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1 NOTICE 

The fa t i gue  crack growth behav io r  o f  A5338 and A508 pressure  vessel s t e e l  and 
!IS1 Types 304 and 316 s t e e l s  used i n  r e a c t o r  coo lan t  p i p i n g  have been s t u d i e d  
i n  a p ressu r i zed  water  r e a c t o r  environment a t  288°C(5500F). The i n f l uence  o f  s t r e s s  
r a t i o  (Pmin/Pmax), frequency, ramp t imes, specimen o r i e n t a t i o n  and mater i  a1 
m ic ros t ruc tu res  were i n c l u d e d  i n  t h e  s tudy.  Whi le  none o f  sthe ma te r i a l s  showed 
evidence o f  s t a t i c  crack growth i n  t he  environment, t n e  f e r r i t i c  s t e e l s  d i d  
show an enhanced f a t i g u e  crack growth r a t e  a t  t e s t  f requencies o f  f i v e  cyc les  
p e r  minute and lower.  Based on f r a c t o g r a p h i c  examinat iol is t h e  enhanced grclwth 
r a t e  i s  n o t  t h e  r e s u l t  o f  env i ronmenta l l y  induced i n t e r g r a n u l a r  o r  cleavage 
modes o f  crack propagat ion.  Ins tead,  s t r i a t i o n  spacing veasurements were found 
t o  agree w i t h  t h e  macroscopic crack growth r a t e ,  demonstrat ing a  t ime  dependent 
env i  ronmental i n t e r a c t i o n  which in t roduces  a  frequency dependent enhancement of  
t he  mechanica l ly  developed s t r i a t i o n s .  Crack growth experiments us ing  h o l d  
t imes have conf i rmed t h e  absence o f  any superimposed c o n t r i b u t i o n  o f  s t a t i c  
crack growth comporlents. Fa t igue  crack growth t e s t s  were conducted i n  an 
env i  ronment o f  Hydrogen S u l f i d e  gas t o  e s t a b l i s h  t h e  c o n t r i b u t i o n  of hydrogen 
embr i t t l emen t  and w i  11 a l s o  be descr ibed. 

Warren H. Bamford ; 

' 'I Westinghouse Nuc lear  Energy S y s t e m  , 

I n t r o d u c t i o n  

repon prepared as an account of work 
spanrored by the united States Govcmment. Neither the 

states nor the United States tkpartmcnt of 
nor any OT their employees, nor any or their 

For  t h e  pas t  severa l  years  a  number o f  programs have been conducted t o  
_ s t u d y  t h e  co r ros ion  fa t i gue  crack growth c h a r a c t e r i s t i c s  o f  pressure vessel 
B n d  p i p i n g  s t e e l s  used i n  p ressu r i zed  water  r e a c t o r  systems. The goals o f  
t he  work are t o  c h a r a c t e r i z e  the  crack growth behav io r  and t o  gain some under- 
s tand ing  of  t h e  mechanisms wh ich  cause t h e  behavior .  It i s  e v i d e n t  t h a t  t o  

Research performed under Subcont ract  N o d - 2 9 0 , w i t h  Westinghouse E l e c t r i c  
Corpora t ion  under Union Carbide Co rpo ra t i on  c o n t r a c t  W-7405-eng-26 w i t h  t h e  U.S.  
Department o f  Energy. m 

i 
I 
I 
I 
I 

9 5 9  P.O. Box 355 
P i t t sbu rgh ,  Pa. 15230 

~bconlractorr, or their employees. make' 
any warranty, express or implied, or arrumcs any lc@ 
liability .,, responsibility for the accuracy.comple*neS 

uurulness of any information, apparatus. product or 
discloud, or reprevnu that its u p  would not 

4% 
: infringe privately owned righh. 

_ _  -- 

I 
Davi d  M. Moon , - .  . 

9b Westinghouse Research and Development Labs 
qLP Beulah Road 

P i  t t s b u r g h  , Pa. 15235 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



s a t i s f y  t he  f i r s t  goal w i t h o u t  t h e  second would be i 11-advised, p a r t i c u l a r l y  
i n  view o f  the' complex environmental i n t e r a c t i o n s  which are  produced i n  t h e  
p ressu r i zed  water  r e a c t o r  envi  ronment. The purpose o f  t h i s  paper i s  t o  review 

I t he  data now a v a i l a b l e  f o r  pressure vessel and p i p i n g  s t e e l s  i n  t h i s  envi ron-  

t ment, and t o  suggest some exp lanat ion  f o r  t h e  observed behavior.  

Two classes o f  ma te r i a l s  w i  11 be discussed, pressure vessel s t e e l s ,  and 
r e a c t o r  coo lan t  p i p i n g  s t e e l s .  The pressure vessel s t e e l s  a re  medi um s t reng th  
f e r r i t i c  s t e e l s  (SA508 C1 2 and .SA533B C1 1)  , w h i l e  the p i p i n g  s t e e l s  are 
a u s t e n i t i c  s t a i n l e s s  s t e e l s  (SA304 and SA316). Pressure vessels a re  f a b r i c a t e d  
o f  p l a t e  and f o r g i n g  m a t e r i a l ,  w h i l e  t he  p i p i n g  may be forged o r  c e t ~ t r i f u g a l l y  
cas t  s t a i n l e s s  s t e e l .  

