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Addenda and E r r a t a  

A number of amendments a r e  requi red  t o  t h e  p r i n t e d  
vers ion  of t h i s  Report i n  o r d e r  t o  br ing  i t  more n e a r l y  i n t o  
l i n e  with t h e  most recent  information and t o  c o r r e c t  e r r o r s  
which occurred during i t s  production. The fol lowing amend- 
ments should be made:- 

1. p.1, 12th paragraph. The word "not" should be d e l e t e d  
so t h a t  t h e  paragraph reads  "There was support  for..." 

2. p.2, f i n a l  paragraph. The f i r s t  sen tence  should read 
"One t h i n g  would seem clear" .  - 

3. p.4, 12th paragraph. F i n a l  sentence should read "If 
t h i s  is so then can one expect .... crack?" 

4. p.5, Third l i n e .  The word "defect ion" should read 
"defect ive" . 

5. p i s ,  F i n a l  paragraph of Sect ion 3. The words "trans- 
crys t a l l  ic" and " in  t e r c r y s  t a 11 ic" should read " t rans-  
c r y s t a l l i n e "  and " in  t e r c r y s  t a  11 ine". 

6. p.6. The sen tence  s t a r t i n g  on t h e  11th l i n e  should 
read "It i s  i n t e r e s t i n g  t h a t  t h e  stress cor ros ion  
f a i l u r e s . .  ." - 

7. p.8, 9 t h  paragraph. The f i r s t  sen tence  should read 
There i s  no doubt t h a t  l a r g e  numbers of ...'I. 

I1  

8. p.14, 6 th  paragraph t o  be d e l e t e d .  See a l s o  c o r r e c t i o n  
s l i p  herewith.  

9. p.15. 1st word of 8 t h  l i n e  should read " that" .  

10. p.16,Sth l i n e  from bottom. I n s e r t  t h e  words " in-serv ioe"  
a f t e r  t h e  word % a t e r i a l s t ' .  

11. p.18 Sec t ion  10.2.1., point  (b) .  I n s e r t  t h e  word "almost" 
b e f o r e  " c e r t a h l y  be exposed". 

12. p.19, 8 th  l i n e .  Mete t h e  word "temperature" and r e p l a c e  
by " t e n s i l e "  . 

13. p.22, 2nd paragraph of Sec t ion  11.3. F i n a l  sentence 
should read "It i s  t h e  random n a t u r e  & complex shapes.." 

14. p.23, 3rd paragraph of Sect ion 11.6. Delete t h e  word 
"Is" at t h e  s t a r t  of t h e  t h i r d  sen tence  and r e p l a c e  by "It". 

15. p.33 - 44. 
Appendix I11 should not have been included i n  t h i s  p a r t  of 
t h e  Report .  Pages 33 - 44 should be removed by 
c u t t i n g  approximately 1 cm.  from t h e  bound edge. 

The r e f e r e n c e  t o  t h i s  Appendix should be d e l e t e d  from 
t h e  Index of p . iv  and from t h e  second l i n e  of p.11 
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SUMMARY 

The report is a study of t h e  present  pos i t i on  on strpss corrosion from t h e  po in t  of view 

The survey is divided i n t o  two parks: P a r t  I is‘a  c o l l e c t i o n  of information and 
of designers  and constructor‘s, ‘made-(hnlng;-19B8-f o r - t h e - A ~ ~ B C r u o t u r - ~ ~ - M a ~ ~ ~ l s  
P-1. 
views obtained by t h e  author by w r i t t e n  quest ionnaire  and v i s i t s  and is intended f o r  
designers  and production personnel i n  t h e  aerospace industry.  Pa r t  I1 con ta ins  a summary of 
areas wi th in  t h e  f i e l d  of stress corrosion t o  which f u r t h e r  research could be use fu l ly  
d i r ec t ed ,  i n  add i t ion  t o  t h e  pure research c u r r e n t l y  proceeding on t h e  behaviour of su r faces  
and t h e  var ious mechanisms of cracking involved. This-part-is-intended-for-the-AGARD 6 14 
S t r ; u c t . a n d - M a t e r  ials-Panel,-and-wi-l-l-not-be-a~&l able-for. general  -distri-buUon. 

I 

RESUME 

Le present  Rapport es t  une dtude de l’etat  a c t u e l  des  connaissances concernant la  
corrosion sous t ens ion  du point  de vue des  ingenieurs d’etudes e t  des cons t ruc t eu r s  effectube 
au cours de 1968 pour l e  compte de la  Commission “Structures  e t  Matkriaux” de 1’AGARD. 
L’btude se d i v i s e  en deux pa r t i e s .  La Partie I comporte les informations e t  les observat ions 
r e c u e i l l i e s  par l ’ au teu r  h l ’ a i d e  d’un quest ionnaire  d c r i t  e t  au c o w s  de v i s i t e s ,  e t  est 
dest inde aux ingenieurs d’etudes e t  au personnel de production de 1’ indus t r i e  ak rospa t i a l e .  
La P a r t i e  I1 con t i en t  un rdsumb des s u j e t s ,  dans l e  domaine de la  corrosion sous tension,  
auxpuels I1 serait peut-btre  u t i l e  d ’o r i en te r  de nouvelles btudes,  en dehors des  recherches 
pures actuellement en c o w s  sur l e  comportement des su r faces  e t  les d i f f b r e n t s  mbcanismes 
de f i s s u r a t i o n  concern&. 
Materiaux” e t  ne fera pas l ’ob je t  d’une d i f fus ion  gdnkrale. 

Cette Partie est dest inke & la  Commission “Structures  e t  

620.194.2 
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STRESS C O R R O S I O N  

PART I - PRACTICAL CONSIDERATIONS 

G.B.EVANS, FIM. F Weld I n s t ,  FRAeS, Cmg 

1. INTRODUCTION 

This  r epor t  descr ibes  t h e  s tudy of  t h e  design and production aspects  of stress corrosion within t h e  North 
A t l a n t i c  Treaty Organization made under the  auspices of t h e  Stress Corrosion Panel of t h e  AGARD S tuc tu res  and 
Materials Panel. The s tudy has involved some 20 v i s i t s  t o  material suppl iers’  f a c t o r i e s .  accessory f a c t o r i e s .  
main constructors’  works and t h e  research l abora to r i e s  of Governments and Industry i n  Europe and North America 
and a w r i t t e n  survey involving somd 70 quest ionnaires  t o  o the r s  not v i s i t e d .  

2. STRESS C O R R O S I O N  - THE PROBLEM 

The f i r s t  and obvious problem is t o  de f ine  what stress corrosion is and t o  form t h e  b a s i s  of t h e  survey. 

It would seem t h a t  it means d i f f e r e n t  t h i n g s  t o  d i f f e r e n t  people. Only one f e a t u r e  appears t o  be cons i s t en t ;  
e a r l y  f a i l u r e  by stress corrosion must be t h e  r e s u l t  of an appl ied s teady stress. 

It is evident  t h a t  some s o r t  of environment is then necessary,  but t he  mechanism by which f a i l u r e  occurs 
probably v a r i e s ,  depending on t h e  environment and t h e  material being discussed. 

There would seem l i t t l e  doubt t h a t ,  al though se r ious  cracking of copper a l l o y s  and c a u s t i c  embrit t lement of 
steel  i n  r i v e t e d  b o i l e r s  has  been known and discussed f o r  many years, t h e  term “ s t r e s s  corrosion” always seems 
t o  b r ing  t o  t h e  minds of members of t h e  aerospace industry t h e  f a i l u r e  of t h e  aluminium a l l o y s  i n  t h e  common water 
damp environments i n  which space veh ic l e s  operate.  

Admittedly, of more recent  years t h e  b r i t t l e  f a i l u r e  of s t a i n l e s s  s t e e l s ,  high t e n s i l e  s t e e l s  and, even more 
r ecen t ly ,  t i t an ium a l l o y s  is beginning t o  be appreciated.  Nevertheless,  t o  al l  but t h e  s p e c i a l i s t .  t h e  term stress 
corrosion always brings aerospace engineers t o  t h e  aluminium a l loys .  

Thus, following the  lead of t h e  papers at t h e  Amsterdam Symposium and t h e  Two-Day Symposium i n  Turin,  s t r e s s  
corrosion,  is here taken t o  mean t h e  early b r i t t l e  failure of ma te r i a l  due t o  a permanently applied static stress 
considerably below its normal t e n s i l e  s t r eng th  when i n  its ordinary operat ing environment, as used i n  t h e  
aerospace vehicle .  

This clearly means t h a t ,  as near ly  any material can be made t o  f a i l  i n  a wide v a r i e t y  of unusual environments,as 
f o r  instance,  i n  t h e  chemical industry,  some specialist  s i t u a t i o n s  w i l l  not be discussed. 

The paper w i l l  be r e s t r i c t e d  t o  those environments thought t o  be of i n t e r e s t  t o  t h e  majority.  S u f f i c i e n t  t o  
say t h a t  anyone who f e e l s  t h a t  a part is l i k e l y  t o  be s t r e s sed  i n  an unusual environment should make a s p e c i a l i s t  
research of t h e  very extensive l i t e r a t u r e  and then conduct tests d i r e c t l y  r ep resen ta t ive  of t h e  s i t u a t i o n .  

I t  is thought s imilar ly  t h a t ,  while t h i s  general  approach w i l l  not be f u l l y  acceptable t o  t h e  s p e c i a l i s t ,  who 
w i l l  wish  t o  be specific i n  attempting t o  d i scuss  t h e  matter i n  its many d e t a i l s ,  t h i s  is not t he  purpose of t h e  
study, which has been guided towards providing a p i c t u r e  of t h e  problem f o r - t h e  aerospace engineer. 

There are many papers and books published on t h e  d e t a i l e d  mechanism and some of those which have been 
p a r t i c u l a r l y  drawn t o  t h e  a t t e n t i o n  of t h e  author are re fe r r ed  t o  a t  t h e  end of t h i s  report .  

There was not support  f o r  t h i s  view from the  engineers v i s i t e d ,  who seemed t o  th ink  the re  were reams of 
l i t e r a t u r e  which discussed t h e  mechanism of stress corrosion but few ways suggested t o  the  practical engineer 
of prevent ing it or reducing t h e  r i s k  of f a i l u r e  from it. 

This  approach, of course,  t ends  t o  s i d e s t e p  d i s t i n c t i o n s  between stress corrosion and hydrogen embrittlement 
and does give rise t o  t h e  question “What is meant by permanent static s t r e s s ” ?  

Almost. a l l  ope ra t iona l  loads a r e  cyclic, even i f  t hey  occur f o r  t he  f u l l  durat ion of t h e  f l i g h t .  Thus t he re  
must be a f r i n g e  a rea  where t h e  appl ied s t r e s s  is not absolutely steady o r  may be repeated at  very infrequent  
i n t e rva l s .  
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It is suggested t h a t ,  a t  t h e  present s t a t e  of knowledge and bearing i n  mind t h e  accent required of t h i s  r epor t ,  
t h e  proper procedure here is t o  ignore t h e  d i f f i c u l t  i n t e r f ace  between f a i l u r e  defined as stress corrosion and 
f a i l u r e  assessed as being due t o  corrosion f a t i g u e  a t  high stress l e v e l s  and infrequent  app l i ca t ions  of stress. 

One aspect needs l i t t l e  emphasis; t he  f a i l u r e  takes place i n  a b r i t t l e  manner. 

3. THE IDENTIFICATION OF STRESS C O R R O S I O N  FAILURES 

Before t h e  behaviour of materials can be assessed it must be t e s t e d  i n  t h e  laboratory and i n  ope ra t iona l  
s e rv i ce .  
d i f f i c u l t  t o  e s t a b l i s h  by what mode t h e  f a i l u r e  occured and how it co r re l a t ed  w i t h  t h e  o r i g i n a l  tes t  r e s u l t s .  
Thus, although improvements of behaviour can be brought about by quite minor a l t e r a t i o n s  of heat  treatment o r  
a l loying when determined by c e r t a i n  laboratory t e s t s ,  it is less c e r t a i n  t h a t  a corresponding improvement of 
s e rv i ce  behaviour w i l l  r e s u l t .  

While it is f a i r l y  obvious when a p a r t  has broken i n  se rv i ce  before it was intended, it is much more 

Similarly it is e s s e n t i a l  t o  c o r r e c t l y  analyse se rv ice  f a i l u r e s ,  not only t o  enable designers  t o  co r rec t  t h e  
specific problems hut a l s o  t o  ensure t h a t  t h e  appropriate  accent is placed upon t h e  background research f o r  t h e  
future .  

This  must be especially t r u e  of d i f f i c u l t  modes of f a i l u r e  associated wi th  environment, such as s t r e s s  
corrosion,  corrosion f a t igue  and others .  Methods of test  f o r  stress corrosion are being s tud ied  by Dr Piper'. 

The present  survey has t r i e d  t o  take i n t o  account some aspects  of t h e  operat ional  considerat ions i n  view of 
t h e i r  importance t o  t h e  ove ra l l  assessment of t h e  problem. 

Several  problems come t o  mind. 

(i) F i r s t l y ,  what does a s t r e s s  corrosion f a i l u r e  look l i k e ?  

It would seem, as s t a t e d  i n  t h e  previous sec t ion ,  t h a t  t h e  mechanism of delayed f a i l u r e  is very d i f f e r e n t  
f o r  d i f f e r e n t  materials, and perhaps i n  d i f f e r e n t  environments too. 

In  recent  years e l ec t ron  micrograph fractography has been used. A s e l e c t i o n  of typical  f ractographs is given 
i n  a valuable handbook* , which was found i n  many i n d u s t r i a l  and research l abora to r i e s .  
s a id  t h a t  t h e  i d e n t i f i c a t i o n  of  f a i l u r e s  due t o  s ta t ic  stress i n  a corrosion environment was not pos i t i ve .  
Bearing i n  mind t h a t  t h e  e l ec t ron  microscope has only been i n  widespread use f o r  some f i v e  years, it does not seem 
c e r t a i n  t h a t  a l l  t h e  f a i l u r e s ,  t h a t  were t h e  primary cause of t h e  accent upon stress corrosion i n  f a c t  f a i l e d  
from t h i s  case. 

Nevertheless most workers 

From t h e  survey, t h e  author does not be l i eve  t h a t  t hen  or now c o r r e c t  i d e n t i f i c a t i o n  is being made. A s i g n i f i c a n t  
con t r ibu t ion  would be made by a s tudy of t h i s  i n  g rea t e r  depth. 

(ii) The actual equipment ava i l ab le  and t h e  standard of t h e  s t a f f  v a r i e s  from place t o  place and so does t h e  

In  o the r s  t h e  f i rm responsible  f o r  t h e  a i r c r a f t  type conducts 
organizat ion f o r  examining se rv ice  f a i l u r e .  
ments where considerable expe r t i s e  is developed. 
the metal lurgical  examination. 

In  some coun t r i e s  a l l  f a i l u r e s  a r e  re turned t o  government e s t a b l i s h -  

In  t h i s  area p a r t i c u l a r l y  t h e  s tandard v a r i e s  considerably.  

(iii) It is suggested t h a t  from t h i s  source a r i s e s  the  pos i t i ve  a s s e r t i o n  t h a t  stress corrosion f a i l u r e s  are 
pr imari ly  due t o  inherent  r e s idua l  s t r e s s .  

If f r a c t u r e  f aces  more nea r ly  represent  t h e  f r a c t u r e s  seen on laboratory t e s t  specimens when examined at low 
power, then stress corrosion is diagnosed. 

Nevertheless it has been a s se r t ed  by two l abora to r i e s  of some d i s t i n c t i o n  t h a t  t h e i r  diagnoses based on such 
appearances have been found, by more modern assessment, t o  be inco r rec t .  

( i v )  The problem is made more d i f f i c u l t  when one examines t h e  pos i t i ons  i n  terms of 
(a) crack i n i t i a t i o n ,  
(b) crack propagation. 

It would seem, from t h e  survey of f a i l u r e s  discussed l a t e r ,  t h a t  f a t i g u e  is the more usual cause of f a i l u r e  
i n  aircraft, although it is by no means c e r t a i n  whether t h i s  means t h e  i n i t i a t i o n  and propagation or only one 
or t h e  other .  

One t h ing  is c l e a r .  
(a) I n i t i a t e d  by corrosion f a t igue .  
(b) I n i t i a t e d  by stress corrosion. 
(c) Propagated by corrosion f a t igue .  
(d) Propagated by stress corrosion. 

The f a i l u r e s  can be divided i n t o  d i f f e r e n t  classes, as follows: 
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In  t h e  case of corrosion f a t i g u e  it seems t o  be f a i r l y  widely agreed t h a t  i n i t i a t i o n  can be prevented by 
var ious surface t reatments  and t h a t  t h e  se r ious  aspect of environment can be n u l l i f i e d  by s u i t a b l e  naints .  

The aspects of crack propagation under dynamic stress condi t ions are then s tudied t o  ensure t h e  r e l i a b i l i t y  
of t h e  s t r u c t u r e s  by designing t o  cr i t ical  crack lengths  and introducing crack s toppers ,  so  f a r  as r e l a t i v e l y  
large t h i n  s t r u c t u r e s  are concerned (Safe L i f e  Philosophy). 
t h e  behaviour i n  t h i c k  specimens. 

Not as much work has  yet been done t o  e s t a b l i s h  

With s t r e s s  corrosion most of t he  background work on ma te r i a l  behaviour i n  t h e  past has  been done on unnotched 
specimens and of ten without very se r ious  considerat ion of t h e  surface preparation. 
r e s u l t s  caused t h e  method t o  f a l l  i n t o  d i s r epu te  and t h e  pre-cracked specimen came i n t o  use; t h i s  is a method 
more amenable t o  mathematical comparison, yet information on the  nature  of t h e  s t r e s s  corrosion crack i n i t i a t i o n  
would seem v i t a l .  

Very wide scatter of test 

We now know t h a t  cracks can propagate very r ap id ly  i n  some t h i c k  materials under a static stress when i n  a 
s u i t a b l e  environment and these  materials may have a very small cr i t ical  length at  a given stress l eve l ,  as f o r  
some high strength aluminium a l l o y s ,  but t h i s  does not necessa r i ly  imply t h a t  those same cracks were i n i t i a t e d  
i n  t h i s  manner, nor is t h i s  proved by t h e  f a c t  t h a t  t h e  par t  m a y  have a very high i n t e r n a l  stress. Had t h e  crack 
not been i n i t i a t e d ,  t h e  poor propagation c h a r a c t e r i s t i c s  of t he  material would not have mattered. 

