


can be prevented by imposing a compressive s t ress  on the surface exposed t o  t he  
cor ros ive  environment. Nevertheless, the app l i ca t i on  o f  t h i s  pr ' inc ip le for' con- 
t r o l l i n g  SCC i s  no t  w ide ly  p rac t i ced  i n  indust ry ,  a t  l e a s t  n o t  f o r  the s t a i n l e s s  
s tee ls .  With respect t o  i n te rg ranu la r  cor ros ion  (IGC) , Bain, Aborn, and Rutherford 
(1933) demonstrated some 40 years ago t h a t  co ld  working o f  a u s t e n i t i c  s t a i n l e s s  
s tee l s  by  co ld  r o l l i n g  g rea t l y  reduced t h e j r  s u s c e p t i b i l i t y  t o  i n te rg ranu la r  
a t tack  i f  they were subsequently exposed t o  s e n s i t i z i n g  temperatures. However, 
because the e n t i r e  bu lk  o f  the a l l o y  had t o  be treated, excessive work hardening 
occurred. Thus, as l a t e  as 1967 i t  was s t i l l  being publ ished t h a t  co ld  working 
f o r  t h i s  purpose was n o t  a recommended o r  p r a c t i c a l  procedure (Fontana and Green, 
1967). The p re fe r red  methods o f  cor ros ion  con t ro l  have been and cont inue t o  be 
(1 )  heat  treatments t o  r e l i e v e  res idua l  st resses and t o  minimize the r i s k  o f  SCC, 
( 2 )  s o l u t i o n  annealing t o  e l im ina te  chromi um-depleted zones and remove g ra in  
boundary carbides, and (3 )  s t r i n g e n t  con t ro l  o f  the environments t o  minimi ze the 
contamination tha t  can promote e i t h e r  o r  both o f  these cor ros ion  modes. 

This repo r t  addresses the app l i ca t i on  o f  one s p e c i f i c  co ld  working procedure, 
con t ro l l ed  shot peening, as a p r a c t i c a l  method o f  prevent ing both SCC and IGC, 
F i r s t ,  shot  peening imposes a compressive s t ress  on the surface t h a t  can negate 
the t e n s i l e  stresses, res idua l  o r  appl ied,  t h a t  are reqtr ired f o r  SCC. Second, 
shot peening uni formly co ld  works the surface o f  the workpiece; therefore, i t  can 
e f f e c t i v e l y  reduce s u s c e p t i b i l i t y  t o  IGC. Third,  the con t ro l l ed  shot-peening 
process i s  adaptable t o  most wrought o r  cas t  products o r  fabr ica ted components, 
regardless o f  s i ze  and shape. 

MATERIALS AND PROCEDURES 

The mater ia ls  covered i n  t h i s  study were the a u s t e n i t i c  s ta in less  s tee l  Types 304, 
316, 321, and 347. Conventional U-bend specimens used i n  the SCC scoping tes t s  
were o f  Type 304 s ta in less  s tee l  s t r i p ,  0.090-in. (0.23-cm) o r  0.125-in. (0.32-cm) 
thickness. The coupons used f o r  i n te rg ranu la r  corrosion tes t s  were o f  Type 304 
s ta in less  s tee l ,  1 /4- in . - th ick  (0.64-cmj p la te .  The scale-up weided p ipe  specimens 
were o f  Types 321 o r  347 s ta in less  s tee l ,  wh i le  the hexagonal tube was Type 316 
s ta in less  s tee l .  The 8 - f t  (244-cm) length  o f  6-in.-diameter (15.2-cm) pipe was 
Type 304 s ta in less  s tee l .  Except f o r  the Type 316 s ta in less  s tee l  hexagonal tube, 
which was 20% co ld  worked, a l l  mater ia l  was i n  the solution-annealed cond i t ion .  

Peening was done using commercial peening equipment and procedures. A1 1 t e s t  
specimens were peened manually except the  8 - f t - l ong  (244-cm) p ipe  sect ion,  whi ch 
was peened by a f u l l y  automated process on both outs ide and i n s i d e  diameters. 