. . 
- The r e s u l t s  d iscussed' -here in were ob ta ined  f rom s inuso i  dal l o a d  c o n t r o l  l e d  

t e s t s  o f  specimens taken from product ion  heats o f  these ma te r ia l s .  Specimens 
have been p r i m a r i l y  two i n c h  (5.08 cm) t h i c k  precracked f r a c t u r e  specimens o f  
t he  compact, and WOL c o n f i  g u r a t i  ons , and h,ave been t e s t e d  i n  an env i  ronment o f  
PWR pr imary  water  a t  288OC (550°F) and 14 MPa (2000 psi).. Coupled w i t h  t h e  
t e s t i n g  program has been microscopic,  examinat ion o f  t h e  f r a c t u r e  sur faces of 
the  t e s t e d  specimens . 

I 
1 Exper i  mental Res u l  t s  

The crack growth r a t e  t e s t s  were conducte'd i n  environmental chambers whi'ch 
are a c t u a l l y  smal l  pressure vessels heated t o  the  des i red  temperature w i t h  
e l e c t r i c a l  heaters embedded i n  t h e  chamber w a l l .  The PWR chemist ry  i s  main- 
t a i n e d  by a f l o w i n g  system w i t h  c a r e f u l l y  moni tored oxygen snd thermal-  con- 
duct'l 'vi ty. The PWR wa te r  chemist r j l  i s  e s s e n t i a l l y  demineral ized wa te r  with 
c a r e f u l l y  l i m i t e d  Chlor ides and F luor ides  ' t o  which i s  added l i t h i u m  hydi-oxoide 
and Boron, which are used t o  c o n t r o l  t h e  n u c l e a r  .react ion. A hydrogen over- 
pressure i s  a l so  added t o  the  system, i n  bo th  the  ope ra t i ng  r e a c t o r  and t h e  
t e s t  autoclave. The r e s u l t i n g  t e s t  environment remains e s s e n t i a l l y  demineral- 
' i zed  water,  however, because the-?3oron d i ssoc ia tes  a t  288OC (550°F). Oxygen 
i s  c o n t r o l l e d  t o  be l ess  than 0.1 ppm. 

1 Crack growth i s  moni tored cont inuous ly  w i t h  an e x t e r n a l l y  mounted l i n e a r  - 1 '  .. . 
1 v a r i a b l e  d i f f e r e n t f a l  t rans former  (LVDT) which r e f l e c t s  the  face opening d i s -  
1 placement o f  the  specimen. The LVDT read ing  i s  then converted t o  crack l e n g t h  
1 by a compliance technique, based on a c a l i b r a t i o n  between LVDT and crack length .  
I 1 T h e . r e s u l t i n g  crack l eng th  vs. cyc les data i s  then converted t o  crack growth 

r a t e  data, us ing  t h e  incremental  polynomial  method recommended by  ASTM. Th is  . . ' 

I method has the  dual advanta.ges o f  be ing  the  l e a s t  s u b j e c t i v e  method o f  data . . 

j processing, as' w e l l  as producing a l a r g e  amount o f  data, which a ids  i n  estab- 
l i s h i n g  t rends  and making comparisons. 
* 

I 
i F e r r i  t i  c S tee l s  
I 

1 Fat igue crack growth ra tes  f o r  the  pressure vessel s t e e l s  i n  PWR envi ron-  
I ment a re  cons iderab ly  enhanced over  those obta ined i n  a i r  [I ,2]. The degree 

o f  enhancement i s  r e l a t e d  t o  the  c y c l i c  frequency o f  t he  t e s t ,  w i t h  growth 
ra tes  i n c r e a s i n g  as the  frequency i s  decreased, pres umably because t h i s  a1 1 ows 
the  environment more t ime t o  a f f e c t  t he  crack growth process. A summary o f  
t he  e f f e c t  o f  frequency on crack growth ra tes  f o r  these st .eels  i s  conta ined I in .  F igure 1. Th is  f i g u r e  shows. resu? t s  f o r  s t e e l s  t e s t e d  a t  R = 0.2, b u t  



1 s imi l a r  behavior has beenqobtained a t  R = 0.7 and would bz expected s t  o ther  
R r a t i o s .  The most enhanced crack growth occurs a t  cyc l ic  frequencies of 0.5 
and 1.0 cycle per minute, and t h i s  behavior shows a d i s t i n c t  curvature f o r  t he  
crack growth ra te  when portrayed on a logarithmic p lo t  versus the  range of 
s t r e s s  i n t ens i t y  f ac to r  A K .  AV f a s t e r  cyc l ic  frequencies,  i . e .  5 cycles per  

I minute, t h e  crack growth i s  enhanced over the  behavior in a i r ,  b u t  much l e s s  
I than t he  one cycle per minute data.  Also the  crack growth behavior seem t o  
I curve over t o  become para l le l  t o  the  a i r  data a t  a lower value of A K  than does 

the  1 cpm data. For the 5 cpm data t h i s  occurs a t  such a low value of A K  t h a t  
the behavior appears t o  be mostly para l l e l  t o  the a i r  data. 