A s  d iscussed later, t h e r e  has not been so much a c t i v i t y  i n  t h e  s tudy of stress corrosion prevention by su r face  
t reatments  as of corrosion f a t igue  prevention. 
suggest t h a t  t h e  common methods of protect ion,  as gene ra l ly  applied,  are not l ike ly  t o  prevent stress corrosion 
f a i l u r e ,  y e t  a l l  t h e  replies t o  t h e  quest ionnaires  suggest t h a t  t h e  industry bel ieves  t h a t  they do. There must 
be a background reason f o r  t h i s  apparent c o n f l i c t .  One so lu t ion  could be t h a t  corrosion f a t i g u e  is a more l i k e l y  
cause of crack i n i t i a t i o n  than  was previously thought,  another t h a t  a l l  t h e  f a i l u r e s  diagnosed have not been due 
t o  stress corrosion and, f i n a l l y ,  t h a t  f o r  some reason t h e  p ro tec t ion  used i n  practice is general ly  of more value 
than tests suggest.  

Such tests as became ava i l ab le  t o  the  author  during t h e  survey 

Let us  now t u r n  t o  t h e  question of crack propagation. Does t h e  case of continued s ta t ic  s t r e s s  arise i n  
p r a c t i c e  i n  most aerospace vehicles? 
ves se l s  - hydraul ic  accumulators and the  l i ke .  B u t  is t h i s  r i g h t ?  Most p a r t s  of an aerospace veh ic l e  i n  se rv i ce  
are subjected t o  changes of stress, e i t h e r  a few q u i t e  large ones o r ,  as with much hydraul ic  equipment, a small 
r ipp le  upon a constant  hoop stress. 

Almost everyone says yes and po in t s  t o  t h e  hoop t ens ion  s t r e s s e s  i n  pressure 

Very many of t h e  reported se rv ice  f a i l u r e s  have a r i s e n  a t  f l a s h  l i n e s  i n  forgings.  From t h e  survey t h i s  is  
t h e  predominant ascr ibed posi t ion.  
e x i s t s ,  t he  f a t i g u e  behaviour is as i f  each r ipple  were a f u l l  0 - max cycle .  

Research by Hawker Siddeley Aviation has  shown t h a t ,  when a very sharp notch 

In another tes t  case3 by t h e  same Company it was found t h a t  a crack m a y  continue t o  propagate under corrosion 
f a t igue  condi t ions i n  a 90 t o n d i n *  steel  beyond t h e  zone which, upon examination of t h e  f r a c t u r e ,  would have 
been assumed due t o  f a t i g u e  before t h e  cr i t ical  condi t ion was achieved and t o t a l  f a i l u r e  occurred. 

Further  t o  t h i s ,  during a v i s i t  D r  Steigerwald,  of TRW, Cleveland, USA, showed, by w a y  of i n t e r e s t ,  t h e  
s i g n i f i c a n t  e f f e c t  upon f a i l u r e  rate of  a high frequency low stress v ib ra t ion  imposed on ma te r i a l  being creep-  
t e s t e d  near t h e  extremes of its a b i l i t y  t o  reasonably withstand t h e  s ta t ic  stress. 

Could such a load system have a s i g n i f i c a n t  e f f e c t  upon a material being s t r e s s e d  i n  a corrosive environment 
and near its limits? 

There seems every chance t h a t  a very l a rge  number of s e rv i ce  f a i l u r e s  have not been, and are not being, 
properly invest igated o r  diagnosed and t h i s  is a matter of very great importance i f  our researches a r e  t o  be 
properly d i r ec t ed  and our s p e c i f i c  modifications t o  a i r c r a f t  a r e  t o  be of t h e  bene f i t  expected. 

To i l l u s t r a t e  t h i s ,  a case within t h e  author’s  experience may be worth repeating. 

Many years  ago a company i n  Europe used c a s t i n g s  of t h e  aluminium - 1% magnesium t y p e  because of t h e i r . h i g h  
s t r eng th  and d u c t i l i t y .  These were used i n  considerable  quan t i ty  and f o r  Class I appl icat ions.  

Several  s e rv i ce  f a i l u r e s  occurred, mostly at lugs or  from holes i n  lugs.  The cracks were i n t e r c r y s t a l l i n e  
and gave t h e  appearance of being due t o  s t r e s s  corrosion.  

Work published by Fokker many years before indicated t h a t  wrought vers ions of a similar a l l o y  had given 
t roub le  i n  t h e  form of r i v e t s ,  due t o  stress corrosion,  
and t h a t  it continued t o  harden, presumably by p r e c i p i t a t i o n ,  a t  t h e  operat ing temperatures,  over a period of 
5 - 10 years. The s ta t ic  mechanical p rope r t i e s  a t  f i rs t  increased but as time continued they decreased again 
while ,  throughout t h i s  period, t h e  d u c t i l i t y  as determined by t e n s i l e  elongation g radua l ly  decreased from t h e  
o r i g i n a l  12 - 15% t o  about 5 - 8%. 

It was a l s o  observed t h a t  t h e  material w a s  not s t a b l e  

. 
.cal led t r o p i c a l i s a t i o n ,  and when t h i s  was done t h e  stress corrosion r e s i s t ance ,  origina1:y very good indeed, 
f e l l  t o  a much lower order.  

Separate t e s t s  indicated t h a t  t h i s -behav iour  w a s  accelerated by heat ing t h e  material t o  about 7OoC, t h e  so- 

Consequently t h e  a l l o y  f e l l  i n t o  d i s r epu te  and i n  many cases it use was withdrawn. 

I 
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The material chosen t o  t ake  its place w a s  c a l l e d  t h e  A 1  4% Cu a l l o y  which, when f u l l y  p rec ip i t a t ed ,  has 
similar mechanical p rope r t i e s  although very much lower d u c t i l i t y .  
ma te r i a l  was used t o  d i r e c t l y  replace t h e  A 1  la Mg and, so  f a r  as is known, t h e  h i s t o r y  of t roub le  has not been 
repeated. 
i n  e i t h e r  of t he  two ava i l ab le  forms as seemed expedient,  i .e.  i n  t h e  so lu t ion - t r ea t ed  and naturally-aged 
condi t ion or i n  t h e  so lu t ion - t r ea t ed  and p rec ip i t a t ed  condi t ion.  

I n  a very large number of instances t h i s  

The i n t e r e s t i n g  th ing  about t h i s  s i t u a t i o n  is t h a t  t h e  Alt 4% Cu a l l o y  was used t o  replace t h e  Al 1% Mg 

Stress corrosion tests indicated t h a t ,  depending on t h e  manufacturing condi t ions,  t h e  so lu t ion - t r ea t ed  material 
had extremely good stress corrosion r e s i s t ance  equal t o  t h e  A l  1% Mg but t h a t  t h e  p rec ip i t a t ed  material showed 
very poor behaviour under t h e  same condi t ions - much worse than t h e  A l l  1% Mg when i n  its worst condi t ion.  

Further ,  t h e  same type of tests indicated t h a t  t h e  stress corrosion r e s i s t ance  of t h e  so lu t ion - t r ea t ed  and 
naturally-aged material was a l s o  s e n s i t i s e d  by t r o p i c a l i s a t i o n ,  such t h a t  its stress corrosion r e s i s t ance  a l s o  
became much less than  t h e  worst case with A l  10% Mg but without t h e  accompanying l o s s  of s tatic mechanical 
propert ies .  

Despite t h e  f a c t  t h a t  t h e  tests were made on p l a i n  specimens, t he  d i f f e r e n c e . i n  behaviour was so marked t h a t  
it could not be a t t r i b u t e d  t o  scatter. 

It would seem t h a t  i n  t h e  USA t h e  A 1  10% Mg a l l o y  has a l s o  f a l l e n  i n t o  d i s r epu te  as a c a s t i n g  a l loy ,  although 
t h e  precise reasons are not clear. 

Research conducted s ince  t h i s  time has led t o  a more s t a b l e  and s t r e s s -co r ros ion - re s i s t an t  vers ion of t h e  
Al 1m Mg al loy,  w i t h  similar a t t r a c t i v e  s t a t i c  mechanical p rope r t i e s ,  but conservatism tends t o  p roh ib i t  its 
introduction. 

Thus f o r  many years t h e  designer  has been denied t h e  use of an apparently a t t r a c t i v e  a l l o y  and the  reason 
would seem f a r  from ce r t a in .  

More r ecen t ly  a number of s e rv i ce  f a i l u r e s  have been associated with local su r face  stress caused by gr inding 
high t e n s i l e  or case-hardened steel .  Brit t le cracks not unl ike stress corrosion cracks can be induced i n  sub- 
sequent treatment or i n  se rv i ce .  Research i n t o  methods of inspect ion t o  f ind  t h e  l o c a l  inf luence of gr inding 
ind ica t e s  how very small t h e  ind ica t ions  may be and how d i f f i c u l t  it is t o  de t ec t  them. How many people s tudying 
fractured parts i n  t h e  past  have conducted t h e i r  examination of t h e  surface i n  a s u f f i c i e n t l y  de t a i l ed  manner 
t o  be ab le  t o  assert confident ly  t h a t  t hey  had i d e n t i f i e d  a l l  f a i l u r e s  due t o  surface d e f e c t s  from grinding or 
machining? 

It would seem t h a t  t h e r e  can be no c e r t a i n  r u l e s  which enable pos i t i ve  diagnosis  i n  a l l  cases. With t h e  
aluminium a l loys  it is s a i d  t h a t  a l l  stress corrosion f a i l u r e s  are i n t e r c r y s t a l l i n e  and f a t i g u e  f a i l u r e s  are 
t r a n s c r y s t a l l i n e .  
s teels and perhaps t i tanium. 

This general  statement would seem t o  run i n t o  d i f f i c u l t y  when consider ing s t e e l ,  s t a i n l e s s  

As already noted t h e  precise mechanism of crack i n i t i a t i o n  and propagation may be d i f f e r e n t  with d i f f e r e n t  
metals and circumstances, yet still fa l l  within t h e  broad band of s t r e s s  corrosion s o  far as t h i s  paper is 
concerned. Consequently it would be su rp r i s ing  i f  metallographic s tudy and fractography were, at t h i s  stage, 
t o  provide pos i t i ve  iden t i f i ca t ion .  Nevertheless,  by interchange of ideas  and s tudy t h e  experience can be 
co r re l a t ed  and more r e l i a b l e  diagnosis  w i l l  r e s u l t .  

A t  t h e  time of wr i t i ng  t h e  a i r c r a f t  industry is much exercised over t h e  a p p a r e n t s t r e s s  corrosion problems 
with t i tanium a l loys .  
a de t a i l ed  s tudy by one research laboratory seems t o  suggest t h a t  under these  condi t ions t h e  crack does not 
propagate from t h e  t i p  of t h e  f a t igue  pre-crack, nor i n  the  same d i r ec t ion ,  but is  i n i t i a t e d  some d i s t ance  ahead 
of it. 

Tests i n  sea water using a pre-cracked specimen have produced rapid failure. Nevertheless 

In  another laboratory,  studying t h e  behaviour of t h e  maraging s t e e l s ,  t h e  same general  f e a t u r e s  were observed 
although de ta i l ed  examination of t he  crack growth had not been made t o  allow t h e  observer t o  note j u s t  where t h e  
crack s t a r t e d .  I t  seems very probable t h a t ,  i n  t h i s  ca se  a l so ,  f a i l u r e  was i n i t i a t e d  ahead of t h e  pre-crack. 
From t h i s  t h e  researchers  have concluded t h a t  f a i l u r e  is caused by hydrogen or ch lo r ine  ions being t r ansmi t t ed  
t o  a zone of peak stress, which occurs ahead of t h e  pre-crack t i p  i n  t h e  three-point  notch bend specimen. I f  
t h i s  is s o  then one can expect a crack propagated i n  t h i s  way t o  be d i f f e r e n t  from a d i r e c t  s t r e s s  corrosion 
crack. 

Dr Steigerwald has shown t h a t  t h e  environment t h a t  w i l l  promote s t r e s s  corrosion is not always obvious e i t h e r .  
In  h i s  paper he clearly demonstrated t h e  e f f e c t  of Viton s e a l a n t s  i n  contact  w i t h  hot t i tanium a l loys .  
i n  mind t h e  care with which c u t t i n g  o i l s  for  use wi th  u l t r a  h igh  t e n s i l e  s t e e l  are se l ec t ed ,  especially with 
respect  t o  sulphur,  it would be valuable t o  know whether, under c e r t a i n  condi t ions,  the widely used polysulphide 
sea l an t s  could promote failures. 

Bearing 

I 

It is hoped t h a t  t h e  importance of very de t a i l ed  s tudy on t h e  apparently simplest  of s e rv i ce  f a i l u r e s  has 

(i) Par t s  must be returned t o  t h e  laboratory f o r  examination without any cleaning up or  preparat ion i n  any way. 

been adequately emphasised: 
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( i i )  The f u l l e s t  possible  information must be given on the  circumstances surrounding t h e  f a i l u r e .  

( i v )  A v i s u a l  s tudy of t h e  de fec t ion  p a r t  should be made and techniques such as micro-analysis should be used 
(iii) A d e t a i l e d  review of t h e  design of t h e  p a r t  should be made. 

t o  determine t h e  nature  of any material on o r  around it. 

me ta l lu rg ica l  examination should be made of t h e  crack. 

t h e  crack. 
dec i s ions  as t o  t h e  most l i k e l y  mode of f a i l u r e  w i l l  come from the  el iminat ion of methods which d id  not cause 
f a i l u r e  r a t h e r  than by pos i t i ve  i d e n t i f i c a t i o n  of a stress corrosion mechanism. 

( v i i )  Unfortunately these s t u d i e s  are time-consuming and a r e p a i r  of t h e  de fec t  is usua l ly  pressing,  with t h e  
r e s u l t  t h a t  t h e r e  is a tendency i n  t h i s  s o r t  of work t o  make snap decis ions.  Of course,  t h i s  may well have t o  be 
done and a “f ix” produced f o r  t he  aircraft. But i n  t h e  i n t e r e s t s  of subsequent design knowledge it would be wise 
t o  complete t h e  d e t a i l s  on sometimes almost rou t ine  inves t iga t ion ,  desp i t e  t h e  pressure of work which always 
exists, and not t o  leave t h e  matter because a decis ion f o r  ac t ion  has  t o  be taken. 
t h a t  t h e  art of s e rv i ce  f a i l u r e  inves t iga t ion  is neglected; few, i f  any, textbooks are ava i l ab le  t o  guide t h e  
s tudent  and, of necessi ty ,  experience is o f t en  l imited.  
prepared f o r  AGARD by Mr Ryder, an acknowledged expert  on se rv ice  f a i l u r e  inves t iga t ion ,  w i l l  go some way towards 
t h i s  and w i l l  provide r e fe rences  t o  o the r  sources of atlases of f ractographs etc. which w i l l  be helpful .  

( v i i i )  I n  general  D r  U.R.hrans5 and D r  P.T. G i l l i ed6  ind ica t e  t h a t  s i n g l e  sharp cracks,  t r a n s c r y s t a l l i n e  i n  
nature ,  are l i k e l y  t o  be d ry  fat igue.  Multiple cracks,  t r a n s c r y s t a l l i n e  and o f t en  blunted, are l i k e l y  t o  be 
corrosion f a t igue .  Branching intergranular  cracks are l i k e l y  t o  be stress corrosion.  Instances of p a r t i a l l y  
i n t e r c r y s t a l l i n e  f a t i g u e  cracks have been reported and the re  is much d i f f e rence  of opinion. Of course,  it could 
be, t h a t ,  depending on the  stress programme, cracks are p a r t l y  corrosion f a t i g u e  and pa r t ly  stress corrosion.  

(v)  From t h i s ,  considerat ion should be given t o  how and a t  what s t age  t h e  f r a c t u r e  can be examined and a 

( v i )  Care must be exercised a t  t h i s  s t age  t o  look f o r  r e s idua l  s t r e s s  within t h e  p a r t  or a t  t h e  su r face  near 
Both t h e  f r a c t u r e  f aces  and s e c t i o n s  taken through t h e  cracks can t e l l  t h e  s to ry .  Often t h e  f i n a l  

I n  many ways it would seem 

I t  is hoped t h a t  t h e  volume on fractography being 

Fractography is r e l a t i v e l y  pos i t i ve  i n  most cases with r e spec t  t o  f a t i g u e ,  showing small s t e p s ,  each s t e p  being 
a s t r e s s  cycle .  The absence of such s t eps ,  when coupled with i n t e r c r y s t a l l i n e  f a i l u r e  does not of course 
guarantee t h a t  f a i l u r e  was by stress corrosion,  but it points  i n  t h a t  d i r e c t i o n .  When deal ing with an unfamil iar  
a l l o y  o r  environment, it is obviously wise t o  r e f e r  t o  published tests which def ine the  form of f r a c t u r e  encoun- 
t e r e d  by t h e  material i n  question, i n  as similar an environment as possible .  

The apparent ly  d i f f e r e n t  forms of crack formation would seem t o  s u g g e s t , t h a t  d i f f e r e n t  mechanisms a r e  involved 
f o r  corrosive f a t i g u e  and s t r e s s  corrosion,  d e s p i t e  t h e  constant  coupling together  of t hese  two modes i n  much of 
t h e  published l i t e r a t u r e .  
c r y s t a l l i c  crack as a s t a r t e r  f o r  an i n t e r c r y s t a l l i c  f a i l u r e ,  and what happens during t h e  delayed s ta t ic  f r a c t u r e  
i n i t i a t i o n  period? 

This similarly raises t h e  question of t he  use of a cracked specimen with a - t r a n s -  

4 .  THE CAUSE OF STRESS CORROSION FAILURES FROM THE DESIGNER’S VIEWPOINT 

It is clear from t h e  survey t h a t  most companies have had s t r e s s  corrosion f a i l u r e s  and t h a t  t hese  have occurred 
with a l l  metals and a l loys .  

So f a r  as a i r c r a f t  are concerned, most people r e fe r r ed  t o  aluminium a l loys .  Very few seem t o  have problems 
with s teel  and indeed many hold t h e  view t h a t  steels below 90 tons/ in* are immune t o  f a i l u r e  by s t r e s s  corrosion.  
One person reported a f a i l u r e  by s t r e s s  corrosion i n  magnesium ard two o r  t h ree  reported f a i l u r e s  i n  t i tanium, 
but only i n  s p e c i a l  environments r e l a t e d  t o  t h e  halogen content.  

It is the re fo re  f a i r l y  c l e a r  t h a t ,  whatever inferences are drawn i n  t h i s  s ec t ion ,  must be f i rmly  r e l a t e d  t o  
t h e  aluminium a l loys .  

The predominant concern of those who r ep l i ed  t o  t h e  enqu i r i e s  was t h e  f a i l u r e  of  forgings,  and i n  p a r t i c u l a r  
d i e  forgings,  i n  t he  sho r t  t ransverse d i r e c t i o n  or f l a s h  l i ne .  
personal  experience,  where p a r t s  made from extrusions,  t h i c k  bar and heavy p l a t e  have a l s o  been involved; 
admit tedly fewer cases  have occurred i n  ma te r i a l s  of t h e s e  forms. 

