave tests.

TIP - ~~at  er  used i n  t he  autoclave and  w a t e r  pot a p p a r a t u s
simulat e s , as nearly as possible , the actual PWR water chem—
i st  r v .  Pre I imi  n a r y  w a t e r  spec i I i  cat  ions have been prepared
a l t e r c o n s u l t a t i o n  w i t h  reactor vendors . The chemical com—
posit i on  i s  as follows :

o x y g en  — 10 ppb ( b e g i n n i n g  of t e s t )
~l0 ppb ( rema inder of tes t )

hydrogen — 30 to 50 cc/Kg
c o n d u c t i v i t y — < 2 0  pmhos
boron — c o n t r o l  a t  1000 ppm

- a l l o w a b l e  range of 500 to 1500 ppm
chl oride —<0.15 ppm
f l u o r i d e  -<0 .15  ppm
1 ithium - 0.2 to 2.0 ppm as LiOH .

Contro l of the pH is maintained
by the  proper  levels of boron and
independent control is not specified.

RESULTS

R e s u l t s  are p resen ted  in F i g .  18 for  dup l i ca t e  tests  in
93° (200~ F) water at 1 cpm . The modified trapezoidal wave
form included a I see up/down ramp . For comparison , data
generated in an air environment at 288°C (550°F) with a modi-
f ied trapezoidal wave form are also shown. Pre vious tests
w i t h  A533-B and A508-2 s teels  in an a i r  env i ronmen t  at 288 °C
have shown flU difference between cycling rates of 0.1 and 10
cpm .1

~ Both the water and the air data in F ig .  18 f a l l
very close to the ASME Section XI upper boundary line for
FCP in air. One may there fore conclude that the water en-
vironment does not cause a significant increase in FCP for
the particular conditions investigated.

To evaluate the effect of vary ing the time at maximum
l oad , tests were initiated using hold times of 3 and 12
minutes (0.3 and 0.08 cpm) in the water pot environment.
Data from these tests and the 1 cpm data on Fig. 18 are shown
in Fig. 19. A comparison of these data reveals that hold
times of 1, 3 and 12 minutes produced no significant effect
on the FCP for  this test condition. One occurrence during
the 3 mm hold time test should be mentioned , however. This
test  e x h i b i t e d  a reduc t ion  in FCP rate near its beginning.
Westinghouse Corp . has had a similar experience , with a
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Fig. 18 — Comparison of FCP trends at 1 CPM In 93°C (200° F) water
wIth 10 CPM data in air at 288°C (550°F). A modified trapezoidal
waveform having a 1 sec rise time was used for all the tests.
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Fig. 19 — Comparison of the effect of hold time on FCP tests conducted in
93°C (200°F) water. All tests were subjected to a modi fied trapezoidal
loading pattern having a 1 sec rise time.
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dec rease in FCP rate occurring after the test equipment had
been shu tdown for  a period of t ime . An e x a m i n a t i o n  of the

• test record revealed that the reduction in FCP rate for this
specimen occurred after the equipment had also been shut down .
An investigation is being conducted to determine if a corre-
lat ion exists between the reduction in crack growth rate and
the shut-down occurrences .

Autoclave tests were completed on two specimens at 1 cpm
to evaluate the effect of the higher temperature , 288°C (550 °F)
and pressure on FCP . These data (not illustrated) fall within
t he  s( - a t t e r b a n d  of the 93°C (200°F) data and suggest that the
temperature and pressure increase have no effect on FCP for
t h i s  m a t e r i a l  and these tes t  cond i t ions . One of these tests
was s h u t  down for a significant period on two occasions .
Each f - v e n t  r e s u l t e d  in a per iod of reduced FCP . W i t h  each
e v e n t  , t h e  data trend e x h i b it e d  a p e r t u r b a ti o n  so as to m d i —
c- ate a lower c-rack growth rate for a given value of AK.
There fore , to prevent introducing other variables into th~
test matrix , it will be essential that the tests not be
interrupt~ 

- d .

CONCLUSIONS

The present data suggest that , for the A508—2 f .ging
and a ra pi d load i ng rate , there is no signi f icant e f fect  of
hold t ime , tempe rature , pressure , or water env ironment on
FCP in a PWR environment.

-. -

I
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