- In t e s t s  t h a t  were conducted a t  very low frequencies of  0.. 1 cpm, the  be- 
havior i s -  l e s s  c l e a r  because there  i s  much more s c a t t e r .  The overal l  behavior 
indicates  t h a t  the  crack growth i s  l e ss  enhanced than the  data a.t 1.0 cpm, 

I indicat ing - tha t  a satu 'rat ion i s  occurring a t  between 0.5 and 1.0 cpm. The 
! 

e f f e c t  of frequency on crack growth i s  presently thought t o  be most s t rongly 
I dependent' on the loading r a t e ,  and subs t an t i a l l y  l e s s  dependent on hold time 

.or unloading ra tes  [I ,2]. 

A t  ' a  given loading frequency the most important e f f e c t  on crack growth 
. . ra te  i s  R r a t i o ,  which causes increased growth ra tes  a t  a given value o f .  

applied s t r e s s  i n t ens i t y  f ac to r  range nK. An example of t h i s  e f f e c t  i s  given 
i n  Figure 2 .  As w i t h  the  frequency e f f e c t ,  t he  R r a t i o  e f f e c t  i s  pecu l ia r  t o  
t he  water environment; ne i t he r  i s  observed in  t e s t s  of t h e  same material in  
a i r ,  a1 though .such i s  not the  case f o r  the: austeni t i  c s t a i n l e s s  s t e e l s .  

Data obtained f o r  forging3and p la te  material show no discernable di f ference,  
and welds display the  same o r  s l i g h t l y  lower growth ra tes  as t h e  base metal-. 
Frequeint small reversals  are  observed i n  t he  crack growth r a t e s ,  i n  welds, as 
shown f o r  example i n  Figure 3... 

Austeni t i  c S ta in less  S t ee l s  

Unlike t h e  f e r r i t i c  s t e e l s ,  these s t e e l s  have e s sen t i a l l y  t h e  same behavior 
i n  the  PWRenvironment as i n  a i r  [3]. There i s  an important R r a t i o e f f e c t ,  as 
shown i n  Figure 4, but the  t e s t  frequency ( o r  loading r a t e )  appears t o  have 
l i t t l e  o r  no e f f e c t  on the  crack growth ra tes .  Growth ra tes  observed in  welds 
a r e  s l i g h t l y  lower than the base metal [3,4]. 

Crack growth behavior i n  both the forged ( ~ ~ 3 0 4 )  and cen t r i  cuga1 ly  cas t  
(SA316) materi a l s  was indis t inguishable  , even through these two materials  have 
a widely d i f f e r i ng  grain s i ze .  Data from the  l i t e r a t u r e  [4] ind ica te  t h a t  
SA304 and SA316 p la te  material a l so  have s imi l a r  behavior in  a i r .  

% .  Behavior of the F e r r i t i c  Vessel S tee l s  

In attempting t o  understand t he  mechanisms of corrosion fa t igue crack 
growth i n  the  PWR envi.ronrwnt, a comprehensive review of the  l i t e r a t u r e  was 
undertaken, and extensi.ve microscopic examination of the  crack surfaces of 
t e s t ed  specimens was conducted. Also an aux i l i a ry  s e r i e s  of crack growth ra te  
t e s t s  was conducted on these s t e e l s  in an environment of 60 psi hydrogen sul-  
f ide  gas. These t e s t s  were conducted a t  room tenperature and 93°C (200°F) and 
rasul t s  were obtai.ned a t  r\ ? .2  i i t i c l  0.7.  T h e  crack growth ra te  behavior was 
very s i m i l a r  t o . t h a t  obtained i n  PWR environment a t  the  same R r a t i o ,  a t  low 



and in te rmed ia te  values o f  AK, as. shown f o r  example i n  F igure  5. : A t  t h e  h i g h e r  
.values o f  AK. t he  crack growth r a t e  i n  t h e  PWR env i  ronment. increases a t  a  s lower  
r a t e  w i t t i  AK, and thus the  data tend  t o  curve over ,  b u t  t he  growth r a t e  i n  
hydrogen s u l f i d e  cont inues t o  increase s t e a d i l y  i n  t h i s  region,  as shown i n  
F igure 5. . . -.. 

Crack growth r a t e  data now a v a i l a b l e  on pressure vessel s t e e l s  i n  PWR en- 
v i  r o n m n t  i n d i c a t e  t h a t  t he re  are  two d i s t i n c t l y  d i f f e r e n t  regimes o f .  behav ior  ! 
f o r  the  most acce le ra ted  crack growth r a t e  data. A t  low values o f  AK t h e  crack 
growth r a t e  increases r a p i d l y  w i t h  AKy b u t  a t  h i g h e r  values o f  aK the  r a t e  of  
inc rease decl ines,  and t h e  data curve over ,  as shown i n  Figures 1  and .2 f o r  

-- example. These two r e g i m e s ' w i l l  be d iscussed.separa te ly ,  a f t e r  which t h e  
r e s u l t s  o f  m i  croscopi  c .  examinat ion o f  the  f r a c t u r e  sur faces w i l l  be presented. 

. ' Low AK Behavior . . 