The conventional peening mater ia l  was cas t  s tee l  shot, Grade 230 o r  Grade 280 con- 
forming t o  MIL-S-851. The peening o f  the p ipe  sec t ion  was w i t h  a smal le r  s ize ,  
Grade 170. For some experimental peening studies,  specimens were peened w i t h  
glass beads o r  ceramic beads. 

The e f fec t iveness o f  the peening processes was evaluated by conventional t es t s  f o r  
s t ress  cor ros ion  cracking o r  i n te rg ranu la r  corrosion.  For SCC, the specimens were 
immersed i n  b o i l i n g  42% magnesium ch lor ide .  The eva luat ion  c r i t e r i a  were the time 
t o  i n i t i a t e  s t ress  cor ros ion  cracks and/or t ime t o  f a i l u r e  of the specimen. I n  
t h i s  t es t ,  cracks commonly i n i t i a t e d  i n  about 112 h i n  unpeened U-bend specimens 
(used f o r  cont ro l  purposes), w i t h  f u l l  f a i l u r e  general ly  occur r ing  wi thdn 2 h. 
For I G C ,  the specimens were immersed i n  a 10% HN03-3% HF s o l u t i o n  a t  70 C and 
examined metal lograph ica l  l y  f o r  i ntergranu lar  a t tack .  



TEST RESULTS 

Sco~_ing Tests - 
The scoping phase of the study was intended t o  es tab l i sh  the feas ib i ' l i  t y  o f  the 
shot-peening process t o  prevent the s t ress  corrosion cracking and in te rg ranu la r  
corrosion of austeni t i c  s ta in less  s tee ls .  The fac tors  evaluated included such 
process var iables as peening i n t e n s i t y  .y, shot mater ia l  and s i t e ,  and coverage; the 
e f f e c t s  o f  elevated temperatures on the decay o f  the  compressive stresses imposed 
by shot peening and the concomf tan t  e f f e c t s  o f  resistance t o  SCC; the e f f e c t s  o f  
exposures a t  sens i t i z i ng  temperature w i t h  respect  t o  i n te rg ranu la r  at tack;  and the 
ef fect iveness o f  shot peening i n  prevent ing SCC due t o  residual  stresses i n  
weldments. The resu l t s  o f  these scoping tes ts  are sumnarized i n  Table 1. 

TABLE 1 Shot Peening - Scoping Tests Summary 

Parameter Comments 
ICX ' , 

Peening I n t e n s i t y  Unpeened U-bend specimens s  tress-corrosion-cracked i n  
1 t o  2  h  i n  b o i l i n g  MgC12 tes t ;  specimens peened over 
a  wide range o f  peening i n t e n s i t i e s  survived 1000 h  
wi thout  cracking. 

Shot Mater ia l  E f fec t ive  w i t h  s tee l ,  glass, o r  ceramic beads. 

Stress Decay E f f e c t i v e  a f t e r  thermal soaking a t  1 0 5 0 ~ ~  (566'~). 

Sens i t i za t i on  (Stress Peening i s  e f f e c t i v e  on sens i t i zed materta l .  
Corrosion) 

Sens i t i za t i on  ( I n te r -  Peening may prevent i ntergranu lar  corrosion. 
granular Corrosdon) 

Weld Stresses Stresses induced by weldf ng are s u f f i c i e n t  t o  cause 
s t ress  corrosion cracking; peened welds d i d  no t  crack. 

Peening Defects Process con t ro l  requ i red t o  assure 100% coverage. 

Component Te?& -- 

This phase o f  the study was conducted t o  es tab l i sh  the p r a c t i c a l i t y  o f  the pee l ing  
process fo r  s izes and shapes tha t  t y p i f y  components i n  a  reactor p ip ing  system. 
The scale-up tes ts  were conducted on ( I )  weldments o f  a  heavy-wall boss to  a  
7-1/2-in. (19-cm) OD, Type 321 s ta in less  s tee l  pipe; (2)  c i rcumferent ia l  b u t t  
welds i n  a  5-1/2-in. (14-cm) OD, Type 347 s ta in less  s tee l  pipe; (3)  a  4-1/2-in. 
(11.4-cm) Type 316 s ta in less  steel ,  hexagonal-shaped tube w i th  20% co ld  work; and 
(4 )  a  6- in.  (15.2-cm) OD, Type 304 s ta in less  s tee l  pipe, 8 ft (244 cm) i n  length. 