This is a l i t t l e  at var iance with t h e  au tho r ’ s  

Inherent  o r  b u i l t - i n  s t r e s s  has been s t a t e d  t o  be t h e  cause, as noted e a r l i e r ,  although r e p l i e s  t o  quest ions 

Taking t h i s  i n t o  account, and bearing i n  mind t h e  
have been i n s u f f i c i e n t l y  d e t a i l e d  t o  enable an exact assessment t o  be made. 
s i n g l e  out  a p a r t i c u l a r  a l l o y  as being t h e  cause of t rouble .  
r e l a t i v e  behviour of t h e  aluminium a l l o y s  when subjected t o  stress corrosion t e s t i n g ,  as f a r  as present  tests 
allow comparison, t he  reason why t h e  A 1  Zinc types 7075 T6 and 7079 Trj are s a i d  t o  have.given s o  much t roub le  
i n  t h e  USA could be t h e i r  preponderance of use,  based on t h e i r  a t t r a c t i v e  s ta t ic  t e n s i l e  s t r eng th .  

It seems t h a t  one cannot r e a l l y  

In  t h e  UK t h e r e  were many problems with t h i s  type of a l l o y  a l so ,  but t hese  do not seem t o  have reached such 
se r ious  proport ions on aircraft  t h a t  had bo i l ing  water quench t reatment;  t h i s  treatment has not been used as 
widely i n  t h e  USA i n  t h e  past. 

It would appear t h a t  t h e r e  were only t h r e e  areas of use which have led t o  stress corrosion f a i l u r e s  from 
ope ra t iona l  s t r e s s e s ,  at  l e a s t  so  f a r  as the  survey shows. 
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These a r e  
(i) Hydraulic components, par ts  machined from bar or forgings and which have been subjected t o  prolonged 

(ii) Aluminium a l l o y  bol t s .  F a i l u r e s  have occurred around t h e  heads of countersunk b o l t s ,  presumably due 

i n t e r n a l  pressure,  accumulators etc. 

t o  poor f i t s .  
(iii) Large parts of rocke ts ,  which are subjec t  t o  high static loads. 

Among t h e  reasons w h y  so few parts have been reported as f a i l i n g  by s t r e s s  corrosion due t o  s e r v i c e  loads 
could be: 

(i) Crack propagation by stress corrosion mechanism has not been recognised i n  t h e  s e r v i c e  f a i l u r e s .  
(ii) The aerospace vehic le  is mainly subjected t o  dynamic loading. 

! -  

It is i n t e r e s t i n g  t h a t  no stress corrosion f a i l u r e s  which have been reported i n  t h i s  survey~have  been from 
high r e s i d u a l  or b u i l t - i n  s t r e s s e s  which have been s u f f i c i e n t  t o  propagate t h e  cracks t o  a-Large s i z e ,  i f  not 
t o  completely pene t ra te  t h e  sec t ion .  Wet f r a c t u r e  toughness t e s t s  might suggest t h a t  s e r v i c e  load would have 
been s u f f i c i e n t  t o  develop cracks,  however i n i t i a t e d ,  i n  some cases .  
been recognised. 

One can only conclude t h a t  they have not 

Alternat ively.  perhaps near ly  a l l  crack propagation i n  a i r c r a f t  structures s e r v i c e  loads is by a f a t i g u e  
mechanism. 
due t o  s t r e s s  corrosion were of f a t i g u e  i n i t i a t i o n  a l s o  (see t h e  previous remarks concerning f l a s h  l i n e s ) .  

One cannot he lp  but ask i f  t h i s  might not mean t h a t  many of t h e  t r o u b l e s  reported previously as being 

In  t r y i n g  t o  r e l a t e  t h i s  experience t o  t h e  high t e n s i l e  s t e e l s  and t i tanium it would seem t h a t  most of t h e  
delayed f a i l u r e s  of t h e  former have been assoc ia ted  with hydrogen embrittlement i n  one form or another, so f a r  as 
t i t an ium is concerned, except for very special environment no f a i l u r e s  have been reported i n  serv ice .  

Very l i t t l e  work seems t o  have been done on la rge  p ieces  of high s t rength  s t e e l  forgings t o  a s c e r t a i n  t h e  
r e s i d u a l  stress pa t te rn .  but it is understood t h a t  t h i s  is now being r e c t i f i e d .  One t h i n g  w i l l  beobvious: t h e  
problems of machining high t e n s i l e  s t e e l  a r e  so considerable  t h a t  t h e r e  is a na tura l  tendency t o  remove as l i t t l e  
mater ia l  as poss ib le  a f t e r  f i n a l  heat  treatment and t h i s  f u r t h e r  cont r ibu tes  t o  a favourable  s t r e s s  s i t u a t i o n .  
F i n a l l y  experience has shown, presumably from t h e  f a t i g u e  viewpoint.. t h a t  it is d e s i r a b l e  t o  shot-peen with high 
s t r e n g t h  f i t t i n g s  and t h i s  is almost un iversa l ly  done today. It could be therefore  t h a t ,  although t h e  s t r e s s  
corrosion r e s i s t a n c e  of these  steels is usual ly  low, circumstances have automatical ly  caused favourable techniques 
t o  be applied. 

The s i t u a t i o n  regarding t i tanium may well be similar. Rela t ive ly  few d i e  forgings have been made, and t h e  
na ture  of t h e  material has so f a r  precluded its F e  for t h e  la rge  round objec ts  t h a t  caused so much t rouble  with 
t h e  aluminium a l loys .  
t h a t  is l i k e l y  t o  include s i g n i f i c a n t  inherent r e s i d u a l  s t r e s s .  

Secondly, most of t h e  t i tanium a l l o y s  i n  use today a r e  not subjected t o  a heat t reatment  

It is appropriate  at t h i s  s tage  t o  r e f e r  t o  t h e  point  made by a few people t h a t  j o i n t i n g  compounds give r i s e  
t o  high r e s i d u a l  assembly s t r e s s  i f  improperly used. 
polysulphides as j o i n t i n g  and s e a l i n g  compounds and t h e  concern t h a t  t h e  j o i n t  w i l l  be assembled a f t e r  t h e  
sea lan t  has  cured. 

This seems t o  o r i g i n a t e  from t h e  widespread use of t h e  

From a l l  poin ts  of view t h i s  is a prac t ice  which should be frowned upon. J o i n t s  t h a t  are assembled with a 
t h i c k  layer of in te r - fay  s e a l a n t  are never t i g h t  and torque-t ightened b o l t s  r e l a x  as t h e  cured mater ia l  creeps. 
Consequently it seems unl ike ly  that s t r e s s  corrosion f a i l u r e s  w i l l  be induced because of t h e  re laxa t ion .  
Cer ta in ly  j o i n t s  made i n  t h i s  w a y  w i l l  show poor f a t i g u e  behaviour. 

In  t h e  present  s t a t e  of knowledge t h e  pos i t ion  seems t o  be as follows: 
(i) Few s t r e s s  cor ros ion  f a i l u r e s  have a r i s e n  from s e r v i c e  loads. 

(ii) Few s t r e s s  corrosion f a i l u r e s  have occurred with low a l l o y  s t e e l .  
(iii) Some have been associated w i t h  s t a i n l e s s  s t e e l  of a l l  s o r t s .  
( i v )  -None have occurred wi th  t i tanium as used i n  a i r f rames or engines. 

(v i )  Almost every s o r t  of aluminium a l l o y  has given t rouble ,  ye t  d i f f e r e n t  cons t ruc tors  have q u i t e  d i f f e r e n t  
(v) Almost a l l  such f a i l u r e s  have been s a i d  t o  be due t o  inherent  or b u i l t - i n  r e s i d u a l  stress. 

experience wi th  a given a l loy .  
unacceptable. yet recommend t h e  use of an a l l o y  which is unacceptable t o  another cons t ruc tor  or country. 

Some c o u n t r i e s  or companies bel ieve a p a r t i c u l a r  aluminium a l l o y  is 

It  seems t h a t  it is not  so much what a l l o y  is chosen as how it is used. 

5.  THE I N F L U E N C E  O F  CORROSION P R O T E C T I O N  

Although cor ros ion  pro tec t ion  comes last i n  t h e  manufacturing scheme of things,  t h e r e  would seem j u s t i f i c a t i o n  
t o  dwell upon it at  t h i s  po in t  for  reasons t h a t  w i l l  unfold. 
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I n  r e p l y  t o  t h e  survey, without exception, everyone thought t h a t  t h e  pro tec t ive  t reatment  played a s i g n i f i c a n t  
part i n  t h e  opera t iona l  s t r e s s  corrosion behaviour of t h e  part. Once again, t h i s  must be considered i n  t h e  l i g h t  
t h a t  most people reported t h e i r  experience t o  be with aluminium a l l o y s ;  if  seemed from t h e  r e p l i e s  t h a t  by 
pro tec t ion  most people meant pa in t .  
e t c . ,  most people a r e  c u r r e n t l y  us ing  epoxide primers. 

Fur ther ,  probably because of t h e  advent of more advanced hydraul ic  f l u i d s  

Three f e a t u r e s  st*d out from t h e  t e s t  work on pa in t  and t h e  stress corrosion of aluminium a l loys :  
(i) The i n h i b i t o r s  i n  most pa in t  systems today a r e  chromates and a l l  pa in t  systems a r e  permeable. 

(ii) The general  use of chromates does not i n h i b i t  s t r e s s  corrosion f a i l u r e  and may promote i t ,  depending 
perhaps on t h e i r  e f f e c t  upon t h e  PH of t h e  s o l u t i o n s  and sur face  p o t e n t i a l  at t h e  metal in te r face .  
is shown by t h e  use of chromates t o  reduce sur face  corrosion in  s t r e s s  corrosion t e s t s .  

part. 

This 

(iii) of t h e  r e l a t i v e l y  few pa in t  systems t e s t e d ,  none seems t o  have improved t h e  stress corrosion l i f e  of t h e  

I 
I a l l o y s  is no use i n  improving t h e  s t r e s s  cor ros ion  r e s i s t a n c e .  

In  t h e  same way it appears t o  be genera l ly  agreed from labora tory  experience t h a t  t h e  anodising of t h e  aluminium 

It is i n t e r e s t i n g  t h a t  t h e  a t t i t u d e  shown by t h e  survey supports  t h e  view that a i r c r a f t  cons t ruc tors ,  a t  l e a s t ,  
be l ieve  t h a t  t h e  prevention of crack i n i t i a t i o n  has an important part t o  play i n  maintaining s e r v i c e  l i f e  and t h a t  
ways and means of achieving t h i s  should be s tudied.  

I I n  t h e  main, s t e e l  par t s  have been cadmium pla ted  and painted. Most s t a t i c  delayed f a i l u r e s  t h a t  have been 
repor ted  seem t o  have been ascr ibed t o  hydrogen embrittlement, t h e  embrittlement developing from t h e  corrosion , 
a t  t h e  point  where t h e r e  has been f a i l u r e  of t h e  corrosion protect ion.  

Bearing i n  mind t h a t  galvanic  ac t ion  has been shown t o  prevent or arrest crack propagation under s t r e s s  
cor ros ion  condi t ions ,  t h e r e  seems j u s t i f i c a t i o n  for assuming t h a t ,  because of t h e  d i f f e r e n t  proper t ies  involved, 
pro tec t ive  methods are e f f e c t i v e  with s t e e l .  

i 

It  w i l l  be r e c a l l e d  t h a t ,  although so f a r  as is known t h e  method has not been put i n t o  p r a c t i c e ,  the  appl ica t ion  
of a z inc  coa t ing  by metal spray has been e f f e c t i v e  i n  preventing s t r e s s  corrosion with aluminium a l loys .  

Considerable work has been done with s t e e l s  i n  corrosion f a t i g u e  tests and t h i s  suggests  t h a t  not only t h e  
e l e c t r o p o t e n t i a l  but t h e  presence of oxygen i n  t h e  corroding s o l u t i o n  play an important p a r t  i n  f a i l u r e  r a t e .  
Similarly chromates a r e  s a i d  t o  i n h i b i t  corrosion f a t i g u e  b e t t e r  than di-chromates. and some m e t a l l i c  coa t ings  are 
s a i d  t o  be much b e t t e r  than  o thers ,  although considerable  v a r i a t i o n  of results e x i s t s  through t h e  l i t e r a t u r e .  

Copper plate is s a i d  t o  have an adverse e f f e c t  on s t e e l ,  z inc  t o  have a good e f f e c t  and b e t t e r  than cadmium. 
Most p a i n t s ,  when complete, were b e n e f i c i a l  t o  some degree. So f a r  t h i s  degree of d e t a i l  does not seem t o  have 
been s tudied  with respec t  t o  stress corrosion.  

The e f f e c t  of var ious sur face  t reatments  is given by D.O.Sprou1 et  al.’. Their work shows t h a t ,  i n  genera l ,  
p a i n t  coat ings were more e f f e c t i v e  on t h e  copper type high s t r e n g t h  a l l o y s  than on t h e  z inc  magnesium containing 
s e r i e s .  Paint ,  such as standard z inc  chromate primer, was e f f e c t i v e  providing it w a s  undamaged, with t h e  
suggest ion t h a t  epoxy and polyurethane p a i n t s  were more l i k e l y  t o  be damaged. 
last two mater ia l s  would not leach t h e  inh ib i tor .  

It is almost c e r t a i n  t h a t  these  
I 

Metal l ised coa t ings  gave good pro tec t ion ,  even t o  t h e  ex ten t  of pro tec t ing  at a s c r a t c h , i n  t h e  coating. 
Nevertheless t h e  disadvantages of such sprayed coat ings,  such as t h e i r  tendency t o  “spa l l” ,  .is emphasised. 

. 

The repor t  suggests  t h a t  e lec t ro-p la ted  z inc  would be very b e n e f i c i a l  where cor ros ion  environments were not 
severe and a f i n a l  pa in t  coa t ing  is e s p e c i a l l y  b e n e f i c i a l  i n  safeguarding t h e  zinc.  

The z inc- r ich  pa in t  t e s t e d  i n  t h i s  s e r i e s  did not perform well, although t h e  authors  point  out  t h a t  other  tms 
a r e  a v a i l a b l e  which have not  been t e s t e d .  

Epoxy pa in ts ,  e s p e c i a l l y  s t ront ium chromate epoxy primer, afforded pro tec t ion  p a r t i c u l a r l y  upon t h e  copper 
bear ing a l l o y  type,  but it seems t h a t  t h i s  w a s  a b a r r i e r  coat  only and were i n a f f e c t i v e  once mechanical damage 
occurred. 

I 
I An important point  made was t h a t ,  when t e s t s  were done on d i f f e r e n t  specimen types,  so t h a t  t h e  paint system 

w a s  appl ied before or a f t e r  s t r e s s i n g ,  very poor r e s u l t s  were obtained when t h e  pa in t  w a s  appl ied before  
s t r e s s i n g ,  even though no cracks  or sur face  damage could be observed when t h e  s t r e s s  w a s  first applied. 

Thus one might expect t h a t ,  with properly painted components as commonly used today i n  areas where physical 
damage is not t o o  great a r i s k ,  pa in t ing  would pro tec t  par t s  with high i n t e r n a l  stress, but would probably be 
l e s s  e f f e c t i v e  when unfavourable assembly stresses were involved, because most parts are primed before assembly. 
Anodising d id  not pro tec t  aga ins t  stress corrosion.  

Rather less work has heen done with high s t r e n g t h  steels; indeed. most of t h e  more recent  t e s t i n g  on t i tanium 
and s t e e l  has  been with pre-cracked specimens, so f e a t u r e s  of t h e  pro tec t ion  can hardly be s tudied  t o  t h e  same 
extent .  Nevertheless, work is going on i n  many labora tor ies  t o  t r y  t o  eva lua te  t h e  behaviour a t  t h e  s u r f a c e  



a 

i n  a corroding medium. 
d i f f e rences  t o  crack i n i t i a t i o n  behaviour. 
aluminium a l i o y s  and has a l s o  emphasised the  importance of the  pH. 

It has  been shown t h a t  t h e  surface p o t e n t i a l  and t h e  pH of t h e  so lu t ion  make important 
Herr Rozenkranz, of Germany, has done work on t h i s  aspect w i t h  

&veral .people  have s tud ied  the  e f f e c t  of d i f f e r e n t  t e s t  so lu t ions  and have shown t h a t  chromates do not i n h i b i t  
stress corrosion f a i l u r e s  when used i n  concentrat ions s u f f i c i e n t  t o  i n h i b i t  su r f ace  corrosion. 
coming t o  t h e  view t h a t  i n h i b i t o r s  or agents  a t  t h e  surface can be useful  i n  delaying t h e  onset of f a i l u r e .  

Others are now 

6 .  THE INFLUENCE OF SURFACE STRESSES 

The primary treatment t h a t  seems t o  be un ive r sa l ly  accepted as a b a r r i e r  t o  stress corrosion is su r face  com- 
compression. 
high t e n s i l e  steels i n  se rv i ce ,  with apparent bene f i t ,  bu t  does not seem t o  have been widely s tud ied  or used 
with t i t an ium al loys.  

This has been p o s i t i v e l y  e s t ab l i shed  by tests on aluminium a l loy ,  has been widely p rac t i s ed  with 

The practice may have a twofold e f f e c t :  
(i) To convert  t h e  surface stresses from tension t o  compression. 

(ii) To render normally s t r e s s - f r e e  su r faces  very compressive. 

Whether t h e  bene f i t  i n  preventing crack i n i t i a t i o n  is due t o  t h e  compressive r e s i d u a l  stress or t o  t h e  e f f e c t  

It is d i f f i c u l t ,  i f  not  impossible, 
t h e  working has on t h e  metal lurgical  s t r u c t u r e  is not clear. I t  is, of course,  important t h a t  we should know. 
Shot-peening is expensive and very d i f f i c u l t  t o  apply t o  complicated shapes. 
accu ra t e ly  t o  judge t h e  amount of peening t h a t  has been done and it is v i r t u a l l y  impossible t o  inspect  t h e  par t  
t o  prove t h a t  adequate treatment has been given. 

Other f o r m  of b l a s t i n g  a l s o  seem e f f e c t i v e ,  i .e.  vacu b l a s t i n g  with alumina particles etc. It is probable 
t h a t  t h e  su r face  stresses can be similar f o r  e i t h e r  method but t h e  e f f e c t i v e  depth of t h e  treatment is much less 
with f i n e r ,  l i g h t e r  particles. It has been suggested t h a t  t h e  g rea t e r  depth of t h e  peended layer is important, 
as corrosion is less l i k e l y  t o  pene t r a t e  it. 

Much more work is needed surrounding t h e  use of su r face  b l a s t i n g  methods. They have been found t o  be so use- 
f u l  and e f f e c t i v e  t h a t  it would be n i ce  t o  be c e r t a i n  t h a t  no f ea tu res  ex i s t ed  which could reduce t h e  confidence 
c u r r e n t l y  shown i n  t h e  method. 

