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INTRODUCTION

The aim o f thc p rcsen t work i s  to develop a technique to evalúate  

such parajneters as crack propagation ra te  and crack sharpness through sh o rt 

term experimpntso Such a technique would be a u se fu l to o l to p re d ic t 

dangerous p o te n t ia ls ,  a l lo y  s t ru c tu re s ,  heat trea tm en ts  an d /o r w ater 

com position ranges which might be fo’ind in  in d u s t r ia l  equipmento On th e  o th e r  

hand, thesc sh o rt term experimenta would make i t  p o ssib le  to evalúa te  the 

s ig n if ic an ce  o f such changes in  thc working system as the use o f in h ib i to r s ,  

contam ination by le a k in g ‘Condensers, change in  a l lo y  s p e c if ic a t io n s ,  e t c 0 

The proposed techniq"o i s  lim ited  to  s l ip  d is s o lu tio n  s tr e s s  

co rro sio n  cracking p ro cesses. I t  ’..Ti l l  not p re d ie t such processes as hydrogen 

em brittlem ent o r  l iq u id  m etal em brittlem ento

So f a r  the technique has been su c c e ss fu lly  app lied  to  m ild s te e l  

in  n i t r a t e  s o lu tio n s , mild s to e l  in  sodium hydroxide s o lu tio n s , s ta in le s s  

s te e l  in  H d so lu tio n s , s ta in le s s  s te e l  in  so lu tio n s  and s ta in le s s

s te e l  in  H^SC  ̂ + Nací so lu tio n so  There i s  a lso  strong  evidence th a t  i t  

works fo r  s ta in le s s  s te e l  in  NaOH so lu t 'o n s  and fo r  In co llo y  800 in  NaOH 

so lu tio n so  From what i s  known a t  p re sen t about s tr e s s  co rrosion  crack ing , i t  

should work in  mcst o f  th e  s tr e s s  co rrosion  cracking cases found in  w ater 

cooled reac to rso

SLIP DISSOLUTION MODEL FOR S.C.C. OF LOW STRENGTH ALLOYS

As i t  was re c e n tly  reviewed by S taeh le  (1 ) ,  film  ru p tu ra , as a 

rc s u l t  o f  . s l i p  p ro cess , i s  the e s s e n t ia l  cnnd ition  fo r  s tre s3  co rro sio n  

cracking i n i t i a t i o n ,  F igure lo  A fte r the film  i s  broken, and the  bare  metal
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i s  exposed to  the so lu tio n , subseqw nt p rccesses a re  defined  by the 

environmental conditions,, Under c e r ta in  cond itions the bare  metal 

re p a ss iv a te s , and the metal re ta in s  i t s  corrosión  rcsis tan ce*  On the o th e r 

hand, o th e r  circum stances, defined  by the e lec tro d o  p o te n t ia l  o r  by the  

e le c tro ly te  com position, could lead  to  lo c a liz e d  co rro sio n  on the  s l ip  

stepso  A process l ik e  th a t  shown in  F igure 2 s t a r t s ,  and w il l  ev en tu a lly  

lead  to  th e  form ation o f a s t r e s s  co rro sio n  crack*

As i t  i s  an e lec trochem ical p ro cess , the depth o f  a t ta c k  in  

F igure 2 can be evaluated  from the cu rren t d e n s ity  of the s tra in in g  metal*

This w i l l  give the ra te  o f crack propagation through the follow ing 

equation j

¡ o M
V - ------ (j)

F oZ «d

where V i s  the crack  p en e tra tio n  ra t e ,  in  cm /sj j  i s  the c u rre n t d e n s ity  on 

the s l i p  s to p , in  A/cm^y M i s  the atomic weight of the d ísso lv in g  metal} 

z is  the valencey and d i s  the d e n s ity , in  g/cnr^0 The aim of the p re sen t 

technique i s  to  evalúate  jo

When the  crack propagation r a te ,  V, can be d i r e c t ly  measured, 

equation  ( I )  w i l l  give the cu rren t d en s ity  necessary, fo r the crack  to 

propágate by electrochem ical d lsso lu tio n »

S tudies on the  p i t t in g  o f  m etáis showed th a t  lo c a liz e d  co rro sio n  

on a m etal could proceed a t  r a th e r  high cu rre n t d e n s i t ie s .  For aluminum, fo r
A

example, Kaosche (2) repo rted  cu rren t dnnsitic-s o f  0.3 to  1 .1  A/cm « For
2

s ta in le s s  s te e l  Sato e t  a l  (3) found linrLting cu rren t d e n s it ie s  o f  8 A/cm o 

For iro n  V e tte r  and Strehblow (i;) reported  cu rren t d e n s itie s  o f  0 o? to  2 o0 A/cm



A nd fo r  sm all p i t s  i n  n ic k e l V e tte r  (5) rep o rted  cvirrent d e n s it ie s  as h i g h  a s  

50 to  70 a / cjii^ *  Thin i s  a r a t t e r  th a t  requ iros fu r th e r  s tudy , b u t the máximum

c u rre n t d e n s it ie s  a t  the bottom o f the  cracks can be assumed to  be somewhat
2 2 

b e tw e e n  1 A/cm a n d  70 A/cm 0

Figures 3 and U show the e f f e c t  o f s t r e s s  in te n s i ty  on the s tr e s s  

co rro sio n  cracking propagation  ra tea  (6 ,7 )»  Figure 3 shows r e s u l ts  f o r  

high s tre n g th  aluminum a llo y s  in  licroid mercury and in  KI so lu tio n so  On the 

r ig h t  s id e  of the fig u re  the cu rren t d e n s it ie s  requ ired  fo r  th e  cracks to  

propagate by e lectrochem ical d is so lu tio n  a re  shovrn® From the very  high 

propagatí on ra te s  found in  l iq u id  mnrcury e lectrochem ical p rocesses a re  ru led  

out* This i s  not the case fo r  3CC in  KI so lu tio n s , where the crack  propagation 

r a te  i s  in  the range o f valúes expected fo r  an e lectrochem ical process*