One weldment from the Type 321 s ta in less  s tee l  p ipe sect ion  was unpeened, whi le 
the second specimen was peened on a l l  surfaces a t  0.011A Alrnen In tens i t y .  The 
unpeened specimen cracked severely i n  the MgC12 t e s t  a f t e r  immersf on fo r  -22 h. 
I n  contrast ,  the peened specimen was tested f o r  a  t o t a l  o f  264 h  w i thout  v i s i b l e  
stress cor ros ion cracks i n  the peened surfaces. 



Three similar ci rcumferenti a1 weldments from the Type 347 stainless steel pipe 
were tested, Figure 1 shows the cracks that developed adjacent to the weld of the 
unpeened specimen during 23-h imnersion in M~c12. Note that  the s tress  pattern 
indicated by the crack i s  circumferential and parallel to the weld on one sbde of 
the weld bead and radial on the other side. In contrast,  no cracks developed in 
120 h of testing on the specr'men which was peened on both outside-diameter and 
inside-diameter surfaces. The third specimen was peened around one-half of i t s  
circumference on both OD and ID surfaces. No cracks were detectable ,in the peened 
half-section a f te r  a 22-h exposure in MgC12; however, cracking was readily vis ible  
i n  the unpeened half-section. The cracks propagated until they terminated a t  the 
interface with the peened surface as shown in Fig. 2 .  

F ig .  2 Stress corrosion cracks i n  un- 
peened Type 347 stainless steel 
pipe weld surface. There are no 
cracks in the peened surface. 

Fig. 1 Stress corrosion cracks in 
unpeened Type 347 stainless 
steel pipe weld. 

A section of a hexagonal Type 316 stainless steel pressure tube that had a 15 to 
20% reduction in wall thickness in i t s  final processing operation was tested a f te r  
peening one-ha1 f of the surface. Cracks were detected in one inside-diameter 
corner of the unpeened section a f te r  only 3 h of testing. After testing for 22 h, 
cracks were present in the f l a t s  as well as in the corners of the unpeened section 
on both inside-diameter and outside-diameter surfaces. In contrast, no cracks 
developed in the peened surfaces during th is  test .  Figure 3 shows the Snterface 
between the peened and unpeened surfaces and the s t ress  corrosSon cracks present 
near the corners of the hexagonal tube. The major crack shown in the corner was a 
through-crack. 



Fig. Stress cor ros ion  cracks 
i n  unpeened surface of 
Type 316 s ta in less  s tee l  
hexagonal tube (20% C.W. ) . 

I n t e r ~ r a n u l  a r  Corrosion Prevent ion Tests -- 

The e f f i c a c y  o f  severe shot  peening t o  suppress JGC i s  I l l u s t r a t e d  i n  Fig. 4. The 
microstructures shown are t y p i c a l  of peened and unpeened Type 304 s ta in less  s tee l  
surfaces a f t e r  being "sens i t i zed"  and tes ted f o r  i n te rg ranu la r  a t tack  i n  an 
HN03-HF so lu t i on .  The cold-worked surface o f  the peened specimen i s  completely 
f r ee  from at tack ;  i n  con t ras t ,  the unpeened surface i s  severely and un i fo rmly  
attacked a t  the g ra in  boundaries. 
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Fig. 4 Photomicrographs o f  peened and unpeened Type 304 s ta in less  
s tee l  p l a t e  surfaces sens i t i zed a t  12000F (64g°C) 1 h and 
tes ted f o r  i n te rg ranu la r  corrosion i n  HN03-HF. 