Some of t h e  following points  may be pe r t inen t :  
(i) Peening must lead t o  a balancing r e s i d u a l  t e n s i l e  stress below the  surface.  Bearing i n  mind t h e  

behaviour described f o r  crack propagation for  t i tanium wet f r a c t u r e  toughness t e s t s ,  could t h i s  lead 
t o  a condi t ion where a crack would start  i n  the  i n t e r f a c i a l  zone? 
con t ro l l ed  t o  make a more acceptable  gradient?  

I f  so, can t h e  a c t i o n  of peening be 

(ii) Does peening a part which already has a high i n t e r n a l  stress aggravate t h e  problem? 

(iii) Is t h e  depth of t h e  dis turbed layer c r i t i c a l ?  

represented by r o t a t i n g  bending tests. Peening is usua l ly  not bene f i c i a l  when t h e  specimens are t e s t e d  
i n  a x i a l  tension. 

( i v )  When consider ing t h e  f a t i g u e  behaviour, peening is usua l ly  b e n e f i c i a l  under condi t ions t h a t  are 

Does t h e  same apply t o  peening f o r  stress corrosion prevention? 

There is no doubt t h a t  large members of aluminium a l l o y  a i r c r a f t  parts are being f in i shed  by vacu b l a s t i n g  
and such l i k e  t reatments ,  before t h e  app l i ca t ion  of p ro tec t ive  f i n i s h e s  and t h i s  has  proved remarkably e f f e c t i v e  
i n  improving t h e  se rv ice  l i fe .  I f  t h e  l i f e  is r e l a t e d  largely t o  crack i n i t i a t i o n ,  as it is believed t o  be i n  
corrosion f a t igue ,  then it is t h e  immediate su r face  layers t h a t  are of s ignif icance.  

Proof of t h i s  could lead t o  great economy of production and yet. a t  t h e  same time, make t h e  treatment much 
more e f f e c t i v e  i n  that  almost a l l  su r faces  could be so t r e a t e d  without p r a c t i c a l  d i f f i c u l t y .  The d i f f i c u l t y  
of d i s t o r t i o n  due t o  t h e  treatment would a l s o  be much reduced. 

To summarise t h i s  s ec t ion ,  it is suggested t h a t  research has  shown t h a t - s u r f a c e  treatment and surface 
p ro tec t ion  can be very important. 
stress corrosion t e s t s ,  as not a l l  coat ings are e f f e c t i v e ,  even though they may a f fo rd  exce l l en t  p ro t ec t ion  from 
su r face  corrosion. 

Before s e l e c t i n g  su r face  coat ing it would seem t h a t  t hey  should be proved by 

The p r inc ip l e s  of i n h i b i t i o n  by “chromates”. however appl ied,  m a y  very well not reduce s t r e s s  corrosion unless 
t h e  concentrat ions are higher than have h i t h e r t o  been considered necessary. 

Disturbance of t h e  surface,  as by a b l a s t i n g  t reatment ,  would seem t o  be very e f f e c t i v e  and t h e  p ro tec t ion  of 
t h i s  surface layer then becomes an ordinary corrosion p ro tec t ion  job. It is convenient t o  consider  t h e  surface 
behaviour as being due t o  t h e  r e s idua l  compressive s t r e s s  induced, but t h i s  may not be t h e  fundamental reason 
and research should be continued t o  i d e n t i f y  t h e  mechanism. 
app l i ca t ion  than at present.  

This  could lead t o  more c e r t a i n  and cheaper 
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7.  RESIDUAL STRESSES 

Thus, t o  be successful ,  company organisa t ion  must be such t h a t  t h e  requirements are met, almost independently 
of t h e  personnel involved. This a r e a  is t h e  cause of most t rouble .  The responsible  mater ia l s  s p e c i a l i s t s  and 
des igners  a r e  usual ly  wel l  aware of t h e  problem and its s o l u t i o n ,  bu t  o f ten  the  company does not disseminate 
t h e  knowledge and f a i l u r e s  r e s u l t .  

From t h e  v i s i t s  and answers t o  quest ionnaires  t h e r e  seems l i t t l e  doubt i n  anyone's mind t h a t  most s t r e s s  
cor ros ion  f a i l u r e s  recognised as such a r e  pr imari ly  due t o  inherent  res idua l  s t r e s s e s  or ,  t o  a l e s s e r  ex ten t ,  
subsequently b u i l t - i n  s t r e s s e s  from assembly. 
would v i r t u a l l y  cease t o  e x i s t .  

I f  it were not f o r t h e s e s t r e s s e s ,  theproblem of s t r e s s  corrosion 

7 . 1  Inherent  Residual Stress 

Most inherent  r e s i d u a l  s t r e s s e s  arise e i t h e r  from heat t reatment ,  which induces a thermal grad ien t  within t h e  
component, or mechanical work, which leaves an unfavourable r e s i d u a l  s t r e s s .  

There appears t o  be widespread recogni t ion i n  m a n y  q u a r t e r s  t h a t  inherent  s t r e s s e s  a r i s i n g  from t h e  r a p i d '  

Several  people seemed t o  t h i n k  
quenching of aluminium a l l o y s  is a major source of t rouble  and t h a t  much c a r e  must be exercised t o  ensure t h a t  
t h e  compressive sk in  is not removed, t o  expose t h e  layers  i n  tens ion  beneath. 
t h i s  so elementary t h a t  they were surpr i sed  t h a t  t h e  author  enquired about it. 

Nevertheless only se lec ted  a l l o y s  a r e  cont ro l led  wi th  respect  t o  t h e  quench by many people and s u r p r i s i n g l y  
Knowledge of t h e  few have procedural systems t h a t  ensure t h a t  machining sequences a r e  adequately c a r r i e d  out. 

problem does not reduce f a i l u r e s .  
not t o  be t h e  case  and is of ten  t h e  reason f o r  f a i l u r e .  

The knowledge must be put i n t o  ac t ion ,  and i n  t o o  m a n y  p laces  t h i s  still seem 

It is apparent t h a t  many of the  a l l o y s  a r e  s e n s i t i v e  t o  t h e  quench r a t e  with respect  t o  t h e  s ta t ic  mechanical 
p r o p e r t i e s  and t h i s  is coupled w i t h  a widespread b e l i e f ,  not necessar i ly  subs tan t ia ted ,  t h a t  although t h e  slower 
quench w i l l  reduce t h e  i n t e r n a l  s t r e s s  t h e  mater ia l  w i l l  be rendered more suscept ib le  t o  in te r -granular  corrosion 
as a r e s u l t .  Recent work suggests  t h a t  these  genera l i sa t ions  a r e  by no means always t rue .  A t  l e a s t ,  i f  t h e  
s t r e s s e s  a r e  not  gross ly  unfavourable t h e  mater ia l  w i l l  not be subjected t o  s t r e s s  corrosion f a i l u r e  and corrosion 
pro tec t ion  can do much t o  look a f t e r  t h e  other  aspects .  

Another s o l u t i o n  t o  t h e  problem is t o  r e l i e v e  t h e  i n t e r n a l  s t r e s s  produced by quenching by subsequent mechanical 
s t r e t c h i n g ,  or compressing. Unless t h e  component is simple i n  shape t h i s  can be very expensive, but it is a very 
usefu l  way of reducing t rouble .  

There a r e  t h r e e  poin ts  t o  consider: 
On l a r g e  pieces  very c a r e f u l  c o n t r o l  is needed of cold compression t o  ensure t h a t  a non-uniform, and a t  
poin ts  severe ly  t e n s i l e ,  r e s i d u a l  s t r e s s  is not l e f t  a t  t h e  sur face ,  or indeed t h a t  a gradient  is not 
induced. 
The amount of cold work must, on t h e  other  hand, be l imited or  t h e  mechanical proper t ies  of t h e  mater ia l  
m a y  be adversely a f fec ted  with respect  t o  f r a c t u r e  toughness, dynamic crack propagation rate e tc .  
A t h i r d  way of reducing t h e  i n t e r n a l  s t r e s s  l e v e l  is t o  apply a s t r e s s - r e l i e v i n g  t reatment  a f t e r  
quenching. 
developed f o r  7075 A 1  a l loy ,  f o r  instance.  Such t reatments  not only reduce the  r e s i d u a l  s t r e s s  but 
a l s o  modify t h e  s t r u c t u r e  and s t r e s s  corrosion r e s i s t a n c e  of t h e  mater ia l  a s  well. 

I n  t h e  case of t h e  aluminium a l loys  t h i s  br ings  us i n t o  t h e  f i e l d  of the  complex t reatments  

The s imple 'approach , i s ,  of course,  wel l  known t o  prevent t h e  season cracking of brass: The c raz ing  of Perspex 
and numerous other  p l a s t i c  a f fords  similar evidence. 

Thus by means r e a d i l y  a t  our d isposa l  we can, without undue expense, provide mater ia l s  - almost any mater ia l  - 
i n  a condi t ion  of r e s i d u a l  s t r e s s  tha t  is l i k e l y  t o  be below t h e  threshold s t r e s s  of t h a t  mater ia l .  
considerable  organisat ion t o  ensure t h a t  company i n s t r u c t i o n s  and purchasing, sub-contract ,  and shop procedures, 
a r e  arranged so t h a t  t h i s  s t a t e  of favourable s t r e s s  is always achieved. 
a c t u a l l y  handle and process t h e  p a r t  at its many s tages  of manufacture a r e  not aware of t h e  s ign i f icance  o f ,  or 
t h e  reason f o r ,  t h e  methods. Also, personnel cons tan t ly  change. 

It needs 

A very high proport ion of people who 

7 .2  Residual Stress from Manufacturing Operations 

Under t h i s  t i t l e  is included s t r e s s  a r i s i n g  from forming, bending and s t ra ighten ing ,  as wel l  a s  t e n s i l e  
sur face  s t r e s s e s  a r i s i n g  from machining, gr inding e t c .  

7 . 2 . 1  Stresses from Forming 

Many p a r t s  of s i g n i f i c a n t  th ickness  a r e  d e l i b e r a t e l y  formed i n t o  another shape. Many of these  a r e  complex 
operat ions and leave complex s t r e s s e s ,  not a l1 ,unfavourable .  of course. The s implest  case is t h a t  of bending. 
When a piece of metal is bent a r e s i d u a l  t e n s i l e  s t r e s s  is l e f t  i n  t h e  inner sur face .  I t  so happens t h a t  very 
many aluminium a l l o y  p a r t s  a r e  so shaped t h a t  bending fo r  shaping r a r e l y  takes  place in  t h e  shor t  t ransverse  
d i r e c t i o n .  Nevertheless, it would seem t o  be asking f o r  t rouble  t o  bend any high s t r e n g t h  aluminium a l l o y  
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p a r t s  i n  t h e  f u l l y  hea t - t r ea t ed  condition; yet t h i s  appears t o  be t h e  practice i n  seve ra l  countr ies .  
occasions the operation becomes unavoidable. Whenthis happens it is suggested t h a t  a f u l l  survey of r e s i d u a l  
stresses should be made t o  ensure t h a t  r e s idua l  stresses of a t e n s i l e  nature  are below t h e  th re sho ld  s t r e s s  i n  
a l l  d i r e c t i o n s  r e l a t i v e  t o  t h e  g ra in  flow. 

Upon 

The problem of a c t u a l l y  measuring r e s i d u a l  stress is discussed i n  Sect ion 8. Unt i l  t h i s  is resolved t h e  
matter can only be d e a l t  with by attempting t o  manufacture t o  an acceptable standard of r e s i d u a l  stress by the 
use of empir ical  r u l e s  which, while not accurate ,  can be a use fu l  guide when based upon stress measurements from 
tes t  samples. The real problem would seem t o  be t h a t  although as previously s t a t e d ,  t h e  stress l e v e l  recommended 
by some coun t r i e s  is low, say 10,000 lb / in2 ,  i n  the  t r ansve r se  d i r ec t ion ,  very l i t t l e  is done t o  see t h i s  is not 
exceeded. There are too  many a reas  which can lead t o  t roub le ;  t hese  include bending t o  form sheet  and plate and 
bending t o  c o r r e c t  d i s t o r t i o n  a r i s i n g  from previous manufacturing operations.  
bent are of plate form and, providing they  are t h i n ,  then i n  aluminium a l l o y s  t h e  danger from stress corrosion 
may not  be t o o  g rea t .  
d i f f e r e n t  matter. As soon as th i ck ,  long sec t ions  or  shaped sec t ions  are involved, then t h e  r i s k  of induced 
stresses i n  t r ansve r se  and shor t  t r ansve r se  d i r e c t i o n s  of g ra in  flow increases ,  even with simple bends. Normally 
r e s idua l  s t r e s s e s  from these  sources  do not exceed the  proof stress; so, with materials which are heat  t r e a t a b l e ,  
t h e  lower t h e  s t r eng th  at  the  time of working the  b e t t e r .  
most of t h e  worries.  

A large number of parts t h a t  are 

The influence of t h e  r e s idua l  stress upon t h e  f a t igue  behaviour may well be qu i t e  a 

The app l i ca t ion  of s t re tch-forming techniques overcomes 
Usually, f o r  practical reasons,  t h e  s o f t e r  condi t ion is an advantage. 

With steels less experiments has  been done. Very h i g h  s t r e s s e s  may be induced but fo r tuna te ly ,  f o r  obvious 
reasons,  the low a l l o y  high s t r eng th  s t e e l s  are usua l ly  formed i n  a s o f t  condi t ion and heat- t reated afterwards.  
This may well not be t r u e  with t h e  a u s t e n i t i c  s t a i n l e s s  steels. Their s e n s i t i v i t y  t o  cracking depends on t h e i r  
precise composition and t h e  environment, but t he re  is l i t t l e  doubt t h a t  everyone gets caught sometimes and t h e r e  
seems every j u s t i f i c a t i o n  f o r  a s t r e s s - r e l i e v i n g  operat ion a f t e r  any forming whatsoever on class 1 parts. 

The case f o r  s t r e s s - r e l i ev ing  welded ducting e t c . ,  which f r equen t ly  comes i n t o  question, is more d i f f i c u l t .  
The l a rge ,  ho t - a i r  ducts  used i n  any t r anspor t s  f o r  the  f i r s t  stages of cabin or de- ic ing air e t c .  can be l e t h a l  
i f  f a i l u r e  occurs. On t h e  o the r  hand, when f a t i g u e  t e s t s  are done on such ducts ,  ear ly  f a i l u r e  is usual ly  r e l a t e d  
t o  examples of poor d e t a i l  design, and annealing has  not been shown t o  be of much value.  This has the re fo re  not 
forced t h e  question of high temperature annealing l a rge  and d i f f i c u l t  s t r u c t u r e s  i n  t h e  aerospace industry,  as 
i n  some other  mechanical and c i v i l  engineering p ro jec t s .  
s teel  hydraul ic  pipes a f t e r  cold bending and, again,  it is t h e  precise shape at t h e  bend (ova l i t y )  which is s o  
important and tends t o  mask t h e  r e s idua l  s t r e s s  problem. 
respect  t o  r e s idua l  stress, i n  deference t o  the  r i s k  of stress corrosion failure. 

For t h e  same reason very few companies anneal s t a i n l e s s  

It would perhaps be wise t o  review t h i s  a t t i t u d e  with 

The pos i t i on  regarding t i tanium is not clear. The author’s  experience has  only been r e l a t e d  t o  p a r t s  t h a t  
have been s t r e s s - r e l i eved  a f t e r  forming, although not a f t e r  welding, As s t a t e d  e a r l i e r ,  very few straightforward 
se rv ice  f a i l u r e s  have occurred i n  a corrosion environment, yet tests show how dangerous t h e  s i t u a t i o n  might be. 
Perhaps t roub le  has been avoided because t h e  parts made of t h e  metal are s t i l l  t r e a t e d  as special and are given 
g rea t  a t t e n t i o n  by a l l  concerned. Su f f i c i en t  has been s a i d  t o  i l l u s t r a t e  t h e  importance of  looking a f t e r  manu- 
f ac tu r ing  techniques of t h i s  s o r t .  
not d i f f i c u l t  t o  prepare simple but e f f e c t i v e  company rules t o  ensure t h a t  t h e  process i n s t r u c t i o n s  which r equ i r e  
t h e  manufacturing operat ions t o  be carried out i n  t h e  r i g h t  sequence and i n  the  appropriate  heat  t r e a t e d  
condi t ions are implemented. 
any d i f f i c u l t  forming problem is highl ighted against  t h e  background of general  work, so t h a t  measurements can be 
made t o  e s t a b l i s h  t h e  stress pa t t e rns ,  i f  necessary, and t h e  dangerous case can be corrected before t h e  parts 
reach t h e  f i n a l  s t ruc tu re .  

Fortunately a l l  work of t he  type r e f e r r e d  t o  is pre-planned; t he re fo re  it is 

It will not happen unless  t h e  i n s t r u c t i o n s  are simple and pos i t i ve  and ensure t h a t  

7.2.2 Stress from Correction of Distortion 

This  is t h e  more d i f f i c u l t  problem s ince  parts a r e  usual ly  at an advanced stage of heat  treatment and near 
f i n a l  dimensions, and it is t h e  more complex ones t h a t  give t h e  most t rouble .  
lead t o  high loca l  r e s idua l  t e n s i l e  stress unless  great ca re  is taken. 

Correction of d i s t o r t i o n  w i l l  now 

Secondly, none of t h e  d i s t o r t i o n  is planned; consequently i ts  co r rec t ion  cannot be l e g i s l a t e d  f o r  i n  advance. 
Once again,  not much Somehow the  urge j u s t  t o  s t r a i g h t e n  t h e  part on the  press  and carry on must be prevented. 

is wr i t t en  on stress corrosion,  and not many examples published, but reference t o  any textbook on design and 
engineering draws a t t e n t i o n  t o  t h e  se r ious  inf luence r e s idua l  stress can have on the  f a t igue  behaviour. 
not need f u r t h e r  evidence of t h e i r  presence. 
t h e  r e s idua l  stress occurs ac ross  t h e  t r ansve r se  grain d i r ec t ion .  

It does 
Stress corrosion m a y  occur, from t h i s  cause a l s o ,  especially i f  

I n  t h e  absence of a “ re s idua l  stress meter” few companies have really t r i e d  t o  con t ro l  t h e  problem. I f  t h e  
d i s t o r t i o n  is spot ted by an inspector ,  a wise man from t h e  laboratory o r  design o f f i c e  goes t o  look, and a l l  t o o  
f r equen t ly  ‘‘uses h i s  judgement” although, bearing i n  mind how small s t r a i n s  can r e s u l t  i n  high l o c a l  s t r e s s ,  it 
is d i f f i c u l t  t o  bel ieve t h i s  helps  t o  safeguard t h e  s i t u a t i o n .  
notch or, because of t h i s  study, perhaps it w i l l  cause p a r t s  t o  be returned t o  a lower hea t  treatment state 
when otherwise t h i s  would not have happened; but on t h e  whole it is a r a t h e r  doubtful  system. One company has 
attempted t o  use a ya rds t i ck  of a c t u a l  measurement of t h e  co r rec t ions  needed, coupled wi th  an empirical formula 
based on laboratory tests and measurements, t o  obtain at  least a semblance of uniformity of ac t ion  from part t o  
par t  and factory t o  factory.  
r e s idua l  s t r e s s ,  t h e  pos i t i on  is l i k e l y  t o  be much improved. 