The present  data i n d i c a t e  t h a t  t h e r e  i s  an apparent t h r e s h o l d  AK below 
which t h e r e  i s  1  i t t l e  o r  no crack growth. Th is  apparent t h r e s h o l d  i s  dependent 
on t h e  R r a t i o  o f  t he  t e s t ,  as shown i n  F igure 2. From t h e  two R r a t i o s  t e s t e d  
(0'.2, 0.7) the  data can be c o r r e l a t e d -  t o  a  f u n c t i o n  o f  Kma , t h e  maximum a p p l i e d  
s t r e s s  i n t e n s i t y  f a c t o r .  T h i s  agrees w i t h  the  model f o r  t i r e s h o l d  AK developed 

" by R ich ie  [5], us ing  a  c r i t i c a l  s t r e s s  c r i t e r i o n  f o r  crack growth.. On t h e  bas i s  
o f  t h i s  model . the  l o a d  r a t i o  R o n l y  i n f l uences  t h r e s h o l d  AK (AKth) i n  an envi ron-  
ment where the  i n f l u s n c e  o f  hydrogen i n  reducing the  f r a c t u r e  s t ress  i s  r e l a t e d  
t o  t h e  s t ress  a s s i s t e d  accumulat ion o f  hydrogen i n  the  reg ion  'o f  h y d r o s t a t i c  
t ens ion  near  the c r a c k t i p .  For  a  given y i e l d  s t reng th ,  temperature, and 

: environment, t h e  amount o f  hydcogen accumulated i s  i n f l u e n c e d  o n l y  by Kmax. 
The model f u r t h e r  p r e d i c t s  t h a t  AKth shou ld  be i n f l u e n c e d  by t h e  env i  r o n m n t .  
The g rea te r  the  unstressed e q u i l i b r i u m  c o ~ c e n t r a t i o n  o f  hydrogen t h a t  t h e  
environment in t roduces i n t o  the  s t s e l  , t h e  l ower  AKth. 

Based on t h i s  model i t  would be expected t h c t  t h e  hydrogen s u l f i d e  en- 
vironment would produce a  lower AKth than the  h igh  temperature PWR water  
environment. The present  data f o r  the  H2S environment has a  f i n i t e  s lope,  and 
r e s u l t s  a re  n o t  a v a i l a b l e  a t  very low growth ra tes  where AKth would be defined, 
so a  p rec i se  value has n o t  been obtained. ' I t  i s  , c l e a r  from the  data now 
a v a i l a b l e  (F igure  5 f o r  example) t h a t  t he  data extend beyond the apparent ~ K t h  

' 

observed f o r  the  PWR environment;and are thus c o ~ s . i s t e n t  w i t h  t h e  model. 

The model p r e d i c t s  t h a t  t h r e s h o l d  AK shou ld  be independent o f  frequency 
o r  l o a d i n g  ra te ,  s ince  i t  i s  based on e q u i l i b r i u m  segregat ion  behavior .  The 
data now a v a i l a b l e  are  cons i s ten t  w i t h  t h i s  model, as are o t h e r  data ob ta ined 
f o r  s i m i l a r  m a t e r i a l  - .  en'vi r o n w n t  conbinat ions i n  t he  l i t e r a t u r e  [6,7,8]. - Other  models. f o r  environmental t h r e s h o l d  AK based on t h e  i d e a  o f  a  c r i t i c a l  
COD t o  expose f resh  metal t o  t he  environment do n o t  e x p l a i n  t h i s  dependence on 
enwi ronment. ' .A1 though the  l a c k  o f  any s t a t i c  s t r e s s  co r ros ion  cracki'n-g: [I ] i m -  
p l i e s  t h e  necess i t y  f o r  c rack ing  a  p r o t e c t i v e  f i l m  t o  a l l ow  hydrogen t o  e n t e r  
t h e  ma te r ia l ,  the  crack growth enhancement as we1 1  as the  thresh01 d  behav ior  
appear t o  be d i r e c t l y  r e l a t e d  t o  the  amount o f  hydrogen present .  

The apparent t h r e s h o l d  AK occurs a t  a  value w e l l  above t h e  t h r e s h o l d  AK 
measured f o r  these s t e e l s  i n  an a i  r env i  ronment o f  .approximate ly  2 k s i  J in [9]. 



Although no d e l i b e r a t e  at tempt has been made i n  t h e  present  s t u d y ' t o  determine 
. ~ K t h  f o r  the.PWR environment, specimens have been cyc led  f o r  up t o  a month a t  
lower '.values o f  A K  than. the  apparent threshold, '  w i t h  no observable growth, 
which would i n d i c a t e  t h a t  t h e  e f f e c t  i s  r e a l .  