Figure h shows crack propagation ra$es fo r  various m etáis# As i t  i s  

observed, an e lectrochem ical process could acccunt fo r  most o f  the measured 

crack propagation r a te s 0 Crack propagation ra te s  fo r  Al-Mg-Zn a llo y s  and fo r  

Ti a llo y s  are a t  the tcp  l im i t  o f  what should be expected fo r  a pu rely  

e lectrochem ical p ro cess , and the propagation meclianism fo r  those a llo y s  i s  

s t i l l  a m atte r o f d isoussion*

CRACK PROPAGATION RATE

The une of con tinuously  s tra in in g  m etal fo r  th e  study  o f SOC 

was in troduced by Hoar and West (8) in  19?8« These au thors found (9) strong  

d e p o la riz a tio n  when s tra in in g  s ta in le s s  s te e l  in  MgCÜ̂  S olu tions o Hoar and 

S cu lly  (10) roportod c u rre n t irc re a sc s  when s tra in in g  s ta in le s s  s te e l  in  MgClg 

a t  co n s tan t p o te n tia l#  S cu lly  and Hoar (11) found a q u a l i ta t iv e  o o rre la tio n



betyeen the cu rren t in crease  o f ttye s tra in i.ng  m etal and i t s  s u s c e p t ib i l i ty  tn 

SCCo Whenever a metal was su scep tib le  to  SCC high cu rren t in creases  were 

observed upen s tr a in in g .  On the o th e r  hand, m etáis not su sce p tib le  to  SCC 

would no t show such c u rre n t increases»

Hoar and Cálvele (12) made a q u a n ti ta t iv e  c o r re la tio n  between 

c u rre n t increase  and crack propagation ra te  fo r  mild s te e l  in  n i t r a t e  so lu tio n so  

Figure $ shows the c u rre n t in c rease  measured during s tra in in g  mild s te e l  in  

a Ca(NO^)g so lu tio n  a t  co n stan t pot.cnt i  a l .  The same r e s u l ts  a re  re p lo tte d  in  

Figure 6 as a function  o f  to ta l  s t r a in .  The c u rre n t increase  was indenpendeüt 

o f the s t r a in  r a te ,  b u t depended on the to ta l  s tra in *  This showed th a t  fo r  

the s t r a in  ra te s  used by Hoar and cá lv e le  no rep a ss iv a tio n  o f  the  b are  metal 

tcok p lace  before the w ire was broken« Figure 6 can be used to  ev a lú a te  the 

c u rre n t d e n s ity  on the bare metal and, by means o f  Equation ( I ) ,  the crack 

propagation r a t e 0 The bare metal su rface  i s  c a lc u la te d  w ith  an equation  derived  

by Bubar and Vennilyea (13):

% Bare su rface  * 100
f X . f l

1 -

i_
__

__
_

( I I )

where A 0 i s  the i n i t i a l  specimcn le n g th , and A  i s  the len g th  a t  any 

tim e0 The au thors dorived th is  equation on the assum ptions th a t  the volumes 

o f  both the m etal and the film  were c o n s ta n t, th a t  the f ilr r  cracked a t  

and th a t  the film  remained in  con tac t w ith the  m etal w hile the diajnet&r was 

reduced due to e lo n g a tio n . The au thors  poin ted  out th a t  th is  l a s t  assumption 

requ ired  some deform ation of the film»

Equation ( I I )  was derived  in  the follow ing way*
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A 3 -  Sq
% Bare 3urface «* % O S  “ ...... x 100 (III)

The i n i t i á l  su rface  i s  given byi

and the su rface  a t  any time i s j

S “ 7T o r  o A

The i n i t i a l  volume o f the  m etal i s  j

v - n . T 2 . Xo o o

and s in ce  the m etal volume is  co n s tan ti

rr. ¿  .A = 7r. ¿  .A
o 0

reo rd erin g i

«S . A
A»

and rep lac in g  in  ( I I I )#  equation  ( I J )  i s  o b ta in ed .

I f  the  e longation  i s  given byt

A A* . 
A

the % e longation  can be compared w ith  the  % bare  m eta lo A good approxim ation 

o f  the valué o f  % bare metal i s  given by*



6

% B a re  m etal ~  1/2 % e l o n g a t i o n  (IV)

This approximation i s  v a lid  fo r  e longations up to 30$, w ith  an e r ro r  o f  le s s  

than 10$ in  the c a lcu la ted  bare surfaee*

In Figuré 6 the to ta l  cu rren t d en sity  fo r  10$ e lo n g a tio n  i s

0 .1  A/crn^. From Equation (IV) the bare m etal i s  5$ o f the t o t a l  surfaee»

The c u rre n t density  o n  the film ed m etal i s  very  sm all, and can be ignoredo 