Of course it can prevent a hard bend made at a 

I f  t h i s  is coupled with a feedback system t o  a stress engineer who has s tudied 
The r i s k  of a bad case s l ipp ing  through the  system 
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diminishes and at least some uniformity and con t ro l  is achieved. 
appended t o  t h i s  r epor t  t o  show what is being attempted. 
stresses may still escape a t t en t ion .  but a very much improved s tandard is bound t o  r e s u l t ,  i f  only from t h e  
general  awareness of  t h e  problem. 

A t y p i c a l  procedure sheet  by t h a t  company is 
Of course t h i s  is not t h e  f i n a l  answer and some high 

7.2.3 Methods of Correcting Distortion 

Three ways of co r rec t ing  d i s t o r t i o n  need wider emphasis and study: 

(i) The correction of distortion by shot-peening 

This may be l imitedrby t h e  su r face  f i n i s h  required;  otherwise a remarkable degree of co r rec t ion  can be 
achieved by ho1dJr.g t h e  p a r t  of a j i g  i n  t h e  overbent,  but not p l a s t i c a l l y  deformed, corrected pos i t i on  
and then peening t h e  face o r i g i n a l l y  on t h e  in s ide  of t h e  curve. 

(ii) The correction of distortion by reverse bending 

. This  method has  been reported by numerous workers but does not seem t o  be widely i n  use i n  t h e  a i r c r a f t  
industry.  It would seem worthy of more widespread considerat ion.  

(iii) Creep forming parts at, say, the precipitation temperature 

This needs considerable  study, but may have use fu l  appl icat ions.  

F ina l ly ,  i f  t h e  main s t r e s s - r e l i e v i n g  temperature of t h e  material is not above t h e  heat  treatment condi t ion 
of t h a t  material, then a l l  is well. S t r a igh ten  and s t r e s s - r e l i e v e ,  and t h i s  br ings t h e  problem once again i n  
focus with t h e  “season cracking of brass” s i t u a t i o n  t h a t  every engineer has  s tudied at some time. 

When consider ing any of t hese  methods it is v i t a l  t o  apprec i a t e  t h a t  some materials may be inhe ren t ly  changed 
by such t reatments ,  a f u r t h e r  reason f o r  ensuring t h a t  a l l  cases a r e  given very de t a i l ed  consideration. 
instance,  t h e  A 1  5% of magnesium a l l o y  tubing can be rendered less s e n s i t i v e  t o  stress corrosion by heat ing at 
25OoC f o r  24 hours. 

For 

Small amounts of cold work applfed a f t e r  t h i s  treatment w i l l  render it s e n s i t i v e  again. 

7.2.4 Residual Surface Stresses from Machining 

As s t a t e d  e a r l i e r ,  it is probable t h a t  a s t r e s s  corrosion crack may be important i n  a dynamically loaded p a r t  
simply because it can promote f a i l u r e , ,  even though t h e  s t a t i c  stress is s o  loca l  t h a t  t h e  crack would not i t s e l f  
have l ed  t o  f a i l u r e .  Harmful surface s t r e s s e s  are l i k e l y  t o  be i n  this category. 

The danger of cracking high t e n s i l e  steels, case-hardened s t e e l s ,  e t c .  by grind.ing is well  known. The next 
s t age ,  t h e  l o c a l  high t e n s i l e  r e s idua l  s t r e s s e s  t h a t  have not cracked at  the  time, is  l e s s  well appreciated.  
A f u l l  s tudy of t h i s  has  not yet  been made, but a l ready it is clear t h a t  ca re fu l  e tching procedures and very 
cr i t ical  inspect ion,  looking f o r  t h e  s l i g h t e s t  v a r i a t i o n  of surface colour ,  shows up s u f f i c i e n t  t roub le  points  
t o  j u s t i f y  the  concern now expressed. 

It seems very l i k e l y  t h a t  machining by other  methods may cause re s idua l  s t r e s s e s  i n  high s t r eng th  steels a l so .  

Similar surface marks, almost c e r t a i n l y  associated with machining, have been observed on t i tanium pa r t s .  but 
t h e  nature  of any r e s idua l  stresses which may have been associated with them has not been determined. 
normally sa id  t h a t ,  apa r t  from grinding,  t h e  operat ions of machining, turning,  mi l l i ng  e t c .  produce compressive 
surface r e s idua l  stress unless  negative rake t o o l s  have been employed. 

It is 

Thus it would not be expected t h a t  aluminium a l l o y s  would have high damaging s t r e s s e s  from t h i s  source. 

The prime t roub le  with t h e  aluminium a l loys ,  as used i n  t h e  pas t ,  seems t o  have come from the  exposure of 
unfavourable i n t e r n a l  r e s i d u a l  stress a r i s i n g  from quenching. However, a new s i t u a t i o n  is  developing. There is 
widespread introduct ion of t ape  con t ro l  machine t o o l s  which can remove a l o t  of metal from l a rge  pieces  very 
quickly. 

The inf luence of t h e  cuts can be so g rea t ,  i f  t hese  a r e  not c a r e f u l l y  programmed, t h a t  t h e  mechanical 
p rope r t i e s  of very t h i n  sec t ions  can be affected.  P r a c t i c a l  cases have a r i s en .  
of su r f ace  t roub le s ,  even under apparent ly  harmless condi t ions.  

Clearly t h e r e  is always a r i s k  

7.2.5 Residual Stress from Shearing 

I n  t h e  past  many people have had stress corrosion cracking develop at the  edges of sheet  etc. due t o  cold- 
shear ing high s t r eng th  aluminium a l l o y s  i n  the  f u l l y  heat- t reated condition. 
r e s i d u a l  surface s t r e s s e s  can be high. 

I f  t h e  shears  are not pe r f ec t  t h e  
Many companies now have in s t ruc t ions  t o  prevent t h i s  happening. 

7.3 Other Aspects of Machining 

It is i n t e r e s t i n g  t h a t  few of t h e  papers and books on s t r e s s  corrosion and t h e  stress o r i g i n s  r e f e r  t o  d i r e c t  
su r f ace  s t r e s s e s  r e l a t e d  t o  t h e  operat ion of machining but only t o  t h e  e f f e c t s  of exposure with stress already 
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i n  t h e  par t .  It is not  unreasonable i n  a pager of t h i s  s o r t  t o  draw a t t e n t i o n  to  t h e  well-known problems of 
sur face  s t r e s s e s  induced by machining operat ions i n  s t ress -cor ros ive-sens i t ive  mater ia l s  l i k e  t h e  poly-meth- 
a c r y l a t e  types.  
c o n t r o l  of t h e  similar process with metals might have. 

A study of t h e  c r i t i c a l  production requirements with such mater ia l s  i l l u s t r a t e s  the  v a l u e . t h a t  

One o ther  i n t e r e s t i n g  e f f e c t  of machining has been r e f e r r e d  t o  by Professor R.W.Staehle”. When wr i t ing  of 
Fe Cu N i ,  a l l o y s  such as s t a i n l e s s  s t e e l ,  he reported a d i f fe rence  of behaviour with respect  t o  s t r e s s  corrosion,  
r e l a t e d  t o  a d i f fe rence  of sur face  roughness, caused by machining or chemical pickl ing.  
f a t i g u e  crack i n i t i a t i o n .  e lec t ro-pol i sh ing  is s a i d  in  t h i s  case t o  be of merit.  Logan, however, reported t h a t  
e lec t ro-pol i sh ing  caused poor s t r e s s  corrosion r e s u l t s  with high t e n s i l e  low a l l o y  s t e e l s .  

Unlike t h e  case for 

8. THE MEASUREMENT OF RESIDUAL STRESS 

8 .1  General 

When d iscuss ing  “Aircraf t  Corrosion Fa i lures”  by C.Bradley-Ward, Mr K.Cornfield of WAF Mater ia ls  Laboratory 
sa id ,  “I would l i k e  t o  comment t h a t  i n  STRESS corrosion t h e  par t  played by s t r e s s  is s o  la rge  it should be 
s p e l l e d  out i n  capi ta l s” .  A t  t h e  same time., i n  replying t o  a paper by h!r S.Goldberg c a l l e d  “Living with S t r e s s  
Corrosion i n  Aircraf t  Design”, Mr M.Berrington, of De Havilland Aircraf t  Company of Canada, asked t h e  quest ions,  
“How do you cont ro l  t h e  many f a c t o r s  without running a laboratory t e s t  on any high s t r e n g t h  p a r t ?  How do you 
adeguately cont ro l  assembly and i n s t a l l a t i o n  t o  minimise sustained r e s i d u a l  sur face  s t ress?’ ’  

The answer would seem t o  be t h a t  at  present ,  there  is no method ava i lab le .  Therefore it Is n e c e s s a r y t o c a r r y  out 
laboratory t e s t s  as pa r t  of t h e  i n i t i a l  t e s t  and approvalsystem f o r  components and assemblies. For v i t a l  parts 
t h i s  procedure is l i t t l e  d i f f e r e n t  (and a good dea l  cheaper) from t h e  present s tatic and dynamic mechanical 
s t r u c t u r a l  tests t o  demonstrate the  i n t e g r i t y  of t h e  component with respect  t o  its s e r v i c e  l i f e  and applied s t r e s s .  
A good d e a l  of t h i s  s o r t  of work is, i n  f a c t ,  done by many companies, with respect  t o  r e s i d u a l  s t r e s s e s  from both 
quenching and forming operat ions.  
value. 

The methods do not always have t o  be highly sophis t ica ted  t o  be of immense 

Any method and technigue may be used for t h e  approval of “ f i r s t - o f f s ”  but t h e  following are most r e a d i l y  
ava i lab le .  

Measure t h e  specimen, c u t  it apar t ,  and then measure t h e  change of shape and c a l c u l a t e  t h e  r e s i d u a l  s t r e s s  
from t h e  d i f fe rence .  This method w i l l  produce f a i r l y  accurate  es t imates  of t h e  hoop s t r e s s  i n  t h i n  tubes,  or 
even i n  t h i c k  bars  and sec t ions .  Thin r i n g s  a r e  c a r e f u l l y  cut from them. The r i n g s  a r e  then  measured with f i n e  
poin ts ,  say H inch apa r t ,  c a r e f u l l y  sect ioned through t h e  gauge length s o  measured, and t h e  opening or  c los ing  
obtained with a measuring microscope. Large pieces  of metal can be gradual ly  machined along one face ,  t h e  
d i s t o r t i o n  determined and t h e  s t r e s s  estimated. This is c l e a r l y  not a method of grea t  prec is ion  and it is 
d i f f i c u l t  t o  use on complex parts. Nevertheless, it can provide a very useful  guide indeed. 

8.2 S t r a i n  Gauge Techniques 

In  p r i n c i p l e ,  r o s e t t e s  of s t r a i n  gauges a r e  appl ied a t  important or suspect pos i t ions  on t h e  sur face  of t h e  
part. 
a very good indica t ion  of t h e  s t r e s s  induced i n  assemblies, or models of t h e  assemblies, by accura te ly  determining 
t h e . s t r a i n  induced. 

C u t s  a r e  then made t o  r e l i e v e  t h e  s t r e s s  and t h e  re laxa t ion  is determined. S t r a i n  gauges can a l s o  provide 

8.3 X-ray Refract ion Method 

T h i s  is e v e r y  re f ined  method, more commonly undertaken by t h e  phys ic i s t  than t h e  engineer. 
r e f r a c t e d  by t h e  atomic space l a t t i c e  of t h e  metal c r y s t a l s  and thus any d i f fe rences  of l a t t i c e  form from t h e  
s tandard condi t ion can be assessed and t h e  e l a s t i c  s t r a i n  s o  determined can be converted t o  a s t r e s s .  
needs experience, as indeed do a l l  the  o thers ,  but it w i l l  provide a precise  answer at a point  i n  t h e  specimen. 
It is therefore  e s p e c i a l l y  usefu l  for  determining sur face  s t r e s s e s  and gradients .  It is f a i r l y . s l o w  and . c o s t l y  
and normally the  apparatus w i l l  only hold small specimens. 

An X-ray beam is 

The method 

8.4 Control of Residual Stress 

I t  is not surpr i s ing  t h a t  when d i f f e r e n t  techniques a r e  employed on t h e  same specimen d i f f e r e n t  r e s u l t s  can 
be obtained, and a good d e a l  of experience is needed in  i n t e r p r e t i n g  t h e  most l i k e l y  s t r e s s  pa t te rn .  
Ilnfortunately, these techniques a re  not non-destructive and a r e  not s u i t a b l e  for in  situ shop use. 
present  t h e  only method of c o n t r o l l i n g  t h e  r e s i d u a l  s t r e s s  is as follows: 

Thus. , a t  

(i) Material 

Check the  sample or approval piece which has been made t o  a strict manufacturing schedule. 
manufacturing method u n t i l  t h e  r e s i d u a l  s t r e s s e s  a r e  acceptable  and then ensure t h a t  every part is d e  
exac t ly  l i ke  t h e  sample. 

Modify t h e  
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(ii) Assembly 

Determine p rec i se ly  t h e  fits i n  assembly and check t h e  induced stress i f  necessary. 

(iii) Correction of distortion 

Determine i n  advance t h e  r e s i d u a l  stress upon a series of samples and prepare empir ical  r e l a t i o n s h i p s  
t o  cover t h e  co r rec t ion  t h a t  is l i k e l y  t o  be required.  Try t o  use methods such as shot-peening which 
do not leave r e s idua l  t e n s i l e  stresses. 

( iv )  Induce favourable residual stress wherever possible 

For such processes as shot-peening, r egu la r ly  treat t h e  su r face  of samples and determine t h e  d i s t o r t i o n  
produced. (Almen Gauges). 

8 .5  Ultrasound and Residual S t r e s s  Determination 

An e n t i r e l y  d i f f e r e n t  approach is being made by an u l t r a son ic  technique. The method is not yet f u l l y  developed 
as a production t o o l  but maywell be a b ig  s t e p  forward i n  r e s i d u a l  s t r e s s  determination. A s tudy  of t h e  method 
has been made by Dr R.L.Gat~re*~. H i s  t h e s i s  provides a useful  series of references t o  publ icat ions concerning 
t h e  method. 
V.J.Raelson, which provides a source of general  information. “The Use of Ultrasonic  Waves f o r  S t r e s s  
Determination”. U S  Naval Research Laboratory Report 64-17, 1964, a l s o  provides f u r t h e r  information. Such a 
method may wel l  have the  bes t  chance of being developed i n t o  a “Shop Tool”. 

“Product Engineering”, Vol 30, 1959, contains  an a r t ic le  “Acousto-elasticity’’ by R. W. Benson and 

9.  THE C H O I C E  OF MATERIAL 

9.1 General 

Almost any, i f  not every, material i n  use today can be made t o  f a i l  by a delayed f a i l u r e  mechanism i f  a 
s u f f i c i e n t l y  high s ta t ic  surface s t r e s s  is appl ied i n  an adverse environment. 
stress is appl ied,  how t o  reproduce t h e  app l i ca t ion  f o r  t e s t  purposes and whether t h e  se rv ice  environment is 
detr imental  o r  not. 

The problem is t o  know how t h e  , 

The problem is s o  acute  t h a t  nea r ly  every country has set  up committees attempting t o  produce “standard tests” 
f o r  stress corrosion behaviour. Despite t h e  enormous amount of test work ca r r i ed  out and published, no o v e r a l l  
c o r r e l a t i o n  is possible ,  because of a l l  t h e  va r i ab le s  involved, t o  enable materials t o  be placed i n  a genuine 
order  of merit f o r  design se l ec t ion .  Further ,  from t h e  remarks made already i n  t h i s  survey, it is clear t h a t  
apparent ly  i n s i g n i f i c a n t  changes of ma te r i a l  condi t ions can markedly a f f e c t  t h e  stress corrosion r e s i s t ance .  
Equally, a review of t h e  material behaviour i n  se rv i ce  does not give much a i d  i n  t h i s  respect .  Nearly a l l  t h e  
f a i l u r e s  examined have r e su l t ed  from lack of a t t e n t i o n  t o  f e a t u r e s  of design and production now known t o  be 
l i k e l y  t o  cause t rouble .  The surface t reatment ,  p ro t ec t ive  methods e t c .  t h a t  have been used d i f f e r  very widely, 
and one man’s successful  choice is another man’s downfall. 
or should,  be considered t o  be t h e  key t o  success and emphasises i n  a very pos i t i ve  way t h e  importance of good 
design f o r  production and a f u l l  engineering appreciat ion by production departments of t h e  f e a t u r e s  involved. 
Thus, at t h i s  point  it is not possible ,  from test  da t a ,  t o  propose an order  of merit f o r  t h e  common materials i n  
use with any degree of confidence. 
survey a l l  t h e  papers published on the  sub jec t .  
s e l e c t i o n  of t h e  published d a t a  i n  the  hope t h a t  it w i l l  a t  l e a s t  provoke thought regarding some of t h e  f e a t u r e s  
of s e l e c t  ion. 

This makes it seem unl ikely t h a t  material choice can, 

Also, it would be a very lengthy t a s k  and a r e p e t i t i o n  of other  reviews t o  
Nevertheless,  an attempt w i l l  be made t o  d i scuss  a l imited 

9 . 2  Aluminium Alloys 

The most r e a d i l y  ava i l ab le  and probably t h e  most comparative d a t a  on s t r e s s  corrosion of t h e  aluminium a l l o y s  
is presented i n  t h e  var ious publ icat ions by ALCOA Limited. 
a practical form. A survey paper of t h e  Defence Metals Information Centre, B a t t e l l e  Memorial I n s t i t u t e ,  
Columbus1’, a l s o  o f f e r s  order of merit f o r  t h e  aluminium a l loys .  

Their Technical Papers summarise the  information i n  

These papers show t h a t  t h e  choice must be associated with the  manufactured form-forging, extrusion,  p l a t e  - so  
t h a t  t h e  component can be made with t h e  l e a s t  r e s idua l  s t r e s s  and t h e  most favourably disposed g ra in  flow. A l l  
t h e  aluminium a l l o y s  a re  the  most suscep t ib l e  t o  s t r e s s  corrosion i n  a plane normal t o  t h e  sho r t  t r ansve r se  
d i r e c t i o n  of g ra in  flow. 