Apparent thresholds.  f o r  f a t i gue  crack growth i n  t h e  environment g r e a t e r  
than t h e  value i n  a i r  and co r ros ion  f a t i g u e  crack growth ra tes  h i g h e r  than those 
i n  a i r  have been f requent ly  observed i n  prev ious work [6,7,10,11,12] on fat i .gt ie 
crack growth o f  s t e e l s  below KISCC, a l though no attempt has been made t o  s tudy 
t h i s  e f f e c t  i n  d e t a i l  us ing  the  precaut ions necessary f o r  ~ K t h  determinat ion.  
One o f  the  'major  reasons f o r  t h i s  l a c k  of  in fo rmat ion  i s  t h a t  t h e  envi,ronmental 
enhancement o n l y  occurs a t  low frequencies and thus t h e  t ime r e q u i r e d ' f o r  such 
t e s t s  would be p roh ib i t i ve . ,  Several i nves . t i ga t i ons  i n d i c a t e  t h a t  t he  apparent 
t h resho ld  neasured coinc ides.  w i t h  the  i n i t i a l l y  a p p l i e d  AK [8,12]. This  agrees 
w i t h  behav ior  observed i n  t he  present  s tudy,  when h i g h e r  i n i t i a l  values o f  AK 
were used than those shown i n  Figures 1 through 3. Th is  e f f e c t  i s  i l l u s t r a t e d  
i n  F igure 6, which shows t h a t  specimens s t a r t e d  a t  d i f f e r e n t  l e v e l s  of  AK show' 
a d i f f e r e n t  crack growth behavior.  The e f f e c t  o f  h i g h e r  i n i t i a l  l oad ing  i s  t o  
r e t a r d  the environmental e f f e c t  for,some t ime, and t h i s  t ime can o f t e n  l a s t  t h e  
f u l l  p e r i o d  o f  t he  t e s t ,  as shown i n  F igure  6. The cause o f  t h i s  behav ior  appears 
t o  be r e l a t e d  t o  the  k i n e t i c s  o f  t h e  water -s tee l .  system, b u t  i s  n o t  y e t  w e l l  un'der- 
stood. Such behav ior  i s  n o t  ob ta ined i n  systems w i t h  s lower ' k i n e t i c s .  ( s t e e l - a i  r) 
o r  systems w i t h  f a s t e r  k i n e t i c s  (steel-Hydrogen s u l f i d e )  [I 3). 

Behavior  a t  High AK 

Above the  t h r e s h o l d  AK the  c rack  growth r a t e  increases..,with AK much f a s t e r  
i n  the  PWR environment than i n  a i r ,  as i l l u s t r a t e d  i n  F i g u r e s , l  and 2. As i.n 
s t a t i  c  s t r e s s  corros' ion c rack ing ,  t he  syne rg i s . t i c  e f f e c t  o f .  i n c r e a s i n g  
K.and i n c r e a s i n g  t h e  a v a i l a b l e  hydrogen combine t o  g i ve  t h i s  e f f e c t . .  

The steep r i s e  does n o t  cont inue,  b u t  a t  a p a r t i c u l a r  value o f  AK the  grcwth 
r a t e  slows down, becoming nearly,;.independent o f  AK. The p o i n t  a t  which t h i s  
occurs i s  dependent on t h e  frequency, i n c r e a s i n g  w i t h  decreasing frequencies. 
This  e f f e c t  was a l so  observed by Vosikovsky [6]. I t  i s  a l so  dependent on t h e  
environment - i n  the  hydrogen s u l f i d e  atmosphere no p la teau  reg ion  i s  developed, 
as seen i n  F igure  5 .  

Although p l a t e a u  regions i n  f a t i g u e  crack growth are f requen t l y  seen i n  
Aluminum, magnesium and t i t a n i u m  a l l o y s  1141, t h e i r  inc idence i n  low a l l o y  
s t e e l s  i s  o n l y  occa.sional ly repo r ted  [6,7,10], w i t h  more o f t e n  r e s u l t s  be ing  
p a r a l l e l  t o  a i r ,  o r  a s l i g h t  bending over  [8,11,15,16]. 

Th is  p l a t e a u  reg ion  analogous t o  s t r e s s  co r ros ion  c rack ing  behav ior  can 
-be r e l a t e d  t o  an env i ronmenta l l y  c o n t r o l l e d  phenomenon, the requirement t h a t  
t h e  crack must w a i t  f o r  the  hydrogen t o  b u i l d  up t o  t h e  concent ra t ion  r e q u i r e d  
f o r  propagation. T e s t i n g  a t .  a  s lower  frequency a1 lows more hydrogen to ,  accumu- 
l a t e  p e r  cyc le ,  and thus a l lows a f a s t e r  crack growth ra te .  By adding a 
k i n e t i c a l l y  f a s t e r  environment t o  produce hydrogen - t h e  hydrogen s u l  f i de  - .no  
p l a t e a u  was seen i n  the  growth r a t e  because hydrogen can be s u p p l i e d  a t  a f a s t  
enough r a t e  t o  s u s t a i n  growth. 



.. One aspect o f  t h i s  p la teau  reg ion  i s  t h e  tendancy o f  the cracks t o  branch, 
. w h i l e  . i n . t h e  absence o f  a  pl .ateau reg ion  crack branch ing  i s  s e l f  l i m i t e d  due t o  
decreasing K a t  the t i p  when a  branch .forms, and the  h i g h  K dependence o f  the 
crack growth. With the  p l a t e a u  reg ion  the  s t r o n g  K dependence no longer  e x i s t s ,  
and when the  a p p l i e d  AK l e v e l  i s  s u f f i c i e n t l y  h igh  (about  3 + ~ K t h )  then macro- 
branched cracks have s u f f i c i e n t  d r i  v i n g  fo rce  t o  a1 low propagation. 