Several ser ies  o f  peening tes ts  were conducted i n  an e f f o r t  t o  es tab l i sh  a thresh- 
o l d  l eve l  of  co ld  work by shot peening. Table 2 summarizes the r e s u l t s  o f  t he  
f i n a l  ser ies  of peening tests.  I n  these tes ts ,  the peening was monitored by per- 
cent coverage, up t o  400%, and by a f e r r i t e  gauge, an Instrument t h a t  i s  conven- 
t i o n a l l y  used to  determine the amount of f e r r i t e  I n  aus ten t t i c  s ta in less  s t e e l  
weld metal. The ind ica ted threshel d l e v e l  i s  300% coverage o r  0.5% f e r r i t e .  
Using the eddy cur rent  method, the thresho ld  l eve l  i s  43. 

TABLE 2 Peening Test S u m n r l  ...----- 
- ,  ' 

Peening Reading - 
Specimen Coverage Fer r i teGauge Eddycur rent  In tergranu lar  

Number ( % I  ( % I  Gauge Corrosion -- --- 
Reference Unpeened ~ 0 . 5  40 Severe 

1 100% ~ 0 . 5  40 Moderate 

2 200% 10.5 40 S l i g h t  

3 300% -0.5 43 None 

4 400% 0.5 - 1.0 46 None 

5 - 1.0 - 1.5 48 None 

6 - 1.5 - 2.0 5 1 None 

7 - 2.5 - 3.5 7 3 None 

8 - 4.0 - 5.0 85 None 
----. -- 
Note. A l l  specimens were peened w i t h  390-grade ceramic beads a t  80-psig -- 

pressure. The Almen I n t e n s i t y  was 0.024A. 

An 8 - f t  (244-cm) length o f  6- in.  (15.2-cm) OD, Schedule 40, Type 304 s ta in less  
s tee l  pl'pe was peened on outside-diameter and insjde-diameter surfaces using 
commercial automated equipment. The measured Almen I n t e n s i t y  f o r  the peening 
operat ion was 0.012A, It was intended t h a t  the peening process would be con- 
t r o l l e d  w i t h  the f e r r i t e  gauge, bu t  t h i s  proved t o  be unsuccessful. Subsequent 
metal lagraphic examinations and cor ros ion tes ts  ind ica ted t h a t  the co ld  working 
induced by the peening was i n s u f f i c i e n t  t o  produce 0.5% f e r r i t e  ( t he  minimum read- 
ou t  on the f e r r i t e  gauge) o r  t o  prevent i n te rg ranu la r  at tack on the OD surface. 
The inslde-diameter surface, which was peened v i a  a wand tha t  was passed through 
the pipe, was more h igh l y  co ld  worked than the outsJde-d'iameter surfaces. The 
amount o f  co ld  work on the inside-diameter surface was n o t  s u f f i c i e n t  t o  form 0.5% 
f e r r i t e ,  b u t  i t  was severe enough t o  prevent i n te rg ranu la r  a t tack  i n  the corrosion 
tes ts .  This def ic iency o f  co ld  work i s  a t t r i bu ted ,  i n  pa r t ,  t o  the use o f  a 
smal ler  sire (170-grade) o f  shot ins tead o f  the l a r g e r  s izes used i n  previous 
tes ts .  I t 9s bel ieved t h a t  acceptable cold-worked surfaces can be a t ta ined using 
l a rge r  shot and increased in tens i t y .  

DISCUSSION 

This i nves t i ga t i on  demonstrated the f e a s i b i l i t y  o f  preventing stress corrosion 
cracking and in tergranu lar  corrosion i n  Type 304 s ta in less  s tee l  and probably i n  
any s i m i l a r  aus ten i t i c  s ta in less  steel .  It was found t h a t  resistance t o  SCC i s :  
(1)  achieved over a wide range o f  shot peening condit ions, shot sizes, and mate- 
r i a l s ,  (2 )  e f f e c t i v e  on sens i t i zed as we l l  as unsensi t ized mater ia l ,  and ( 3 )  no t  



negated by prolonged (144-h) heat ing a t  temperatures t o  1050 '~  (566'~). The 
e f fec t iveness o f  shot peening f o r  prevent ing t h i s  type of cor ros ion  i s  probably 
dependent, i n  the main, on achieving complete surface coverage ra the r  than on any 
p a r t i c u l a r  processing parameter. This i s  U l u s t r a t e d  by the fac t  t h a t  there  were 
no f a i l u r e s  due t o  s t ress  corrosion c rack ing i n  any peened surface, regardless of 
the peening cond i t ion .  