So the c u rre n t d en s ity  on the bare m etal i s  2*0 A/cm^«

From s tra ir .in g  m ild s te e l  in  CaíNO^Jg s o lu tio n , a t  s t r a in  ra te s  

of the o rder o f 100 $/m in, Hoar and G alvele c a lc u la te d  the c u rre n t d e n s ity  

on the bare metal (Table I ,  column I ) .  At th is  high s t r a in  r a te s  no cracks 

were v is ib le  a t  the end o f the expe rim en ts . At 8$/m in, on the o ther hand, 

in te ig ra n u la r  cracks were observed a t  the end o f the experim ents• From the 

depth o f the c rack s , and the exposure tim e? the crack  propagation  ra te  was 

c a lc u la te d  (Table i ,  column I I ) .  A very good c o r re la tio n  between the propagation 

ra te s  ca lcu la te d  from the s t r a in 4 ng exj-eriments and the  crack  propagation ra te s  

evaluated  from m etallographic  observations was found„

The woric vi th  mild s te e l  in  ni t r a te  Solu tions no t only  showed 

th a t  the crack propagation ra te s  could be p re d ic te d , b u t a lso  provided a 

way fo r p re d ic tin g  s tr e s s  corrosion  cracking s u s c e p t ib i l i ty  under new 

experim ental co n d itio n s , Previous p u b lic a tio n s  on the su b je c t in d ic a te d  th a t  

s tr e s s  co rro sio n  cracking in  n i t r a t e  S olu tion s was in h ib ite d  by N&OHo I t  

was a g en e ra lly  accepted f a c t  th a t  no SCC could occur in  a lk a lin e  n i t r a te  

S olu tions o N evertheless the s tra in in g  experim ents showed th a t  even a t  high 

pH valúes SCC was possib le»  At the co rrosión  p o te n t ia l ,  -0.22 V(nhe), nc



SCC was d e tec ted  in  (4 M NaNÔ  a t  pH 1 0 .3 . N everthe less , i f  the p o te n tia l  was 

increased  up to  V(nhe), severe SCC was p re d ic te d  and a c tu aU y  found.

The same te el mi que was used by Hoar and Jones ( lit)  fo r  the study  

o f  SCC of mild s te e l  in  b o ilin g  10 l-¡ NaOH s o lu t io n s , These au thors measured 

the  cu rren t d en s ity  o f ^he bare m etal using s t r a in  ra te s  h ig h er than 100 

and comparcd the re su lte  w ith  meta l io  graphic measurements o f cracks found a t  

1*5 %/irdn, T^blo l io  Very good c o r ra la t io n  was found between both v a lu e s0 

In th e  papers by Hoar and C álve le , and by Hoar and Jones, the 

i n i t i a l  cu rren t d e n s ity  was very sm all compared w ith  the cu rren t d en s ity  

during s tra in in g o  So the i r á t i a l  cu rre n t d e n s ity  was ignored in  the c a lc u la tio n  

of the c u rre n t d e n s ity  on the bare m e ta l. But th is  i s  no t always the case , 

as determ íned by C álvelo  e t a l  (15) when studying s ta in le s s  S te e l in  H& 

s o lu tio n s , Figure 7o AISI 30U s ta in le s s  s te e l  i s  su scep tib le  to SCC in  HCl 

so lu tio n s  near the co rro sió n  p o te n t ia l .  The s tra in in g  experiments proved 

th a t  an i n i t i a l  cathodic c u rre n t on the s t a t i c  m etal could lead  to  an anodic 

cu rren t on the s tra in in g  m etal. In  such a case the c u rre n t d en s ity  on the 

bare metal was c a lc u la te d  in  the  fcllow ing way*

At -0.160 v the s ta tio n a ry  cunrent d e n s ity  fo r  AISI 30H s ta in le s s  

s te e l  in  IN H d  so lu tio n  was -1 .5  x 10“-’ A/cm^ (c a th o d ic )0 A fte r  3 O5S e longation
cf Othe c u rre n t d en s ity  was 1 .7  x 10*v  A/cm (an o d ic ). I f  the change in  cu rren t 

d e n s ity  i s  a t t r ib u te d  to the re a c tio n  tak ing  p lace on the bare su rface  (ca .

1S% of the to ta l  a rea) then we havei

i s being the cu rren t d en s ity  011 the s t a t i c  metal;- As th e  f ra c tio n  o f area



covered by a f ilm j th e  c u rre n t d e n s ity  on th e  bare metalj: the f ra c tio n  

of area o f bare m etal; and i y  the current! d e n s ity  oíi th e  s tra in in g  m etal*

For the above mentioned example we have»

+ j i b x 0 ol5  ) -  1 .7  x  10“* 

and»

5^ « 2 .0  x 10“^ a/citi^.

Figure? 8 and 9 show the cu rren t d o ñ s itie s  a t d if f e r e n t  p o te n tia ls  

f o r  the s ta t io n a ry  m etal and fo r  the bare metal»

Very good c o r re la t ic n  was found between the  crack propagation  ra te s  

c a lcu la te d  a f t e r  s tr a in in g  the metal fo r  about 10 seconds, and those measured 

on U-bend specimens exposed fo r  sev era l weeks a t  co n stan t p o te n t ia l .