The macrobranching i s  a l s o  s t r o n g l y  dependent on t h e  m a t e r i a l  b e i n g  tes ted .  
Macrobranches have n o t  been observed i n  fo rg ings  f o r  example, and seem t o  be 
l i m i t e d  t o . p l a t e  m a t e r i a l ,  which d isp lays  some e f f e c t  o f  t he  r o l l i n g  process. 
E a r l i e r  specimens f rom HSST p l a t e  02 t e s t e d  a t  R = 0.2 w i t h  the  crack .p lane 
para1 l e l  t o  t he  r o l l  i n g  d i r e c t i o n  showed ex tens i  ve macrobranchi-ng a t  a  va l  ue 
of A K  'U 2.3 AK h  [13] .  Subsequent t e s t s  on the  same p l a t e '  w i t h  a  crack p lane 
perpend icu la r  t o  t he  r o l l i n g  d i r e c t i o n  w i t h  R = 0;67 showed much less  p ropens i t y  
f o r  macrob.ranching, w i t h  on l y  one specimen.. (02GB4) showing' an ex tens ive  branch, 
a1 though microbranching was observed on a l l .  specimens, bo th  p l a t e  and fo rg ing .  
One exp lanat ion  f o r  t he  l ack  o f  ex tens ive  branching i s  t h a t  at' the  h i g h e r  R 
r a t i o  the  t e s t  must be concluded be fo re  the a p p l i e d  AK reaches the  requ i  r e d  
level .  o f  approximately 3  ~ K t h .  

I 

I I t  i s  n o t  c l e a r  why specimen 02GB4 branched, b u t  i t  appears t o  have a r i g i n a t e d  
a t  a  beach mark produced a t  10 Hz t o  c o r r e l a t e  compliance and crack l e n g t h  before 
r e t u r n i n g  t o  the  0.1 cyc le  p e r  minute t e s t i n g  ra te .  Since no data were taken du r ing  
:be beach marking process, a  check on t h e  p l a t e a u  requirement cou ld  n o t  be made. 
More l i m i t e d  crack branching events were a l so  apparent i n  specimen 02GB-5, 
o r i g i n a t i n g  du r ing  the  l o a d i n g  a t  1  t iz used t o  mark the  specimen, and con t i nu ing  
once the  specimen was re tu rned  t o  the  t e s t  frequency o f  one cyc le  p e r  minute. 
A s i m i l a r  behav ior  occurred i n  specimen 04A102, f rom HSST p l a t e  04 as shown i n  
F igure  7. Again the  branch was i n i t i a t e d  a t  the 1  Hz beach mark, and a1 though 
t h i s  mark was o n l y  0.025 cm (0.01 inches)  l o n g  the  branch cant inued f o r  0.508 
cm (0.2 inches)  i n t o  the  specimen a f t e r  t he  t e s t  cond i t i ons  were re tur r led  t o  
one cyc le  p e r  minute. The $rack growth behav ior  f o r  t h i s  specimen was w e l l  de- 

I 
veloped and shows a  gradual development o f  t h e  p l a t e a u  reg ion  as seen i n  F igure  
8, however some a r r e s t s  were seen. 

The hydrogen sul 'Ti  de specimens, which d i d  n o t  show any p l a t e a u  region,  a l s o  
were c o m p l e t e l y ' f r e e  o f  macrobranches. Th is  i s  c o n s i s t e n t  w i t h  the  proposed 
model. 

Fractography 

The mechanisms o f  f a t i g u e  crack growth i n  the  present  experiments are  de- 
pendent on bo th  the  m a t e r i a l  and envjronment. Examination o f  the  f r a c t u r e  

- .Q s1.1rfaces i n d i c a t e s  t h a t  d i f f e r e n t .  mechanisms o f  crack growth are  o c c u r r i n g  i n :  
the  base metal and the we1 d  specimens, as shown i n  F igure  9. 

I n  t he  base .metal ,  bo th  A533B and A508 C1. 2, a l l  t h e  crack propagat ion i n  
the  PWR env i  ronment occurs by d u c t i l e  s t r i a t i o n  format ion.  The s t r i a t i o n  spac- 
ings measured agree completely w i t h  the  macroscopic growth throughout  the  range 
o f  a p p l i e d  s t r e s s  i n t e n s i t y  f a c t o r  where measurements cou ld  be made. Th i s  agree- 
ment h e l d  f o r  a l l  values o f  R r a t i o  and c y c l i c  frequency, con f i rm ing  the  absence 
o f  any o t h e r  env i ronmenta l l y  induced . c rack ing  mechanism. 



'Another, mechanism o f  crack growth occurs i n  t h e  we1 d specimens ; v o i d  
coa.l'escence. Th i s  mechanism, occurs i n  bo th  a i r  and PWR water  environment, b u t  
the  crack growth i n  the  PWR environment i s  considerably enhanced, as has been, 
observed p r e v i o u s l y  i n  bo th  base metal [18,19] and welds [20]. I n  the present  
experiments t h e  t r a n s i t i o n  i n  f rac tography from s t r i a t i o n s  t o  voi  d coalescence 
i s  r e l a t e d  t o  t h e  much h i g h e r  dens i ty  o f  l a r g e  carb ide  p a r t i c l e s  i n  the  we ld  
metal as shown i n  F igure  10. Voids .form a t  p a r t i c l e  i n t e r f a c e s  as a r e s u l t  o f  
p l a s t i c  s t r a i n  a t  the crack t i p ,  and t h e  s t r a i n  requ i red  decreases w i t h  i n -  
c reas ing  p a r t i c l e  dens i ty .  