A t  f i r s t  s i g h t  t hese  comparisons show t h a t  t h e  A 1  Zn Mg high s t r eng th  a l loys  such as 7075 are very suscep t ib l e  
and so a r e  t h e  A 1  Cu Mg S i  a l l o y s  2024 and 2014; depending upon t h e  p r e c i p i t a t i o n  condi t ion,  t he re  would not seem 
t o  be r e a l  p r a c t i c a l  d i f f e rence  i n  behaviour. Thus 2024 T4 is, i n  f a c t ,  shown as s l i g h t l y  worse than 7075 T6. 

Recent work has shown t h a t  d i f f e r e n t  t reatments ,  such as t h e  use of d i f f e r e n t  cooling r a t e s ,  as wel l  as 
d i f f e r e n t  degrees of p rec ip i t a t ion ,  as a r e  provided by t h e  var ious DTD s e r i e s  of a l l o y s  i n  t h e  UK and T 73 i n  
t h e  USA, can r a d i c a l l y  al ter t h e  s t r e s s  corrosion behaviour when subjected t o  the  same tes t  procedures. 
Unfortunately se rv ice  experience.  is not extensive with these  a l loys  i n  t h i s  condition. 
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Most of t h e  de - sens i t i s ing  t reatments  are associated with a l o s s  of s ta t ic  mechanical p rope r t i e s ,  compared 
with t h e  more conventional t reatments ,  and much of t h e  a t t r a c t i o n  of t he  a l loys  is l o s t .  

It is clear t h a t  much more work w i l l  be done with a l l  t h e  aluminium a l l o y s  w i t h  respect t o  t h e i r  heat treatment.  

This accent on t h e  inf luence of low temperature heat treatment and its s i g n i f i c a n t  e f f e c t s  i n  behaviour should 
not be l o s t  when choosing the  a l l o y  and, i n  p a r t i c u l a r ,  t h e  processing it w i l l  require .  
t reatment ,  bonding f o r  assembly e t c .  may easily upset an otherwise s a t i s f a c t o r y  a l loy .  

Low temperature s toving 

The other  problem is t h a t  of long-term s t a b i l i t y .  Earlier i n  t h i s  paper reference w a s  made t o  t h e  p r e c i p i t a t i o n  
and reduct ion of stress corrosion r e s i s t ance  of t h e  A 1  Mg a l l o y s  such as BS L53 i f  t r o p i c a l i s e d ,  i .e. heated t o ,  
say, 7OoC f o r  one month, as might occur i n  service.  
s i g n i f i c a n t l y  reduce t h e  stress corrosion r e s i s t ance  of t h e  A 1  Cu type a l l o y s  when they were i n  t h e  so lu t ion -  
t r e a t e d  and naturally-aged condi t ion,  no matter i n  what form-casting, extrusion p l a t e .  With plate and ex t rus ion  
a plane bend test  was made i n  t h e  sho r t  t r ansve r se  g r a i n  d i r e c t i o n s  only. 
of t h e  A 1  Zn Mg high s t r eng th  a l l o y s  i n  the  T 73 condi t ion may be adversely a f f ec t ed  by such t reatments  a lso.  

Work done by t h e  author suggested t h a t  t h i s  would a l s o  

Recent work has  suggested t h a t  c e r t a i n  

The p rec i se  composition is of great s ign i f i cance  a l so .  This has been demonstrated by J .Fielding” f o r  t h e  
DTD 5024 composition, and by BNF Research Association with t h e  development of BS L53 t o  DTD 5018, t o  e l iminate  
t h e  problem already r e fe r r ed  t o .  
s i l v e r  addi t ions t o  t h e  A 1  Zn Mg a l l o y  m a y  be of ass is tance.  

Also, as proposed by Polmear and discussed a t  t h e  AGARD Turin Conference, 

Despite t h e  reference t o  t h e T 7 3 ’ t r e a t m e n t  and t h e  p o s s i b i l i t y  of i n s t a b i l i t y ,  it must be remembered t h a t  it 
provides a component with very low inherent r e s idua l  stress and thus might well serve its purpose even if  
t r o p i c a l i s a t i o n  s e n s i t i v i t y  is eventual ly  shown t o  e x i s t .  

I t  seems t h a t  t h e  high s t r eng th  7075 T 6 or 7078 T 6 type a l l o y s  have been used t h e  most extensively and head 
t h e  list of t roubles .  The p rec ip i t a t ed  copper bearing a l loys ,  such as 2014 and 2024 T 6, follow and 2014 and 
2024T3 have given very l i t t l e  t rouble .  The static mechanical p rope r t i e s  a r e ,  of course,  widely d i f f e r e n t  and 
t h i s  may give the  key t o  t h e  apparent ly  d i f f e r e n t  s e r v i c e  behaviour, as compared with t h e  tes t  r e s u l t s .  
materials w i t h  t h e  highest  proof stress are among those t h a t  give t h e  most t roub le  i n  se rv i ce .  It might be 
expected t h a t  i n  general  t h e  r e s i d u a l  s t r e s s  from s t r a igh ten ing ,  forming etc. would be most l i k e l y  t o  be higher 
with high proof stress materials. T h i s  might not be t r u e  from t h e  quenching operat ion,  as t h e  p rope r t i e s  at  the  
temperatures of t h e  var ious intermediate heat  treatment stages must be involved. However, i n  e i ther  a l l o y  it is 
easy t o  introduce s t r e s s e s  wel l  above the  threshold stress i n  t h e  s h o r t  t r ansve r se  d i r ec t ion ,  so t h i s  becomes of 
l e s s s i g n i f i c a n c e  wi th re spec t  t o  s e l e c t i o n  i n  t h e  case. 
s t r eng th .  
r a t e  increases  as the  s t r eng th  increases, .  

The 

The working stresses are higher with a l l o y s  of higher 
The dynamic crack propagation I n  general  t h e  f r a c t u r e  toughness decreases as t h e  s t r eng th  goes up. 

Thus, f r o m , a l l  t hese  po in t s  of view, even i f  t h e  stress corrosion r e s i s t ance  with respect  t o  crack i n i t i a t i o n  
were i d e n t i c a l  it could be expected t h a t  t h e  ma te r i a l  of small c r i t i ca l  crack length would p r d u c e  the  most 
t roub le  i n  se rv i ce ,  especially if  associated wi th  higher s t r e s s .  

It is suggested t h a t  t h e r e  is j u s t i f i c a t i o n  f o r  t he  approach i n  t h a t  t h e  same s o r t  of .experience has been 
observed’ with t h e  high s t r eng th  A 1  Mg Zn a l l o y s  when f a i l u r e s  have been e n t i r e l y  due t o  f a t igue  i n i t i a t i o n  and 
propagat ion. 

Thus it is clear t h a t  t h e  key t o  s e l e c t i o n  should be t o  choose t h e  material with t h e  o v e r a l l  bes t  stress 
corrosion r e s i s t ance ,  assuming a l l  o the r  p rope r t i e s  equal. Provided t h a t  arrangements are made t o  look a f t e r  
t h e  r e s idua l  or  permanently applied s ta t ic  s t r e s s e s  i n  t h e  relevant  g ra in  d i r e c t i o n  by t h e  means r e a d i l y  
ava i l ab le ,  it is suggested t h a t  the precise  r e l a t i v e  stress corrosion p rope r t i e s  from cu r ren t  tes t  should not 
be allowed t o  overrule t h e  choice from other  engineering viewpoints, e spec ia l ly  crack propagation characteristics. 

9.3 High Strength Steel 

For obvious reasons it is not easy t o  obtain a t r u e  p i c tu re  of f a i l u r e  from stress corrosion with high s t r eng th  
s t e e l .  
does not seem t o  be as relevant  t o  t h e  behaviour of aluminium a l loys .  
t h e  term “stress corrosion”. t h e  remark above refers t o  hydrogen occluded during processing and does not argue 
whether t he  stress corrosion is due t o  hydrogen from corrosion o r  some other  mechanism. 

Equally, t h e r e  is always the problem of hydrogen embrittlement confusing t h e  p i c tu re ,  a f e a t u r e  which 
A s  noted by t h e  o r i g i n a l  d e f i n i t i o n  of 

It would seem t h a t  t he  s i t u a t i o n  is not very d i f f e r e n t  from t h a t  f o r  t h e  aluminium a l loys .  A s  t he  s t r eng th  
increases ,  so  t h e  stress corrosion r e s i s t ance  decreases.  As t h e  s t r eng th  is reduced, so t h e  fracture toughness is 
increased. 
than from inherent s t r e s s ,  so  f a r  as can be determined. Nevertheless it is suggested t h a t ,  w i t h  t h e  tempering 
temperatures of some s tandard steels as low as 2OO0C, not much stress r e l i e f  is l i k e l y  and t h i s  m a y  well be an 
important f a c t o r  i n  t h e  fu tu re .  
m a y  well  be more d i r e c t l y  r e l a t e d  t o  t h e  s t r eng th  of t h e  material, i n  t h a t  s e rv i ce  s t r e s s e s  are l i k e l y  t o  be i n  
keeping with t h e  maximum s t a t i c  mechanical p rope r t i e s  achievable.  

Fa i lu re s  i n , g e n e r a l  seem t o  have a r i s e n  more from appl ied,  i .e.  operat ional  or  b u i l t - i n  s t r e s s e s ,  

Thus, even more than with aluminium a l loys ,  ear ly  f a i l u r e  due t o  stress corrosion 

The second problem t h a t  m a y  have a bear ing is t h a t  t h e  f a t igue  behaviour of most steels is so much b e t t e r ,  
r e l a t i v e  t o  the t e n s i l e  s t r eng th ,  than f o r  aluminium a l loys .  A good dea l  of research has been done and only a 
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few of t h e  papers can be r e fe r r ed  t o  i n  t h i s  survey. 
every component is given very c a r e f u l  appraisal. 

Usually t h e  use of very s t rong  s t e e l s  is s o  cr i t ical  t h a t  

Recent work suggests t h a t  d i f f e rences  of composition can a f f e c t  crack i n i t i a t i o n  rate. The panacea of  keeping 
t h e  s teel  t o  as low a t e n s i l e  s t r e n g t h  as possible  seems t o  make t h e  largest con t r ibu t ion  t o  s a f e t y  from a l l  
viewpoints and s t e e l s  below 90 tons/in '  t e n s i l e  seem t o  be s a f e  from t h e  r i s k  of stress corrosion.  When working 
near t h e  maximum t e n s i l e  s t r e n g t h  t h e r e  is nevertheless  j u s t i f i c a t i o n  f o r  taking composition i n t o  account from 
t h e  viewpoint of delay t o  crack i n i t i a t i o n ;  but,  when doing so,  one m u s t  consider a l s o  t h e  manufacturing process 
than  can, or has t o ,  be employed. 

It is i n t e r e s t i n g  t h a t  s t a i n l e s s  s t e e l s  i n  general  do not provide s a t i s f a c t o r y  p rope r t i e s  when t r e a t e d  t o  

L i t t l e  a i r c r a f t  experience has  been gained and tes t  r e s u l t s  are t o  some extent  conf l i c t ing .  
very high s t r eng ths ,  e s p e c i a l l y  from t h e  point  of view of stress corrosion.  
r e l a t i v e l y  new. 

The maraging type steels are still 

Techniques such as aust-forming etc. would appear t o  provide bene f i t  and should be considered f o r  parts which 
are p rac t i cab le  at t h e  present  stage of development of t h e  t reatment .  

I n  r e l a t i o n  t o  s t e e l ,  t h e  s t r e s s  corrosion work has mostly been i n  t h e  form of the  pre-cracked notched specimen. 
It is i n t e r e s t i n g  t h a t  t h e  wet s t r eng th  i s ,  t o  a l l  practical Durposes, very similar indeed f o r  widely d i f f e r e n t  
compositions of s t e e l ;  t h i s  is a l s o  t h e  case with t h e  aluminium a l loys .  
i s sues  such as processing, crack i n i t i a t i o n .  behaviour etc. which w i l l  decide the  choice,  once t h e  very poor 
steels have been eliminated and not many of these  are l i k e l y  t o  be offered today. 
t reatment  may p lay  an important part and very strict con t ro l  is necessary t o  ensure t h a t  t h e  se l ec t ed  s teel  is 
as cons i s t en t ly  s a t i s f a c t o r y  as is hoped. A minor point  t o  bear i n  mind is t h a t  t h e  s t r e s s  corrosion r e s i s t ance  
of steels of t h e  types j u s t  r e f e r r ed  t o  decreases w i t h  increased temperature. 
order  of 10 times on time between 70' and 160'F f o r  a given stress l eve l .  

I t  w i l l  be t h e  appreciat ion of t h e  s ide 

It is a l s o  clear t h a t  t h e  heat 

The decrease is perhaps of t h e  

9.4 High Alloy Austeni t ic  Steel 

A very g rea t  d e a l  of research has been done i n t o  the  behaviour of t h e  a u s t e n i t i c  s t a i n l e s s  steels f o r  use i n  

Probably t h e  
engineer ing environments such as power p l an t s ,  chemical p l a n t s  etc. Very wide d i f f e rences  of stress corrosion 
behaviour can be shown f o r  t h e  d i f f e r e n t  compositions when t e s t e d  with s t rong  chemical so lu t ions .  
most important aspect of t h e  stress corrosion behaviour of t hese  types of steels t o  the  airframe designer  is t h e  
inf luence of cold-work. With most of t h e  steels t h e  r e s i s t ance  t o  stress corrosion increases  with t h e  app l i ca t ion  
up t o  about 25% reduct ion and then, by cold-work, f a l l s  off  r a p i d l y  when t e s t e d  a t  75% of t h e  s t r eng th .  Sea 
coas t  exposure tests on cold-worked a u s t e n i t i c  steels at  90% of t h e i r  proof s t r eng th  d i d  not promote any s o r t  
of f a i l u r e  within 452 days. 
t h e r e  may well be j u s t i f i c a t i o n  f o r  annealing, or s t r e s s - r e l i e f  annealing, f ab r i ca t ed  a i r c r a f t  par ts  which m a y  
have severe loca l i s ed  areas of cold-work. A few instances of f a i l u r e  i n  hydraulic tubes which a r e  a t t r i b u t e d  
t o  s t r e s s  corrosion have r ecen t ly  been observed, Other matters m a y  determine t h e  s t e e l  choice such as 
weldabi l i ty .  heat r e s i s t a n c e  etc. For practical purposes t h e  p r inc ip l e s  seem clear - stress r e l i e v e  and, i n  
most aircraft environments (not s p e c i a l  chemical cases), l i t t l e  t roub le  should r e s u l t .  S t a b i l i s e d  steels are 
most l i k e l y  t o  be used, however, f o r  obvious reasons.  

Thus. bearing i n  mind the  type of environment t h a t  can arise i n  a i r c r a f t  or mis s i l e s ,  

9.5 Precipitation-Hardening Steels 

The s t rong  s t e e l s ,  such as t h e  AM 350 type,  and o the r s ,  seem t o  be as suscep t ib l e  t o  s t r e s s  corrosion cracking 
as t h e i r  low a l l o y  counterpar t .  The same s t o r y  emerges. The heat treatment is cri t ical  i n  t h i s  case;  t he  
inc lus ion  of a sub-zero treatment a t  -70°C i n  t h e  sequence a t - t h e  appropriate  place seems t o  be des i r ab le .  

9.6 Other Aspects of S t e e l s  

Today it is poss ib l e  t o  have nominally t h e  same steel  but made i n  very d i f f e r e n t  ways, i . e . ,  air  melted, vacuum 
melted, double vacuum re-melted e t c .  These methods produce cleaner  s t e e l  and improve the mechanical p rope r t i e s  
i n  t h e  s h o r t  t r ansve r se  d i r e c t i o n  and it should be emphasised t h a t  t h e  behaviour of s t e e l . t o  stress corrosion is 
a l s o  r e l a t e d  t o  t h e  g r a i n  d i r ec t ion .  

Very many people w i l l  make a 'case f o r  t he  e f f e c t  of non-metall ic inclusions upon t h e  s teel ' s  s t r e s s  corrosion 
behaviour bu t ,  as before,  t h e  ove ra l l  evidence t o  j u s t i f y  t h e  d i f f e rence  of expense of manufacture from t h e  
stress corrosion viewpoint does not seem strong.  The value of t h e  improved techniques i n  improving p rope r t i e s  
such as f r a c t u r e  toughness and crack propagation r a t e s  i n  t h e  t ransverse d i r e c t i o n  are very pronounced and the re -  
f o r e  w i l l  p l ay  a predominant part i n  material choice f o r  a given purpose and w i l l  r e f l e c t  i n  1-40 uncertain w a y  
upon t h e  actual s t r e s s  corrosion results i n  se rv i ce .  

9 .7  Titanium Alloys 

The stress corrosion work seems t o  have been mostly made w i t h  pre-cracked f r a c t u r e  toughness type specimens. 
These a l l  show s u s c e p t i b i l i t y  of t h e  material and its a l loys  and would not yet  seem poss ib l e  t o  rate t h e  material 
i n  any pos i t i ve  order. 

A review of t h c s t r e s s  corrosion work was given by Mr Minkler a t  t h e  Turin Conference. Some f u r t h e r  co l l ec t ed  
r e s u l t s  f o r  t he  e f f e c t  o f - s a l t  water on bent s t r i p s  and other  methods are given by Logan3'. , Because of t h e  
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widespread use of t i tanium f o r  t u rb ine  engine blades,  such work has been concentrated upon stress corrosion with 
“hot sa l t”  as t h e  environment. 
as with other  materials mentioned. 

From t h e  l imited d a t a  ava i l ab le  t h e r e  would not seem t o  be t h e  same gene ra l  t rend 

Mr Minkler s a i d  t h a t  very few se rv ice  f a i l u r e s  could be a t t r i b u t e d  t o  airframe environment and t h i s  is con- 
firmed by the  survey. 
with ch lo r ides  and i n  operat ing temperatures from 3OO0C t o  816OC. Each of t h e  main a l l o y  systems was involved. 
The o the r  t h ree  r e l a t e d  t o  special f l u i d s ,  methyl a lcohol  at 23OC. ni t rogen peroxide a t  4OoC and ch lo r ina t ed  
diphenol a t  375OC. The methyl a lcohol  is perhaps of general  i n t e r e s t  and t h e  f a i l u r e  was with 6 A 1  4V. 
i n  mind the  use of methyl a lcohol  i n  var ious forms f o r  airframe purposes - de-icing, de-frost ing etc. - it is c l e a r  
t h a t  we should look at t h i s  ca re fu l ly .  

Eight f a i l u r e s  were known hetween 1957 and 1966. Five of t hese  were reported as associated 

Bearing 

I n  Mr Minkler’s paper no reference was made t o  t h e  influence of de-ereasing f l u i d s  such as t r i ch lo re thy lene .  
Once again the t roub le  seems t o  have been r e l a t e d  t o  heat ing p a r t s  de-greased i n  such f l u i d s  a f t e r  they had been 
cold-wor ked. 