CRACK SHARPNES3 RATIO

Hoar and Jones ( lh )  found th a t  the crack propagation  ra to  vras not 

s u f f ic ie n t  in  i t s e l f  to  define  a sys.tem from the SCC p o in t o f  view. Mi-ld s te e l  

shows SCC in  ION NaOH between -0 .85  and -0*55 V (she). At h ig h er p o te n tia ls  no 

SCC i s  observed. N evertheless, Hoar and Jones .fcund high bare  metal c u rre n t 

densiti.es  a t  p o te n tia ls  over -0»h V. Figure 10 shows the  c u rre n t d e n s ity  a t  

f ra c tu re ,  which i s  p ro p o rtio ra l to  the c u rre n t d e n s ity  on the  bare m eta l,

In  the  same f ig u re  the c u rre n t d en s ity  on the s ta t i c  m etal i s  shown® I t  was 

found th a t  in  the ranga o f máximum SCO s u s c e p t ib i l i ty  th e  c u rre n t d e n s ity  on 

the s ta t i c  metal i s  very  low0 TInder s ’ich c o n d itio n s , w hile the s tra in in g  

metal a t  the bo ttnn  o f the crack diru;rlvr:s ra p id ly , the rc s t o f  th e  m eta l, 

including  the s t a t i c  sides o f the cr;<ck, v i .l l  d isso lv e  very  slowlyo In

(-1.5 x 10' J x 0.85 j



th i s  way sharp  s tr e s s  co rrosion  cracks w il l  be obtained# I f  the p o te n tia l  

i s  in c reased  the crack propagation ra te  d ec reases, and then s t a r t s  to  in c rsa se  

ag a in , N ev erth e less , the c u rre n t d en s ity  on the s t& tic  m etal a lso  s t a r t s  to  

increase#  This lead s  to a g en era lized  d is s o lu tio n , and no sharp cracks w i l l  

be formed# In a  q u a li ta t iv e  way, Hoar and Jones defined  the  regions o f SCC 

s u s c e p t ib i l i ty  using the r a t io  o f c u rre n ts , as shown in  F igure 11* SCC only 

occurs where a high cu rren t r a t io  i s  fnundo

Sim ilar observations were made by Gal vele e t  a l  (15) fo r  AISI 

30b in  H& so lu tio n s#  These au thors found th a t  a quan titártive  c o r re la t io n  

could  be made i f  in s te a d  of using  the  cu rren t d en s ity  a»fc f ra c tu r e ,  the 

n e t anodic c u rre n t d en s ity  on the bare metal was usedo In th i s  way Galvele 

e t  al developed a  SOC diagram where the p en e tra tio n  ra te  and the cu rren t 

r a t io  were shown as a fu n c tio n  o f p o te n t ia l ,  F igure 120 From Figure 12 Galvele 

e l  a t  could p re d ic t  the crack morphology and the crack p e n e tra tio n  ra te  f o r  

AISI 30U in  lN HCl so lu tio n *  These p re d ic tio n s  were confirmed w ith  U-bend 

specimens (F igures 13 and 11*) and were in  good concordance w ith  the SCC 

ranges reported  by nianchi e t  a l  (1 6 ),

The use. o f th ese  diagrams was extended by Maier and Galvele (1?) 

to th e  study  of 3CC of AISI 30U in  Í^SO^ so lu tío n s  and in  I^SO^ ♦ NaCl so lu tio n s*  

F igures 1 1 6  and 17 show th e  SCC diagrams fo r  AISI 30U in  5n HgSCĵ J in  

lN HgSC  ̂ ♦ OolN Na(ÍLj and in  5n I^SO]  ̂ + 0.$N NaCl s o lu tio n s . The t r ia n g le s  

in d ic a te  the p e n e tra tio n  ra te s  m e ta llo g rap h ica lly  measured from long exposure 

specimens# As i t  is  observad, good c o r re la tio n  was found between the sh o r t  

term s tra in in g  expe rim ents and the long exposure experlments* No SCC has 

been reported  so f a r  fo r  AISI 30U in  5>N so lu tio n s#  In agreement w ith

th iS jF ig u re  15 shows th a t  the p en e tra tio n  ra te  w i l l  be h ig h , bu t th a t  the



crack oharpness cr t i  o w il l  be vnry orna11* ?hen between 0 and -0*10 V 

generalizad  corrosion  shc*”J d be r'cpectrd  fo r  AISI 30h in  th i s  so lu tion*

3 t'Z«T!• shows th a t  (F igure  IB) tro n ch es  are  i ni t i a t e d ,  b u t  th e  c o rro s io n  

r--i to on the  s t a t i c  n>c ♦ r s  so in p o r ta n t  th a t  nc f is s u r e s  cou ld  be formed* 

M-iu ;r 'itifl .¡.•ilvr'ln fciinrl th a t  fo r civi.-k ¡n arpnera  r a t io s  low er tlian 5 no or;.ieks 

•i re d e tec ted -i.n  any o f th e  so fa r  st.iH ied syniem,-:«

ln  lN HoSOi. + OolN N3Cl so lu tio n , a t  p o te n tia ls  below'4
-0.0£07, cracks should app.ear, si.nce the cu ri'en t r a t io  becenes h ig h er than 

’S , Figure 16* In tb is  so lu tio n  the crack propagation rato w i l l  not be very 

ruch a f  ?ected by the p e te n t ia l ,  and v i l l  b e , on the whole, slower than th a t  

,f‘:'uni in  a IN HCl so lu tion*

Gtaehlfi (18) reported th a t ,  from the 3CC poin t of view, the 5N 

H25q, + OoSll NaCl solutior. i s  fa r  more aggressivs than the lN I^SO^ + 0*lN 

NaCl solution* Tbis is  also found by compari ng Figui^s 16 and 17» ’Jhile the 

cui-rent ra tio  is  s im ila r in  both so lu tic n s , the propaga tí on ra te  i s  fa r  mere 

ranicl. ir. the second so lu tion  than in  the lN I^SO^ + 0,lN NBCl solution» 

from figuras 15 and 17 i t  ’-'as concluded th a t adding 0*5 K NaCl to the 

5 i* iIo3Ĉ  so lu tion  3CC of AISI 301» should appear, a p red ic tion  confirmed by 