The i n f l u e n c e  o f  hydrogen on the n u c l e a t i o n  an'd growth o f  mic rovc i  ds i n  
the p l a s t i c  zone has been r e c e n t l y  .reviewed [21], and could i nc lude  increased 
nuc lea t i on  through a decrease i n  t h e  p a r t i c l e  m a t r i x  cohesive energy o r  growth 
due t o  a b u i l d u p  of hydrogen pressure i n  t he  void. The enhancement o f  growth 
ra tes  i n  t h e  water  e n v i r o n m n t  i m p l i e s  t h a t  hydrogen i s  able t o  penet ra te  the 
p l a s t i c  zone t o  the  e x t e n t  o f  about t he  crack opening displacemegt (COD) du r ing  
the  c y c l i c  tes,!, which i s  approximately one micro inch (2.5 x  10- cm) f o r  an 
a p p l i e d  s t ress  i n t e n s i t y  f a c t o r  o f  25 k s i  J i n  (27.5 MPaJm). With a d i f f u s i o n  
c o e f f i c i e n t  o f  t o  cn?/sec"only 0.06 t o  6 seconds would be r e q u i r e d  
f o r  hydrogen t r a n s p o r t  by d i f f u s i o n ,  so c l e a r l y  t h i s  does n o t  impose a k ine-  . 
m a t i c a l l y  l i m i t i n g  e f f e c t  a t  t h e  t e s t  frequencies imposed ( 1  - .cycle p e r  minute 
imposes a 30 second r i s e  t ime) .  I n  view o f  t h i s ,  i t  i s  n o t  s u r p r i s i n g  t h a t  
a1 though the  m i  c rovo i  d coalescence represents a much d i f f e r e n t  mechanism, i t 
,:-esults i n  a s i m i l a r  crack growth ra te .  

The mechanism whereby the  environment i s  able t o  a s s i s t  t he  crack growth 
o c c u r r i n g  by the  p l a s t i c  f l ow  process i n  d u c t i l e  s t r i a t i o n  fo rmat ion  i s  n o t  
c l e a r ,  i n  view o f  t h e  minor r o i e  p layed by hydrogen on the  p l a s t i c  f l ow  proper-  
t i e s  o f  low a l l o y  s t e e l s  [22].. The observed e f f e c t  i s ,  however, cons i s ten t  
w i t h  t h e  proposal  o f  Beacham [23] whereby hydrogen i s  env is ioned t o  a i d  what- 
ever  process the  crack t i p  wants t o  take,  i m p l y i n g  hydrogen lowers the  s t r e s s  
requ i red  f o r  d i s l o c a t i o n  mo,tion. Th is  i den i s  r e c e n t l y  supported by experiments 
o f  Berns te in  [34], which cou ld  be i n t e r p r e t e d  t o  imp ly  t h a t  hydrogen reduces the  
f r i c t i o n a l  s t r e s s  and thereby makes d i s l o c a t i o n  motion eas ie r .  

Another mechanism t h a t  has been advanced which cou ld  e x p l a i n  t h e  i n f l  uente 
o f  hydrogen i s  t h e  reduct ion  i n  sur face energy associated w i t h  the  c r e a t i o n  o f  
a s l i p  s tep  on the  sur face [25]. Th i s  model a l s o  considers the  e f f e c t  of  
hydrogen i n  l ower ing  t h e  sur face energy assoc ia ted  w i t h  cleavage crack propa- 
gat ion.  The mechanism o f  crack advance by d u c t i l e  p l a s t i c  deformation i s  shown 
t o  be i n  d e l i c a t e  balance w i t h  t h e  cleavage crack propagation, as i l l u s t r a t e d  
schemat ica l l y  i n  F igure  12. 

'O 
In a PWR wa te r  environment a t  288OC (550°F) ' t h e  s p e c i f i c  su r face  energy . ,  

assoc ia ted  w i t h  s l i p  Y G  i s  lower than t h a t  r e q u i r e d  f o r  cleavage yea, r e s u l t i n g  
i n  d u c t i l e  s t r i a t i o n s .  As the  temperature o f  t h e  t e s t  i s  lowered the crack 
growth mechanism begins t o  sw i t ch  t o  a cleavage mode. A specimen t e s t e d  a t  
9.3"C (200°F) i n  t he  water  environment showed a m ix tu re  o f  d u c t i l e  s t r i a t i o n s  
and cleavage [26], i n d i c a t i n g  t h a t  yc- and Y G  were nea r l y  equal. - Other  t e s t s  
conducted i n  room temperature demineral ized water  have produced almost e n t i r e l y  
t h e  cleavage mode o f  crack growth [27], which agrees w e l l  w i t h  t h e  model, i n  
t h a t  Y C ~  i s  lower  than YG. 



Hydrogen .sul f i  de g a s  lowers the val ue of Y c e  :to a much greater extent 
than . i ~ , ' r e s u l . t i n g  in a cleavage mode of propagat,~on at .  both room temperature 

I '  and 93°C (200°F). Although t h e  diagram of Figure 11 i s  schematic, and drawn. " 

a rb i t r a r i ly  t o  be consistent with observations, i t  does pre4ict  t ha t ,  assuming 
the environment i s  able to  induce suf f ic ien t  hydrogen, the mode of propagation 
will  revert t o  ductile s t r i a t ions  a t  higher temperatures in the hydrogen sulf ide.  