It might be wise i n  the  present  s ta te  of knowledge t o  consider t h e  choice of t i t an ium c a r e f u l l y  f o r  exposed 
p a r t s  l i k e l y  t o  get  hot a f t e r  such cleaning and maintenance procedures as are associated with brakes or ho t - a i r  
systems. Perhaps care should be given t o  t h e  use of pa in t  s t r i p p e r s  near such pa r t s .  This aspect  has not been 
mentioned with r e spec t  t o  engines because, once assembled (a con t ro l l ed  operat ion) ,  engines are not l i k e l y  t o  be 
as a f f ec t ed  as o the r  p a r t s  by inadvertent contamination during normal- day-to-day maintenance. 

9.8 Magnesium Alloys 

Although magnesium a l l o y s  are now general ly  out of favour f o r  airframe designs,  due t o  the  poor corrosion 
r e s i s t ance ,  t h i s  a t t i t u d e  may not be completely universal  nor necessa r i ly  permanent. The quest ionnaire  associated.  
with t h i s  survey provoked t h e  statement t h a t  one f a i l u r e  by stress corrosion was known. 
l i g h t  and t e s t s  i n  England seem t o  ind ica t e  t h a t  t h e  cast mater ia ls  are r e l a t i v e l y  immune. In  t h e  l i g h t  of 
present knowledge it does not seem t h a t  stress corrosion behaviour need be taken i n t o  account when s e l e c t i n g  one 
of t h e  modern magnesium a l loys .  

9.9 Copper Alloys 

No o the r s  have come t o  

Copper based a l l o y s  are general ly  used f o r  electrical  equipment, i n t e r n a l  piping and, t o  a lesser degree,  
hydraul ic  piping f o r  low pressure circuits and bushes f o r  bearings.  
bearing i n  mind the  s i g n i f i c a n t  s t r e s s . c o r r o s i o n  s u s c e p t i b i l i t y  of some of t h e  a l loys .  
techniques c u r r e n t l y  adapted, t h e  choice of material does not have t o  depend on stress corrosion behaviour. 

The incidence of f a i l u r e s  is remarkably low, 
It seems t h a t ,  with t h e  

9.10 The General Att i tude t o  the Choice of Material 

I It would seem, from t h e  accounts of laboratory t e s t s ,  t h a t  most of t h e  engineering a l loys  cu r ren t ly  ava i l ab le  
I s u f f e r  considerably from environmental e f f e c t s  when s t r e s sed .  Unfortunately t h i s  s e n s i t i v i t y  appears t o  be in- 

ones. Critical thicknesses  are d i scuss  by Dr Piper i n  t h e  inter im repor t  published at t h e  AGARD Lisbon meeting. 
. fluenced by t h e  me thodof t e s t .  I n  general  ma te r i a l s  i n  t h i n  sheet  form w i l l  have l e s s  s e n s i t i v i t y  than t h i c k  

Thick materials can be  made with low r e s i d u a l  i n t e r n a l  stresses and t h e  ma te r i a l  choice should take t h i s  i n t o  
account. This  w i l l  mean t h a t  design p rope r t i e s  may have t o  be accepted at  a lower s t r eng th  than is poss ib l e  i n  
t h e  i n t e r e s t s  of a heat treatment t h a t  keeps t h e  r e s idua l  stress low. This seems t o  be good counsel,  no matter 
how r e s i s t a n t  t h e  a l l o y  may appear t o  be from laboratory t e s t  work. Subsequent s e rv i ce ,  or a f e a t u r e  not taken 
i n t o  account, may give t roub le  l a t e r .  

The case of t h e  A 1  10% Mg a l l o y  was r e f e r r e d  t o  in  Sect ion 3. The high s t r eng th  A 1  Zn Mg a l l o y s  i n  t h e  T 73 
condi t ion and t h e  approximate A 1  4% Cu a l l o y s  have a l l  been shown t o  be a f f ec t ed  by subsequent heat ing a t  low 
temperatures f o r  long periods.  The f i r s t  and last of these two were c e r t a i n l y  adversely affected with respect  
t o  s t r e s s  corrosion.  Yet the  A 1  4% Cu a l l o y  i n  t h e  so lu t ion - t r ea t ed  and naturally-aged condi t ion has  given 
exce l l en t  service.  I t  could be t h a t  t h e  T73 w i l l  a l so ,  as perhaps its main a t t r i b u t e  is t h a t  it w i l l  a f fo rd  
p a r t s  of extremely low inherent s t r e s s .  I t  is suggested t h a t  with a l l o y s  of t h i s  s o r t  it would be unwise t o  
take advantage of t h e  presumed stress corrosion r e s i s t ance  by producing a design t h a t  .could only be made with 
a high r e s idua l  s t r e s s  from bending. Low temperature,  prolonged heat ing a f t e r  cold-work might lead t o  increased 
s e n s i t i v i t y  and t h e  r e s idua l  stress would still be present .  

The next considerat ion is the Question of f r a c t u r e  from some i n i t i a t i o n .  Clear ly  it is important t o  choose 
an a l l o y  with the  b e s t  crack propagation rate c h a r a c t e r i s t i c s  commensurate with t h e  other  required propert ies .  
This would not seem t o  be t h e  prime c r i t e r i o n ,  j u s t  a wise precaution. 

Consideration from these  viewpoints, of some of t h e  materials may be in t e re s t ing .  
(i) Almost everyone, i n  r ep ly  t o  t h e  survey, pinpointed d i e  forgings as being the  most troublesome from a 

(ii) 7079. 7075, and t h e  equivalent a l loys  i n  other  countr ies ,  feature i n  everyone’s list of troublemakers, 
stress corrosion viewpoint. 

(iii) Titanium a l l o y s  do not f e a t u r e  i n  any list of f a i l u r e s .  
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It would seem t h a t  7079 and 7075 d i e  forgings were mostly quenched i n  cold,  o r  j u s t  warm, water and had high 
i n t e r n a l  s t r e s s  i n  almost every case. I n  Europe, where modifications t o  the  a l l o y  have allowed r e t e n t i o n  of 
p rope r t i e s  even when bo i l ing  water quenching has been used, t h e r e  has been much less t rouble;  yet, i n  e i t h e r  case, 
t h e  a l l o y s  are very s e n s i t i v e  i n  t h e T 6  condi t ion on un-notched specimens in  t h e  sho r t  t r ansve r se  d i r ec t ion .  
These aluminium a l l o y s  a l l  have a f a s t  crack-propagation behaviour. 

The t i tanium a l l o y s  i n  general  use i n  Europe have low o r  n i l  i n t e r n a l  r e s idua l  stress. They do not seem 
easily t o  i n i t i a t e  cracks from plane su r faces  i n  common corrosion environments, yet t hey  are very suscep t ib l e  t o  
water and, when wet, have very poor crack propagation c h a r a c t e r i s t i c s ,  as shown by a pre-crack specimen i n  
laboratory tests. This would le@ one t o  bel ieve t h a t  t h e  inherent s t r e s s  corrosion r e s i s t ance  can be qu i t e  bfd, 
provided t h a t  t h e  par ts  are of low i n t e r n a l  s t r e s s ;  and it helps  i f  t h e  crack i n i t i a t i o n  time is very long. 
a l s o  suggests  t h a t  it is not pe r t inen t  t o  assume t h a t  a l l  s t r u c t u r e s  are “cracked”. 
a l l o y s  should have been i n  se r ious  t roub le ,  yet  t h i s  has not been t h e  case. 

It 
I f  they were, t h e  t i tanium 

There is l i t t l e  doubt t h a t  small changes of composition can make a considerable d i f f e rence  t o  t h e  tes t  behaviour 
but m a y  not be as overr iding as t h e  o the r  f e a t u r e s  mentioned. 

9.11 Grain Size 

The aluminium a l l o y s  a l l  show a tendency t o  grow l a rge  crystals during t h e  conventional manufacturing processes 
and it is clear t h a t  t h i s  has a bearing upon s t r e s s  corrosion,  ‘as does t h e  g ra in  shape. 
published t o  show t h a t  a d i r e c t i o n a l  s t r u c t u r e  is b e t t e r  than an equiaxed one and t h e  f i n e r  t h e  crystal size t h e  
b e t t e r ,  depending of course on t h e  d i r e c t i o n  of t h e  damaging stress. These broad s ta tements  are t r u e  f o r  other  
p rope r t i e s ,  such as d u c t i l i t y  and t e n s i l e  s t r eng th ,  except f o r  use i n  hot regions where creep becomes a 
considerat  ion. 

Numerous cases have been 

Thus a great dea l  can be done t o  improve t h e  materials a t  our d i sposa l  by aiming a t  very f i n e  g r a i n  s i zes .  
Unfortunately t h i s  is very d i f f i c u l t  t o  spec i fy  and inspect .  
as f o r  d i e  forgings,  ex t rus ions  and cas t ings .  The g ra in  s i z e  tends t o  be r e l a t e d  t o  shape, s i z e ,  etc. and m a y  
only be present  as a surface layer or  may be present  f o r  much of t h e  sec t ion .  

Non-destructive tes t  methods are rea l ly  necessary,  

The only way t o  have some measure of g ra in  s i z e  con t ro l  on components a t  present ,  on a production b a s i s ,  seems 
t o  be t o  examine very thoroughly t h e  f i r s t - o f f  samples of t h e  product throughout by des t ruc t ive  means, t o  f r eeze  
t h e  manufacturing technipue and then t o  examine t h e  g ra in  size at t h e  surface at  se l ec t ed  pos i t i ons  of t h e  
production components. 
technique and j u s t i f y  f u r t h e r  s tudy of t hese  particular components. Obviously the  problem is less d i f f i c u l t  with 
plate and extrusion than with parts made t o  shape. Some f i rms i n  Europe already con t ro l  t h e i r  incoming par ts  i n  
t h i s  w a y  and, although it appears a f r igh ten ing  prospect a t  f i r s t  s i g h t  and does, of course! raise a few problems, 
it can soon be made a simple rout ine.  
s e n s i t i v e  t o  g ra in  size a l so .  By inference one would expect s t e e l s  with very f i n e  inherent  a u s t e n i t i c  g ra in  size 
t o  be superior  t o  coarse  g ra in  ones. 

Any change of g ra in  s i z e  compared with the  approval specimen would ind ica t e  a change of 

Limited experience seems t o  show t h a t  t h e  t i tanium a l l o y s  may well be 

9.12 Direc t iona l i t y  

The very s i g n i f i c a n t  d i f f e rence  of stress corrosion behaviour of t he  aluminium a l l o y s  i n  the  t h r e e  major 
d i r e c t i o n s  of g ra in  flow has so often been emphasised t h a t  it is only r e fe r r ed  t o  i n  t h e  s tudy f o r  completeness. 

It would be t r u e  t o  say t h a t ,  provided t h a t  t h e  g ra in  size and shape is co r rec t ,  t h e  aluminium a l l o y s  would 
not be c l a s s i f i e d  as bad from a stress corrosion viewpoint i f  it were not f o r  t h e  poor, s h o r t ,  t r ansve r se  g ra in  
c h a r a c t e r i s t i c s .  The same f e a t u r e s  appear t o  apply t o  s t e e l ,  although such extensive stress corrosion t e s t i n g  
has not been done t o  demonstrate t h e  f ea tu re .  
low s t r eng th  steel has been known f o r  many years ,  but  it has been s a i d  i n  t h e  past t h a t  t i t an ium does not show 
t h i s  v a r i a t i o n  of p rope r t i e s  with g ra in  d i r ec t ion .  I t  is suggested t h a t ,  a t  t h e  present state of knowledge, 
t h i s  should not be taken too  l i t e ra l ly ,  e s p e c i a l l y  f o r  t h e  sho r t  t r ansve r se  d i r ec t ion .  

The very poor d u c t i l i t y  i n  t h e  sho r t  t r ansve r se  d i r e c t i o n  i n  even 

9.13 Review of Designer’s Choice of Material 

When choosing t h e  material it is necessary t o  consider t h e  form required.  so t h a t  acceptably low re s idua l  
I n  t h e  author’s  opinion t h i s  is more important than i n t e r c r y s t a l l i n e  s u s c e p t i b i l i t y ,  s t r e s s  can be obtained. 

as shown by laboratory t e s t s .  

I f  a slow r a t e  of cool ing is necessary t o  achieve the  low inherent stress, t h i s  seems t h e  s a f e r ,  desp i t e  t h e  
f a c t  t h a t  a high cooling rate is s a i d  t o  improve i n t e r c r y s t a l l i n e  corrosion s u s c e p t i b i l i t y .  
ma te r i a l  with t h e  best  toughness f o r  t h e  given job. The high s t r eng th  mater ia ls  with the  proof and ul t imate  
s t r eng ths  c lose  together  may work very wel l  i n  compression but ,  i n  the i n t e r e s t s  of i n t e g r i t y ,  use a tougher,  
and i f  necessary weaker, material f o r  parts subjected t o  t e n s i l e  loading. I f  possible ,  a f t e r  t h i s  s e l e c t  t he  
a l l o y  which shows t h e  bes t  corrosion r e s i s t ance .  This is usual ly  so c r i t i c a l ,  however, t h a t  at t h i s  time it is 
not l i k e l y  t o  show much bene f i t  i f  a l l  e l s e  is ignored. 

Next choose a 

Next, design so t h a t  h i g h  applied stresses are not normal t o  the  sho r t  t ransverse d i r ec t ion .  T h i s  means that  
t h e  form of t h e  material must be very c a r e f u l l y  considered and spec i f i ed  on the  drawing. 
t h e  optimum should not be accepted. 

A change of form from 
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A s  d i e  forgings seem t o  be the  source of so much t roub le ,  s e r i o u s l y  consider  t he  applied hoop stress from 
This app l i e s  t o  any mater ia l .  The next most l i k e l y  se rv ice  operat ion before using them f o r  pressure vessels .  

t roub le  w i l l  be a t  lugs. 
cr i t ical  point  when the  lug is d r i l l e d  out. 

Use forgings with stepped d i e  pa r t ing  l i n e s  s o  t h a t  t h e  f l a s h  l i n e  is not at t h e  

F ina l ly .  choose the  manufacturer and method t h a t  w i l l  g ive YOU t h e  most favourable c r y s t a l  s t r u c t u r e  and p res s  
f o r  t h e  f i n e s t  possible  g ra in  size. 

It is not intended t o  give lists of merit f o r  materials. It is apparent t h a t  almost any common s t r u c t u r a l  
material w i l l  f a i l  i n  one of t h e  poss ib l e  environments, as shown by t e s t s ,  and se rv ice  experience has shown t h a t  
most have done so,  somewhere or another .  
upon t h e  r e s u l t  and as y e t  no s tandard t e s t  has  come i n t o  use. 
subsequent evaluat ion work being conducted by Dr Piper f o r  AGARD. 
ava i l ab le .  
a guide on stress corrosion f o r  aluminium a l loys ,  but must be monitored by thoughts about t h e  o the r  p rope r t i e s  of 
t he  a l l o y s  considered. 

It is a l s o  evident t h a t  t h e  p rec i se  nature  of t h e  tests has  an influence 
This a f t e r  a l l ,  is t h e  b a s i s  of t h e  survey and 

Consequently no su re  c o r r e l a t i o n  is yet  
It is recommended t h a t  t h e  extremely useful  comparative co l l ec t ed  d a t a  published by ALCOA w i l l  form 

No similar d a t a  a r e  known t o  t h e  author f o r  high s t r eng th  steels and t i tanium a l loys  and t h e  reader  is r e f e r r e d  
t o  the  suggest ions f o r  f u r t h e r  reading i n  Appendix I. These w i l l ,  i n  t u rn ,  r e f e r  t o  f u r t h e r  sources of 
i n f  ormat ion. 

10.  OTHER DESIGN CONSIDERATIONS 

10.1 General 

There are numerous o the r  f e a t u r e s  which designers  can u t i l i s e  or consider t o  t h e  bene f i t  of t h e  i n t e g r i t y  of 
t h e  component, apa r t  from t h e  material s e l e c t i o n  quoted i n  t h e  previous sect ion.  

It is widely s t a t e d  i n  t h e  l i t e r a t u r e ,  and has  been r e i t e r a t e d  i n  these  notes  a l ready,  t h a t  t h e  most important 

It cannot be t o o  s t rong ly  emphasised t h a t  t h e  two sources of stress are inherent  t e n s i l e  
method of keeping stress corrosion f a i l u r e s  t o  a minimum, i n  t h e  l i g h t  of present knowledge, is t o  e l imina te  t h e  
r e s idua l  s ta t ic  stress. 
s t r e s s ,  mostly from quenching and secondly from assembly. 
s t rong ly  emphasised, but t hese  should be given se r ious  thought a l so .  
influenced by the  s k i l l  of t h e  designer.  He must look much more at t h e  methods at h i s  d i sposa l  and t h e  problems 
of t h e  production department. It is not adequate t o  design a pa r t  with extreme s k i l l  and accuracy s o  f a r  as t h e  
applied se rv ice  s t r e s s e s  are concerned and ignore other  production aspects .  

Strangely,  stresses due t o  forming a r e  r a r e l y  as 
A l l  t he se  aspects  can be very s t rong ly  

10.2 Select ion of Form and t h e  Associated Features  

A t  present  t h e  problem of i n t e r n a l  r e s idua l  stress from quenching has been considered from t h e  viewpoint of 
t he  aluminium al loys.  
and consequently has been s t r e s s - r e l i eved  a t  any time. 
appl ied t o  steel  f o r  other  reasons. 

Most of t h e  t i tanium used i n  production q u a n t i t i e s  has been i n  the  annealed condi t ion 
The techniques about t o  be discussed have had t o  be 

1 0 . 2 . 1  Die forgings 

Close-to-form d i e  forgings are economical with aluminium and t i tanium a l loys .  Un t i l  r ecen t ly  the  aluminium 
a l l o y s  could not be s t r e s s - r e l i eved  a f t e r  quenching and, although cold compression is possible ,  it is c o s t l y  and 
not yet  i n  wide use, thus,  subject  t o  the  use of a s t r e s s - r e l i ev ing  treatment such a s T 7 3  o r  other  forms of pro- 
longed ageing, t h e  design should make provis ion f o r  a proper sequence of machining, heat t reatment  and machining, 
s o  t h a t  t h e  b e n e f i c i a l  compressed l aye r  is not removed or penetrated.  

Two aspec t s  a r e  necessary t o  con t ro l  t h i s  economically: 

(a) Some guidance as t o  t h e  sec t ion  which may be f u l l y  heat- t reated before machining. 