3.?).?:., Figure 1P and 19*

P re lin in a ry  experiments by Maier and Galvele show th a t  a t  the 

o ittJn g  p o to n tia l of ? m etal, a diagram -like th a t  in  Figure 20 should be found 

when no SCC occu rs , and diagrama l ik e  in  Figure 21 , when there i s  3CC 

su scep ti.b ili ty*

10



REPASSIVA TJnjJ nvn:

Ac pointed out by Smith and S taehle (19) one im portant paramet.er 

in  the s l ip  d isso l u tio n  5HC process i s  the re p a ss iv a tio n  ra te  o f the bare  

m etal on the s l ip  s te p s , Figure 1* I f  the bare metafl. rep ass iv a tes  very 

e a s i ly ,  the oxide film  Is  reformed on the  s l ip  s te p s ,  and no n o ticeab le  

co rrosion  takes p la c e , On the o th e r hand, i f  rep ass iv a tio n  i s  slow, lo c a liz e d  

co rro sio n  begins on the s l ip  s te p s , é v en tu a lly  lead ing  to  SCC* Figure 5 

shows an example o f  a slow rep ass iv a tio n  process* From Figure 6 i t  i s  

concluded th a t  under a s t r a in  ra te  o f 31 %/mír\9 rep ass iv a tio n  o f  the  s l ip  

s te p s , fo r  mild s te e l  in  I4.N Ca(N0^)2 s o lu tio n , takes more than 20 seconds to 

occuro Before rep a ss iv a tio n  s t a r t s ,  the  c u rre n t in c reases  l in e a r ly  w ith  

the  to ta l  s t r a in ,  as shown in  Figure 6* As soon as re p a ss iv a tio n  s t a r t s  the 

c u rre n t d e n s ity  reaches a s a tu ra tio n  p o in t ,  F igure 22* This c u rre n t was 

c a lle d  «average s a tu ra tio n  curren t»  (a ,s* c * ) , and was s tu d ied  by Murata 

and c ta e h le  (20)* The a ,s * c .  i s  function  o f  the s t r a in  ra te*  The h ig h er 

the s t r a in  r a te ,  the  h ig h er tha a . s . c .

One example o f f a s t  rep ass iv a tio n  ra te  i s  found w ith  aluminum in  

Na& so lu tio n s  b e l o w  the p i t t in g  p o te n tia l (21)* Figure 23 shows th a t  a 

p o te n tia l  independent a .s .c *  i s  ob ta ined . This cu rren t i s  shown in  F igure 2k 

fo r  d if f e r e n t  s t r a in  r a te s 0 Below the p i t t in g  p o te n t ia l  (Ep) no co rrosion  

is  detected  on the s tra in e d  m eta l. Figure 25 shows th a t  the a .s .c *  i s  a 

l in e a r  fu n c tio r  o f  the s t r a in  ra te*  I t  fo llcw s the em p irica l re la tio n *

i  -  ( l x  10“6 ) + ( 2*11 x 10*^ x £  ) (V)

where i  i s  the  cu rren t d e n s ity  in  A/cm^, and f  i s  the s t r a in  ra te  in  min“ *



To d efin e  the SCC s u s c e p t ib i l i ty  o f  a system i t  i s  necessary  to 

have a valué fo r  c r i t i c a l  rep ass iv a tio n  r a t e .  So fa r  th e re  has been no 

evalua tion  of the rep ass iv a tio n  ra te  below which SCC occu rs , and over which 

the m etal i s  immune to  SCC»

In the measurements by Hoar e t  a l  (12 ,l)j) and by G alvele e t  a l  

(15,16) the idea o f  a c r i t i c a l  re p a ss iv a tio n  ra te  i s  im p lic i t  in  the choice 

o f  the range of s tra i  n ra te s„  Hoar and Gal vele (12) found th a t  no rep ass iv a tio n  

was tak ing  p lace when s tra in in g  m ild s te e l  in  n i t r a t e  so lu tio n s  a t  s t r a in  

ra te s  from 8 %/mín to 30? %/mín0 Hoar and Jones (lU ), on the o th er hand, 

found th a t  fo r  mild s te e l  in  NaOH so lu tio n s  the re p a ss iv a ti on ra te  became 

im portant below 100 $/m in. They concluded th a t  the re p ass iv a tio n  ra te  fo r  

th a t so lu tio n  was h igher than th a t  fo r  the n i t r a to  so lu tio n so  One would be 

tempted to  suggest th a t  h igher s t r a in  ra to s  should be used so as to include 

svntems o f  h ig h er rep ass iv a tio n  r a te s .  N evertheless a very  high s t r a in  ra te  

would lead  to  erroneous propagation r a t e s .  S taeh le  and T u r tle r  (22) used 

s t r a in  ra te s  o f  750 %/sec in  t h e i r  experimentso According to  equation (V), 

th is  s t r a in  ra te  would give a c u rre n t d e n s ity  on the bare m etal o f  

9*5 x 10"3 A/cm^ fo r  aluminumo This c u rre n t d e n s ity  i s  eq u iv a len t to  a 

crack  propagation ra te  of 3*28 x 10“^ cm /s, and would give propagation 

ra te s  s im ila r  to  those found fo r  SCC o f mild s te e l  in  NaOH s o lu tio n s , 

N everthe less , no such SCC has been found fo r  puré aluminum in  NaCl s o lu tio n s 0

From thn measurements by c a lv ó le  e t  a l  fo r  s ta in le s s  s te e l  in  ac id  

ch lo rido  s o lu tio n s , i t  comes out that, s t r a in  ra te s  o f UO %/mín a re  adequate 

fo r that- system» In  p r in c ip ie  i t  can be concluded th a t  a s t r a in  ra te  

aomewhere between )j0 %/mrn and 200 $/rnin would be adequate fo r  the p re se n t 

techninue# N evertheless i t  would be necensary to  fin d  a m echanistic exp lanation