Austenti c Steels Behavior ' 

In the present experiments a PWR water envi r0nmen.t has no measurable 
influence on the fatigue crack .growth rates in e i t h e r  304 or  316 s ta in less  
steels[3],  fo r  t e s t s  conducted a t  frequencies as low as one cycle per minute. 
A small frequency ef fec t  was noted by Rabbe, e t .  a1 . [28] b u t  i t  i s  not c lear  
whether t h i s  e f f ec t  was rea l ,  o r  within the s c a t t e r  of the: data. Thus the 
frequency has a t  most a small impact on the crack growth behavior. 

F- 

A1 1 crack growth occurs by a duct i le  s t r i a t ion  mechar~ism, as shown in 
Figure 12, which unlike the fe r r i t i -c  material i s  not enhanced by the envi ron- 
ment. Lacking a def ini te  model f o r  enhancement of the s t r i a t e d  growth i n  the 
f e r r i t i c  materials, i t  i s  not yet  c lear  why no e f fec t  i s  seen in the aus ten i t ic  
s t ee l s .  In general austeni t i c s  are less  influenced by hydro-gen than fel-r i t ics .  
Several factors may be important-the greater so lubi l i ty  of hydrogen in austeni t e ,  
the slower diffusion kinet ics ,  and a difference i n  the spec i f ic  sufface energies 
which may be associated with such events such as cleavage and s l i p  s tep errer- 
gen ce . 

Summary and Concl usi ons 

- The fatigue crack growth behavior of SA533B and SA508 pressure vessel s tee l  
and AlSl Types 304 and 316 s ta in less  s t ee l s  has been studied in a pressurized 
water reactor envi ronment, through tes.ts as well as fractographi c examination of 
the specimen surfaces. The fol.l.owing concl usi ons. were reached. 

1. Fatigue crack growth rates fo r  the . fe r r i t ic  s t ee l s  are accelerated in 
water environments over those rates obtained in a i r .  Growth rates are . ., 
dependent on both t e s t  frequency and R ra t io .  

2. Fatigue crack growth rates f o r  the 300 ser ies  austentic s ta in less  s t ee l s  
are not affected by the water environment. . Growth rates are strongly . 

. 

'dependent on R r a t io ,  and only s l igh t ly  i f  a t  a l l  affected by t e s t  frequency. 

3. The e f fec t  of frequency on growth rates in the f e r r i t i c  s t ee l s  appears to  
saturate  between 0.5 and 1.0 cpm. 

i 

I 
4. Crack growth behavior of f e r r i t i c  s tee l  in hydrogen su l f ide  i s  s imi lar  to 

tha t  in the PWR environment, b u t  there i s  no frequency e f fec t  - only the 
R r a t io  e f fec t .  

I 

5. Fractography of the crack growth process in the f e r r i t i c  s t ee l s  depends 
on temperature, with the mode of growth changing from ductile s t r i a t e d  
growth t o  cleavage as the temperature decreases. 

6. Similar trends t o  ( 5 )  occur fo r  f e r r i t i c  s t ee l s  in hydrogen sulf ide.  



. 7. .The t . ransi t ion from duc t i l e  t o  cleavage modes i s  we1 1 explained'by a surface 
! energy' model. 

!/ 8. Fractography of  the  aus t en i t i c  s t a i n l e s s  s t e e l s  shows e n t i r e l y  duc t i l e  s t r i -  
a t ions .  j .  . 

9. Fractography of f e r r i  t i c  welds shows a d i f f e r en t  mode of propagation, void 
coalescence, than e x i s t s  in the base metal,  although the  crack growth ra tes  
are  comparable. 1 .  

a 
3 

. 10. The ,major cause f o r  crack growth r a t e  enhancement f o r ' t h e  f e r r i t i c  s t e e l s  i n  
: < 

t he  water envi ronment was found. t o  be .hydrogen embri t t lement.  
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\Figure 1: Effect of Cyclic Frequency on Crack Growth Rate - 
! Pressure Vessel Steels  & Welds in PWR Environment 
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i Figure 2 :  E f f e c t s  o f  R R a t i o  - Base Metal and Welds i n  PWR Environrrlent 
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Figure 3 :  Fat igue Crack Growth Rate Results f o r  Specimen C-3 
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' Figure 4: Fatigue Crack Growth Results - Stainless Steels  in 
Pressurized Water Reactor Envi ronment 
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Figure  5: Fat igue Crack Growth Rate Resul ts  - Pressure Vessel S tee l s  
i n  PWR and Hydrogen S u l f i d e  Environments 
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, Figure  6: Example o f  t h e  Ef fect  o f  S t a r t i n g  Condi t ions on Fat igue Crack ' 
Growth - Pressure Vessel S tee l  i n  PWR Environment " 
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Figure 7: Branching Or ig inat ing a t  a Beach Mark Specimen 04A-102, 
HSST Plate 04 i n  PWR Environment - I CPM. Rz0.7 



F+gure 8: Fatigue Crack Growth--Pressurized Water Reactor Environment 
Specumen 04A-102, A533B C1 1 1.0 CPM, R=0.7 
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1 Figure 9 :  Comparison of Fracture Surfaces - Weld ( C - 1 )  and Base Metal (F -1 )  
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Figure 11 : Inf luence o f  Environment on Crack T i p  Behavior 







I 
I ' F t g u r ~  12. C o q a r i i o n  of FI~C~UI. Surfaces - F e r r i t i c  (7-1) and Stainless 

(SW-25) Steels i n  PWR Environment 