With respect  t o  prevent ing i n te rg ranu la r  corrosion,  i t  i s  necessary t o  con t ro l  the 
peening process by means o ther  than the conventional peening i n t e n s i t y  and cover- 
age. The surface gra ins  must be co ld  worked s u f f i c i e n t l y  t o  prevent the p r e c i p i -  
t a t i o n  o f  carbides along continuous paths i f  the surface gra ins  are subsequently 
exposed t o  sensi ti z ing  temperatures. 

The f e a s i b i l i t y  o f  bo th  magnetic and eddy cu r ren t  techniques f o r  c o n t r o l l i n g  the 
amount o f  c o l d  work on a peened workpiece has been demonstrated; however, f u r the r  
work i s  requ i red  t o  def ine  t h e i r  f u l l  c a p a b i l i t i e s  and limitations. The f e r r i t e  
gauge uses a ser ies  o f  magnets t h a t  are c a l i b r a t e d  i n  " %  f e r r i t e "  and i s  conven- 
t i o n a l  l y  used t o  determine the amount o f  f e r r i t e  f n austeni t i c  s ta in less  s tee l  
weld metal. This p r i n c i p l e  can be app l ied  t o  moni tor  peening s ince f e r r i t e  may 
be formed by  a mar tens i t i c  reac t ion  dur ing  the c o l d  working o f  the surface grains.  
Using the f e r r i t e  gauge, i t  was shown t h a t  peening developed up t o  7.5% f e r r i t e  
i n  Type 304 s ta in less  s tee l .  Development t e s t s  a l so  demonstrated t h a t  the pres- 
ence of  0.5% f e r r i t e  i n  a peened surface i s  i n d i c a t i v e  o f  s u f f i c i e n t  co ld  work t o  
prevent i n te rg ranu la r  a t tack  i n  Type 304 s ta in less  s tee l .  This approach has i t s  
l im i ta t i ons  i n  t h a t  (1 )  i t  w i l l  a lso respond t o  the f e r r i t e  i n  any peened welds 
and ( 2 )  i t  cannot be app l ied  t o  a l l oys  o the r  than the 18-8 types o f  s ta in less  
s tee l s  t h a t  are sub jec t  t o  the mar tens i t i c  reac t ion .  The eddy cu r ren t  technique 
can be adapted t o  moni tor  shot peening s ince i t  responds t o  changes i n  e l e c t r i c a l  
p roper t ies .  Using an unpeened standard o f  the same mater ia l  and thickness, an 
eddy cu r ren t  instrument w i l l  i nd i ca te  changes i n  the e l e c t r i c a l  p roper t ies  induced 
by the cold-worked surface grains. For t h i s  technique, a new c a l i b r a t i o n  curve 
has t o  be developed f o r  each mater ia l  and cond i t ion .  Tests t o  date have i nd i ca ted  
t h a t  the eddy cu r ren t  i s  very sens i t i ve  t o  l o c a l  va r i a t i ons  i n  the peened surface 
and, as such, considerable judgment must be exerc ised i n  i n t e r p r e t a t i o n  of r e s u l t s ,  

CONCLUSIONS 

Shot peening can prevent s t ress  corrosion cracking by imposing compressive stresses 
on the surface o f  the workpiece. I n  general, adequate compressive s t ress  l eve l s  
were a t t a ined  by 200% surface coverage. 

Cont ro l led  shot  peening can prevent i n t e r g r a n u l a r  cor ros ion  due t o  sens i t i za t i on .  
Peening must be s u f f i c i e n t  t o  severely c o l d  work the surface grains.  

The f e a s i b i l i t y  o f  shot peening t o  prevent cor ros ion  o f  a u s t e n i t i c  s ta in less  
s tee l s  has been establ ished.  The p r a c t i c a l i t y  o f  shot-peening processes, equip- 
ment, and con t ro l  techniques needs t o  be demonstrated f o r  i n d u s t r i a l  appl i ca t i ons .  
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