12



t o  s u p o o r t  t h i s  e l e c t i o n .  T h e o - r e t i c a l l y  t h e  s t r a i n  r a t e  u s e d  w o u ld  b e  t h a t  

show n b y  t h e  m e t a l  a t  t h e  b o t to m  o f  t h e  c r a c k »  T h is  v a l u é  w i l l  c h a n g e  w i t h  

t h e  s t r e s s  i n t e n s i t y ,  a n d  a n  e v a l ú a  t í o n  o f  t h e  m o s t  common s t r a i n  r a t e s  

s h o u l d  b e  n e c e s s a r y .

F o l lo w ín g  t h i s  s a n e  l i n e  o f  t h o u g h t ,  w e c a n  c o m p a re  t h e  i n f l u e n c e  

o f  s t r e s s  i n t e n s i t y  o n  SCX! v e l o c i t y ,  F i g u r e  2 6 ,  w i t h  t h e  i n f l u e n c e  o f  s t r a i n  

r » t «  o n  t h e  c u r r e n t  d e n s i t y .  A s s u m in g  t h a t  s i m i l a r  p r o c e s s e s  t a k e  p l a c e  i n  

t h e  s n n  o f  a lu m in u m  a n d  o f  m ilH  s t e e l ,  w e c o u l d  c o n c l u d e  t h a t  w h i l e  t h e  

r a t e - d e t e r m i n i n g  p r o c e s s  i n  R e g ió n  I  i s  t h e  s t r a i n  r a t e  a t  t h e  b o t to m  o f  

t h e  c r a c k ,  t h e  r a t e - c 3 e t e i w i n i n g  p r o c e s s  i n  R e g ió n  I I  i s  t h e  m e t a l  d i s s o l u t i o n  

r a t e 0

SCC OF AISI 30b IN NaOH SOLUTIONS

Subrahmanayam and S taehle (23) s tu d ied  the SCC morphology in  

AISI 30h exposed to  b o ilin g  60$ NaOH s o lu tio n , Figure 28, These au thors found 

th a t  the morphology of the cracks was s tro n g ly  dependent on the e lec tro d e  

p o te n t ia l .  The same was observed w ith  the  fa ilu n e  tim e. The authors a lso  found 

th a t the f a i lu re  time was re la te d  to  the máximum recorded c u rre n t d e n s i t ié s ,  

Figure 29» No in fo m a tio n  i s  a v a ila b le  to evalnate  the crack propagation 

ra te s  o r  the currend d e n s ity  r a t io s .  Q irren t-tim e curvas fo r  th i s  system show 

an i n i t i a l  in crease  in  the c u rre n t d e n s ity , follow ed by a slow decreaseo The 

i n i t i a l  in c rease  c r’u ld  be the r e s u l t  of undermining the air-form ed oxide film  

by the NaOH s o lu t io n 0 In th is  way, the máximum c u rre n t d e n s ity  could be taken 

as a rough ev aJm tio n  o f the bare m etal c u rre n t d e n s ity . As shown in  Figure 

?? , the h ig h er the bare metal c u rre n t d e n s ity , the sh o r te r  the f á i lu r e  time»

I f  the c u rre n t ra tio  i s  c a lc u la te d , i t  changes w ith  the p o te n t ia l ,  and



d if f e re n t  morpholopies should be expected a t  d i f f e r e n t  p o te n tia ls*  I t  can 

b e  concluded th a t  the technique d e 3 c r i b e d  in  the p resen t paper should be 

ap p licab le  to th e  ev a lú a tio n  of SCC s u s c e p t ib i l i ty  of AISI 3®h in  NaOH 

s o lu tio n s .

In a s im ila r  way i t  seoms th a t i t  i s  ap p licab le  to  AISI blO,

AISI ¡4 3 0 » Incoloy a l lo y  800, inconel a l lo y  600, 6 l8 c , and 619C in  70% 

b o ilin g  NaOH so lu tio n s  (2ij)o

FHTURE WORK

A major e f f o r t  should be done to  define  the follow ing param eters* 

1*-STRAIN RATEoDefine the  most convenient s t r a in  ra te  fo r  SOC te s ts »  A pparently 

the most s u ita b le  valué would be somewhere between I4O %/mín and 200 %/minB 

2.-MINIMITM CRACK PROPAGA TION RATE» I t  i s  necessary  to  know the minimum crack 

propagation  ra te  below which SCC becomes ir re le v a n to  According to  Speidel (6) 

a p r a c t ic a l  l im i t  would be around 10**  ̂ o r  10“^® m /s« This would req u ire  

c u rre n t d e n s itie s  o f the o rd e r o f 10“*3 o r 10"^ k /c v ?  on the bare m eta l,

3o-0RACK SHARP MES Í3 RATIO# I t  i s  necessary  to evalúate  the minimum crack 

sharpness r a t ic  below w:i.óh no s t r e s s  corros io n  cracks a re  formed» In  p re lim in ary  

experim ents (1 7 ), ®> $ was found as the mininum r a t io  fo r  SCC s u s c e p t ib i l i ty
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T a ble  J  C u r r e n t  den sity  a t  n e w  exposed  m etal  in  u s u r e s  in  th e  o x id e  film  pk o d u c bd  by
t r a c t io n , c o m pa r ed  w it h  c u r r e n t  d e n sit y  r e q u ir ed  to  a d v a n c e  “ c r a c k s”  in  THE m etal  a t

MICROSCOPICALLY MEASURED RATE

H o a r  a n d  G a l  v e l e  R e í  ( u )

Potential Initial 
Solution pH

[V(nhe)J

4N CaíNO,), -  010 3-7
4N NaNO, -  014 4-8
4N NaNO, -  018 4-8
4N NaNO, -  0-22 4-8
4N NaNO, +  NaOH -  0-14 10-3

r

C.D.
measured
(A/cm1)

Time to 
fracture 

(s)

Average 
depth of 
"cracks” 

at 
fracture

w

C.D.
required
(A/cm*)

201 35 25 2-08
1-48 77 32-5 1-21
0-80 84 20 0-69
0 26 93 5 016
1-32 76 19 0-73

TAULE J j r  lNH_ULNCfc o f  POTENTIAL ON INCIDENCE AND PENETRATION OF CRACKS IN 0-1 % C  (SEEL 
in  10M  NaOH. 121*C. S t r a in  r a t e  1 -5% /m in

Current density Penetration
Potential over bare Calculated Measured
(V(she)) Incidencc of attack surface from cd microscopically

(mA/cm1) (|im) (l¿m)

—0-50 Some short, blunt pits; no cracks _ 0 0
—055 A few cracks 33 10 17-29
—0  60 A few cracks 77 25 23-29
- 0 6 5 A few cracks 74 25 26-34
—0-70 Many cracks—about J of grain 

boundarics pcnctrated
89 30 29-37

—0-75 Many cracks over 1 of surface 120 40 29-40
—0-80 Many cracks—almost every grain 

boundary penetrated
154 50 31-40

—0 825 A few cracks 73 25 7-14
—0-85 A few cracks and pits 110 37 3-9
—090 No cracks — 0 0

H o a r  a n d  J o n o a ,  f i p f  (  j q )



Coarse SUp Fine SUp

(a) (b)

Figure j. Comparison of slip step heights with thickness of protective 
films:

(a) Coarse slip, step height »thickness of film
(b) Fine slip, step height thickness of film

(RJf.Staehle, r e f* ( l ) )«



Scheinatic figure of tunnels extending from dissolution trench.

(R.W.Staehle, Ref (!))•
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FIGURE 3* M .O .S p e id e l,R e f (6 )«



CR
AC

K 
PR

OP
AG

AT
IO

N 
RA

TE
 

C
M

/S
E

C

10 20 30 40 50 60 
STRESS INTENSITY - KSI V W

FIGURE U» E ffec i o f  s tr e s s  in te n s i ty  on the v e lo c ity  of s tr e s s © rro s io n  

cracks in  aqueous s o lu t io n s ,  D«A«Vermilyea* Refo(7)«



P o te n tio s ta t ic c u r re n i-a e n s u y /u in c c u iv w  iv/i — — ---------------
at diffcrent strain rates in hot calcium nitrate solution.

4N Ca(NOs)„  pH 3 7 (at 25°C), 102°C, eu -  0 10V 
Strain rate: A. 307%/min; B, 154%/min; C, 31 %/nun;

Hoar and Gal v e le ,

150

<
£ioo

*5»coT3 
_ 50 
C O» fc.3U

0

F i g . é . Variation o f  current density with % strain (data from Fig. 6.)
4N Ca(NOs)!, pH 3-7 (at 25°C), 102°C, e¡¡ -0-10V.

Strain rate: • ,  307%/min; o,  154%/min; □ , 31%/min; a , 8%/min.

Hoar and Qalvele, Aaf«(/¿)«

5 10
•/. strain



F ig  7 t C u r r e n t - t im e  c u r v e s ,  a t  c o n s t a n t  p o t e n t i a l ,  f o r  
s t r a i n i n g  A IS I 304 i n  d e a e r a t e d  1M HC1 s o l u t i o n  a t  
25°C . S t r a i n  r a t e :  40 % /m in. o l ív e le  e t  al* B e f * ^ )

F ig  8 í P o l a r i z a t i o n  c u r v e  f o r  s t a t i c  A IS I 304 i n  1M HC1 
s o l u t i o n  a t  25°C . i + :  S t a t i o n a r y  m e ta l  n e t  a n o d ic  c u r r e n t  

e n s i t y .  i ~ :  S t a t i o n a r y  m e ta l  n e t  c a th o d i c  c u r r e n t  
d e n s i t y . E | :  S t a t i o n a r y  m e ta l  c o r r o s i o n  p o t e n t i a l .

GaTrele e t  al® R ef.( lj) ,



000

10-* 10•* 10-' lO1 10* io’
CURRENT DENSITY,A/cm2

F ig  9¡ B are  m e ta l  c a l c u l a t e d  p o l a r i z a c i ó n  c u r v e  f o r  s t r a i n i n g  
A IS I 304 i n  d e a e r a t e d  1M HC1 s o l u t i o n  a t  25°C . i £ :  B a re  m e ta l  
n e t  a n o d ic  c u r r e n t  d e n s i t y .  i £ :  B are  m e ta l  n e t  c a th o d ic  
c u r r e n t  d e n s i t y .  i ^ : S t a t i o n a r y  m e ta l  n e t  a n o d ic  c u r r e n t  
d e n s i t y .  i “ : S t a t i o n a r y  m e ta l  n e t  c a th o d i c  c u r r e n t  d e n s i ty .E ® : 
S t a t i o n a r y  m e ta l  c o r r o s i o n  p o t e n t i a l .  : B a re  m e ta l  c o r r o s i o n  
p o t e n t i a l .  C álvele « t  a l»

Potential. V(shc)

Fio. to. Influence of potential on cd at fully filmcd sulfate after 40 min polarization ih 
and at fracture of specimcn, /,.

0 1 %  C  steel. !0M NaOH. 12l°C. Strain rate 28%/min. f l o a r  a n d  J  0 1 1 8 3  > R p f * y * f ) o  
•  , c.d. after 40 min polarization, i,
O, c.d. at fracture,



Potential', V(she)

Fie. | | . Variation of ratio it/it with potential. 
0 1% C steel. 10M NaOH. 12rc.

Hoar and Jones, Ref«(m) 9

12 : C a l c u l a t e d  c r a c k  p e n e t r a t i o n  r a t e  an d  b a r e  m e ta l  t o  
f i lm e d  m e ta l  c u r r e n t  d e n s i t y  r a t i o  ( i j£ / i+ )  , a s  a f u n c t i o n  o f  
p o t e n t i a l  f o r  s t r e s s e d  A IS I 304 i n  1M HC1 s o l u t i o n  a t  25°C . 
I n s c r t : E x p e c te d  f i s s u r e  m o rp h o lo g y . G á lle le  e t  a l*  Ref*(/j)*



F í £  13 : U n e v e n  g e n e r a l  c o r r o s i o n  f o r  stres.sed A I S I  304 in 

J M  a o r a t e d  IK'l s o l u t i o n  at -0.0.SO V a n d  25°C, 30 h e x p o s u r  

C r o s s - s c c t  ¡ 011, 4 0 0  X. cá lvele  e t  al • R ef.( |í)0 “ c a°

F ig  1U' : SCC For A ISI 304 s t a i n L c s s  s t e e l  Ln J N. 
s o l u t i o n  a t  - o .  ISO V and 2 5°C, 20() 1) e x p o -su re . 
s e c t i o n ,  400 X. Galvele e t  al„Ref*05)* i £ / i *  ■
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FIGURE 15o Crack p e n e t r a t i o n  r a t e s  and bare m e t a l - f i l m e d

m eta l  n e t - a n o d i c - c u r r e n t - d e n s i t y —r a t i o s  f o r  AISI 304

a u s t e n i t i c  s t a i n l e s s  s t e e l  5N H„S0 s o l u t i o n .  ( A )  ¡2 4
P e n e t r a t i o n  r a t e s  m easured on U -bent sp e c im e n s .



P o te n t ia l ( V )

FIGURE 16 Crack p e n e t r a t i o n  r a t e s  and bare m e t a l - f i l m e d  

m eta l n e t - a n o d i c - c u r r e n t - d e n s i t y - r a t i o s  f o r  AISI 304 

a u s t e n i t i c  s t a i n l e s s  s t e e l  in  IN + 0 . 1N NaCl s o l u t i o n .

( A  ) : P e n e t r a t io n  r a t e s  m easured on U-bent s p e c im e n s .



Potential(V)

FIGURE 17 . Crack p e n e t r a t i o n  r a t e s  and bare  m e t a l - f i l m e d

m e ta l  n e t - a n o d i c - c u r r e n t - d e n s i t y - r a t i o s  f o r  AISI 304

a u s t e n i t i c  s t a i n l e s s  s t e e l  in  5N H„S() + 0 . 5N NaCl s o l u t i o n .2 4
( A  ) • P e n e t r a t i o n  r a t e s  m easured on U -bent s p e c im e n s .



F I G U R E  18o S c a n n i n g  e l e c t r ó n  m i c r o g r a p h  of s t r e s s e d  A I S I  304 

a u s t e n i t i c  s t a i n l e s s  s t e e l  e x p o s e d  t o  5N H ^ S O  s o l u t i o n ,  at 

a p o t e n t i a l  of - 0 . 1 1 0  V ( n h e ) ,  d u r i n g  4 h . U - b e n t  s p e c i m e n .



I'aier and Galvele, Refo (17).

F I G U R E  19* S c a n n i n g  e l e c t r ó n  m.icrograph of s t r e s s e d  A I S I  304

a u s t e n i t i c  s t a i n l e s s  s t e e l  e x p o s e d  to 5N II S O  4- 0 . 5 N  Na C l

s o l u t i o n ,  at a p o t e n t i a l  of - 0 . 0 7 5  V ( n h e ) , d u r i n g  2 h. U - b e n t  

s p e c i m e n .



Figure 20* Metal imraune to s tre ss  corrosion cracking a t  the  
p it t in g  potential* (Maier and Galvele)#

the p itt in g  p o ten tia l .  (Maier and Galvele)o



FIGURE 22» Average saturation current due to repassivation of
s l l p  s te p s ,  for e ither  hiph repassivation rates or slow s tr a in  rates»

Fig. 2 3 ? ° ,en,ios,ofic cu,rcnf density/time curres at various 
potentials for aluminum straining at 90%/m in in 1M NaCI *olu- 

tion.
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Fig.25” Relation between steady-state current density and strain 
rate for aluminum straining in 1M NaCI solution.
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C RAC K -T IP  STRESS INTENSITY

Fig. ?¿S chem aiic  representaron of the ¡nfluence of stress intens.ty on SC crack
velocity

Strain rate, %/m in

F ig .2 7  Limiting density on yiclding specimens. 
0 I /. C steel. 10M NaOH. I2I°C. —0.700 V(she).
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FIGURE 29.SCC o f  AISI 30U i n  b o i l i n g  60$ NaOH s o l u t i o n ,  
S u b ra h m a n a y a m  a n d  S t a e h l e  (Z^ ) •