(b) Control by drawing of t h e  amount t h a t  can be removed a f t e r  quenching. 
0.04 i n  s a t i s f a c t o r y  f o r  t h i s .  but o the r s  f e e l  t h a t  t h i s  is too small f o r  large pa r t s .  
f o r  large pa r t s ,  then they should not be made t o  these  r u l e s ,  i . e .  form, as t e n s i l e  stresses w i l l  
c e r t a i n l y  be exposed. 

Most companies seem t o  consider 
I f  it is too  small 

Point (a) is always open f o r  discussion.  The s a f e s t  way is t o  rough machine everything before so lu t ion  
treatment.  
a r u l e  f o r  design as follows: 

Some companies have found t h a t  t h e  small sec t ion  forgings are not l i k e l y  t o  give t roub le  and use 

“Forging t o  be machined i n  the  annealed condition: 

(i) Forgings with a cross-sect ion i n  which the  d i s t ance  from t h e  cen t r e  t o  the  nea res t  po in t s  of t h e  ex te rna l  
surface is 1.25 i n  or more must be suppl ied and machined i n  t h e  annealed condi t ion i f  e i t h e r  of t h e  
following condi t ions is relevant :  

The metal removal on any face  w i l l  exceed 12w0 of the  depth of t h e  cross-sect ion being machined. 
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Any boring or d r i l l i n g  is required i n  cross-sect ion over t h e  spec i f i ed  minimum. 

(ii) Drawings must cover t h r e e  s t a g e s  of manufacture and a l l o c a t e  a number f o r  t h e  p a r t  at  each s tage” 

This  compromise is c e r t a i n l y  a he lp  t o  production c o s t s  and has  not l ed  t o  f a i l u r e s .  

The t i tanium forgings a t  present  i n  use have low re s idua l  i n t e r n a l  s t r e s s :  consequently these precaut ions are 
Attent ion is drawn t o  surface contamination from heat t reatment ,  however. not necessary from t h i s  viewpoint. 

Most s t e e l  p a r t s  are f u l l y  machined a l l  over a t  present  and t h e  s t ronges t  steels are machined as f a r  as 
possible  i n  t h e  s o f t  condi t ion,  f o r  reasons of machining economy r a t h e r  than considerat ions of r e s idua l  s t r e s s .  
I t  is s t rong ly  suggested that  t h e  question of r e s idua l  stress i n  very high temperature s t e e l s  needs very c a r e f u l  
thought when tempering temperatures are only around 200°C 

IO. 2 . 2  Hand Forgings 

The problem is very much simpler with hand forgings i n  t h a t ,  as t h e  shapes a re  not  complex, t h e  aluminium 
So f a r  t h i s  is not necessary with t i tanium or s t e e l .  a l l o y s  can be cold-compressed a f t e r  so lu t ion  t reatment .  

Another advantage w i t h  hand forgings,  is t h a t  t hey  do not have f l a s h  l i n e s ,  but t h e  g r a i n  flow i n  general  m a y  not 
be  as p a r a l l e l  t o  t he  stress p a t t e r n  as with d i e  forgings.  

One advantage of t h i s  method is t h a t  t he  machanical p rope r t i e s  are not s ac r i f i ced ,  as may be the case with 
hot quenched a l loys .  

The main problem w i t h  cold-compression and hand forgings l ies  i n  t h e  con t ro l  of t h e  overlap of t h e  a n v i l  f o r  

The cold-compression techniques f o r  a given piece m u s t  t he re fo re  be as c r i t i ca l ly  developed, leading 
compression. The work can only be compressed i n  small ‘ b i t e s ”  and it is q u i t e  possible  t o  leave unfavourable 
s t r e s s e s .  
t o  an approved sample i n  t h e  same manner as f o r  t he  forging i tself ,  and the supervis ion must be equal ly  as s t r i c t ,  
t o  ensure t h a t  every piece is l i k e  t h e  approved sample. 

10.3 Extrusion, Bar and P l a t e  

Heavy sec t ions  of extrusion bar  and plate i n  aluminium a l l o y  can be control led-s t re tched a f t e r  so lu t ion  
t reatment .  This process does not e l iminate  t h e  r e s i d u a l  stresses but reduces them t o  an acceptable level .  
is a s p e c i a l i s t  f i e l d  and need not be considered by t h e  designer ,  except t h a t  components m u s t  be so designed t h a t  
they can be machined from the  s t r e t ched  par t  and have an acceptable g ra in  flow r e l a t i v e  t o  t h e  stress pat terns .  
A s  shown by the  l i t e r a t u r e ,  materials made i n  t h i s  way a r e  j u s t  as suscep t ib l e  t o  s t r e s s  corrosion i n  t h e  sho r t  
t r ansve r se  d i r e c t i o n  as d i e  forgings.  

T h i s  

It is t h e  forming of t h i c k  sec t ions  which must t he re fo re  be given due a t t e n t i o n  at the  design s t age ,  A s ec t ion  
of bar or p l a t e  w i l l  have j u s t  as unfavourable an i n t e r n a l  r e s idua l  stress as a d i e  forging of t he  same d i r e c t i o n  
i f  it is not s t r e t ched  a f t e r  so lu t ion  treatment.  
but soon could be with new a l l o y s  and methods, and each development must be watched w i t h  care .  

This is not yet a matter .of concern w i t h  t he  t i tanium a l loys ,  

10.4 Castings 

Castings are not usually of heavy sec t ions  and a r e  rarely machined a l l  over. Consequently t h e  r i s k  of 
exposing t e n s i l e  stress from heavy’machining is less l ikely.  
viewpoint of high i n t e r n a l  s t r e s s ,  owing t o  t h e  complexity of shape t h a t  may be required.  

Natural ly  t h e  design must be looked a t  from the  

10.5 General Considerations 

Other very important f e a t u r e s  have t o  accommodated i f  t h e  design is t o  be successful .  It has been shown t h a t  
two p ro tec t ive  measures can be successfuly applied t o  reduce the  incidence of stress corrosion. 

(a) Surface compressed s t r e s s i n g ,  as by a b l a s t i n g  technique. 

(b) The app l i ca t ion  of a p ro tec t ive  coating. 

Both these requirements bene f i t  from s i m p l i c i t y  of shape. 

Bores, r e - en t r an t  angles and comulex shapes i n  general  become almost impossible t o  blast  properly i n  a 
uniform con t ro l l ed  manner and, 
have been used, sprayed metal, 
inaccessible  posi t ions.  It is 

10.6 L i m i t s  and F i t s  

A good many f a i l u r e s  of t h e  
stiff sec t ions  i n  use today t o  
of qu i t e  small s t r a i n s .  

although (a) is t h e  more d i f f i c u l t ,  desp i t e  t h e  ingenuity w i t h  which angle  nozzles  
e l ec t ro -p la t e  and organic paint  coat ings are o f t en  patchy and of doubtful  value at 
the re fo re  v i t a l  t o  design w i t h  t h e  f i n a l  protect ion i n  mind.’ 

aluminium a l l o y s  have r e su l t ed  from assembly s t r e s s e s .  
induce a high r e s idua l  t ens ion ,  when bo l t ing  t h e  s t r u c t u r e s  together ,  as t h e  r e s u l t  

It is easy w i t h  t he  heavy, 
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Thus, it is wise t o  add up t h e  to l e rances  permissible within t h e  assembly apd ensure t h a t ,  when a l l  are adverse, 
t o o  high a s t r a i n  is not applied somewhere along the  l i n e  of j o i n t s  and especially i n  t h e  sho r t  t r ansve r se  g ra in  
d i r e c t  ion. 

The damage due t o  stresses induced by accident  o r  d e l i b e r a t e l y ,  due t o  in t e r f e rence  f o r  b o l t s  etc., are too  
well known t o  need f u r t h e r  comment. 

10.7 J o i n t i n g  Compounds 

Several  publ icat ions and r e p l i e s  t o  enqu i r i e s  from t h i s  survey pointed out t h e  dangers of r e s i d u a l  stresses 
induced by bo l t ing  together  against cured j o i n t i n g  compound. Strangely,  except i n  t h e  UK. t h e  use of j o i n t i n g  
compounds does not seem t o  have featured i n  as many assemblies as would have been supposed. They have seve ra l  
funct ions t o  perform. 
f a t igue  s t r e n g t h  and a t  t h e  same time reduce f r e t t i n g  between t h e  j o i n t  i n t e r f ace .  More r ecen t ly  s t u d i e s  have 
been made with r ive t ed  j o i n t s  wi th  “cold cure” adhesives,  but i n  general  t h i s  would not seem the  best  approach 
as such adhesives are rarely inhibi ted and o f t en  are of epoxide base and thus  may be s e n s i t i v e  t o  water i n  t h e  
long term. Experience recommends caut ion i n  the  use of such methods. 

One is t o  keep t h e  water out ,  another t o  act as i n t e r f a c i a l  adhesive and improve j o i n t  

I f  a sealant-adhesive,  s a y  a t h i o c k o l  elastomer,  is t o  funct ion properly t h e  j o i n t s  must be t i g h t  and remain 
J o i n t s  made 

The i n t e r e s t  of stress corrosion is 
t i g h t  and t h i s  can only be achieved i f  t h e  j o i n t  is f u l l y  t ightened before t h e  material has cured. 
i n  any o the r  way w i l l  have poor f a t igue  behaviour r e l a t i v e  t o  t h e  optimum. 
served by t h e  demands of assembly f o r  other  reasons. I t  does mean, however, t h a t  a design must t ake  i n t o  account 
t h e  assembly time and method s o  t h a t  t h e  characteristics of t h e  j o i n t i n g  compound can be met. 
d i f f i c u l t  on t h e  large aeroplanes being b u i l t  today. 

This  is o f t en  

I 

Most modern j o i n t i n g  compounds are two-part mixtures and, i f  pre-cured before app l i ca t ion ,  problems can arise 
with large j o i n t s .  
are mixed when t h e  j o i n t  is closed. This is possible  wi th  t h e  “Viton” type of s e a l a n t s  and work now i n  hand with 
encapsulated s e a l a n t s  of t h e  polysulphide type may well so lve  it for t h i s  type a l so .  
bol t ing-up stage is obviously necessary t o  break t h e  p o t - l i f e  work-life time r e l a t i o n s h i p  which otherwise con t ro l s  
t h e  design. 

Approaches t o  overcome t h i s  problem are necessary on large aeroplanes s o  t h a t  t he  two parts 

Inter-mixing a t  t h e  ac tua l  

With t h e  increasing accent on t h e  necess i ty  f o r  j o i n t i n g  compound i n  construct ion,  now d i s c e r n i b l e  i n  t h e  USA 
r e p o r t s  and s tud ie s ,  new developments m a y  be expected i n  t h i s  h i t h e r t o  r a t h e r  neglected f i e l d .  

10.8 Permissible  Design Stresses 

Although t h e  accent has been t o  reduce i n t e r n a l  and assembly s t r e s s e s  and t o  p ro tec t  as f u l l y  as possible  as 
t h e  means of  preventing stress corrosion,  it m u s t  not be fo rgo t t en  t h a t  occasional ly  s i t u a t i o n s  do develop where 
high s ta t ic  stress may be designed i n t o  t h e  part. 

The design of airframe and engines, which is s o  much control led by the  f a t i g u e  requirements makes it less 
l i k e l y  t h a t  prolonged static operat ional  t e n s i l e  s t r e s s e s  w i l l  be a problem i n  these  vehicles .  
t h a t  t h i s  can q u i t e  well be the  case i n  rocket design and very high static stresses have been d e l i b e r a t e l y  used 
i n  some designs.  

It would seem 

I t  is a l s o  i n t e r e s t i n g  tha t ,  with veh ic l e s  l i k e  aeroplanes,  people are more conscious of a long operat ional  
l i f e  and p ro tec t  accordingly,  as a necessi ty;  whereas perhaps, because of t h e  even more cr i t ical  weight problems 
o r  perhaps because rockets  a r e  looked upon as expendable, t h e  long period of waiting before use i n  a c i v i l  rocket 
programme seem not t o  have been taken i n t o  account. 

A t  t h i s  point i n  time, even w i t h  t h e  .resources t h a t  are being d i r ec t ed  t o  produce materials with better stress 
corrosion r e s i s t ance ,  t h e  property of s t r e s s  corrosion r e s i s t ance  cannot be ignored. New materials are suscep- 
t i b l e  and even those thought t o  be s a f e  by laboratory tests m a y  l e t  one down. 

Thus, we must design t o  t h e  material’s threshold value,  unless  it is c e r t a i n  t h a t  t h e  p ro tec t ion  w i l l  be 
e f f e c t i v e  throughout the expected l i f e  of t h e  p a r t ;  t h i s  threshold seems su rp r i s ing ly  independent of t he  corrodent 
involved, f o r  theigiven g ra in  d i r ec t ion .  Bearing i n  mind the  very high s t r a i n s  occurring i n  designs of t h i s  s o r t .  
it is e s s e n t i a l  t h a t  t h e  e l a s t i c i t y  of t h e  protect ion w i l l  enable it t o  extend with t h e  component. 

Not m a n y  constructors  conduct t e n s i l e  tests as p a r t  of the pa in t  approval testing. The f l e x i b i l i t y ,  as shown 
by t h e  bend t e s t  f o r  pa in t s ,  f o r  instance,  does not properly measure t h e  property which would become involved. 

10.9 Conclusion 

This s ec t ion  has covered seve ra l  major design f ea tu res  which m u s t  be resolved and l e g i s l a t e d  f o r  on t h e  
drawing before issue f o r  production. 
s idered i n  t h i s  s ec t ion  w i l l  also bear on t h e  s e l e c t i o n  of material. 

In  Sect ion 9 t h e  choice of material w a s  discussed. Further  f ea tu res  con- 

The need t o  keep i n t e r n a l  r e s idua l  stresses and assembly s t r e s s e s  t o  a minimum have been emphasised and methods 
of achieving t h i s  have been out l ined.  
need t o  consider t h e  method of manufacture and protect ion,  even when choosing t h e  o r i g i n  of t h e  material and 

The inf luence of form upon g r a i n  flow has .been discussed and the  ove ra l l  
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c e r t a i n l y  when consider ing its f i n a l  shape, has been r e i t e r a t e d .  
instance,  t h e  need t o  p r e c i p i t a t e  i n  t h e  case of t h e  high s t r e n g t h  a l l o y s  or some s t e e l s ,  or t o  s t r e s s - r e l i e v e  
i n  t h e  case of o thers  and t h e  time at  which t h i s  should be done. 

Some f e a t u r e s  have not been i.ncluded. For 

Residual stress from bending or shaping, or t o  c o r r e c t  d i s t o r t i o n ,  has a l s o  been l e f t  t o  be considered i n  t h e  
next s e c t  ion. 

11. PRODUCTION MANUFACTURING METHODS 

11.1 General 

In  t h e  Previous s e c t i o n  some of t h e  requirements of t h e  i n i t i a l  design were considered. I f  these  are not 
a t tended t o  from t h e  s t a r t ,  t h e  product is always l i k e l y  t o  s u f f e r  from s t r e s s  corrosion.  Wen i f  t h e  design 
is s a t i s f a c t o r y ,  t h e r e  is still much t h a t  requi res  a t t e n t i o n  during t h e  manufacturing stages i f  a good design 
is not t o  be ruined. It w i l l  be appreciated t h a t ,  as more and more opera t ions  and processes become involved, 
t h e  problem becomes more d i f f i c u l t  t o  solve.  
dea l ing  only with f e a t u r e s  not covered by t h e  drawing. 

Each major f a c t o r  w i l l  be taken i n  t h e  same order as before ,  but 

11.2 Residual Stress 

The most important ways i n  which Production Departments a r e  l i k e l y  t o  introduce unacceptable r e s i d u a l  stresses 
a r e  as follows: 

(i) Cold Bending 

It is s u r p r i s i n g  how few Production Departments are aware of t h e  very high r e s i d u a l  s t r e s s e s  t h a t  can 
be induced by bending t h e  mater ia l  in  t h e  f u l l y  hea t - t rea ted  condi t ion.  I t  is t o  be expected t h a t  any 
p l a i n  bending w i l l  leave a r e s i d u a l  t e n s i l e  s t r e s s  near ly  equal  t o  t h e  proof s t r e s s  of t h e  mater ia l  i n  
t h e  condi t ion i n  which it was bent. 

Because p a r t s  a r e  usual ly  bent i n  a d i r e c t i o n  normal t o  t h e  longi tudina l  ax is ,  and by design t h e  gra in  
flow tends t o  be i n  t h i s  d i r e c t i o n ,  more t rouble  has been saved.than has been recorded. 

The problem i s ,  of course, t o  ensure t h a t  a simple bending operat ion has not induced a more complex 
s t r e s s  p a t t e r n  than  has been supposed, and has thus  l e f t  high r e s i d u a l  stresses i n  t h e  s h o r t  t ransverse  
d i r e c t i o n .  
tube ends e tc .  

It is. of course, necessary t o  d i s t i n g u i s h  between t h e  gradient  induced through t h e  material by simple 
bending and t h e  compression which is induced by a s t re tch-forming operation. This  would seem t o  be so 
complex a s i t u a t i o n  t h a t  it is suggested t h a t  a l l  bending operat ions which cannot be achieved by a 
s t re tch-forming operat ion should be c a r r i e d  out with t h e  mater ia l  in  t h e  lowest poss ib le  s t rength  
condi t ion.  
components. 

This can w c u r  and many instances are on record of f a i l u r e s  a r i s i n g  from t h e  expansion of 

Much more a t t e n t i o n  should be given t o  t h e  s tudy  of res idua l  stress p a t t e r n s  i n  f i r s t i o f f  

This leads  t o  another v i t a l ,  but of ten  neglected, production e d i c t .  Once t h e  f i r s t - o f f  has been made 
and approved, a l l  the  remainder m u s t  be made t o  exac t ly  t h e  same' process without deviat ion.  Should any 
change become necessary, f o r  reasons of economy, bot t lenecks on production p a r t s  t o  t h e  new technique 
must be s tud ied  before production continues. I t  is therefore  recommended t h a t ,  s o  f a r  as poss ib le ,  
s t re tch-forming methods should be used and, i f  t h e  material is such t h a t  it cannot be s t r e s s - r e l i e v e d  
af terwards,  a l l  f i n a l  forming should be done in  t h e  s o f t e s t  possible  condi t ion,  t h a t  is. immediately 
a f t e r  s o l u t i o n  treatment f o r  aluminium a l l o y s  and i n  any event before p r e c i p i t a t i o n  t reatment  when t h i s  
is appl icable .  These remarks a l s o  apply t o  some of t h e  s t a i n l e s s  steels and t i tanium a l loys .  

The cold-forming by bending of low s t rength  low a l l o y  s t e e l s  does not seem t o  have been a problem, but 
c lear ly  it is unwise with high s t r e n g t h  material. The simplest way t o  cont ro l  t h i s  is t o  agree amounts 
of formingpermissible  f o r  t h e  d i f f e r e n t  materials and t o  devia te  from these  agreed s tandards  only i n  
except ional  cases  when f u l l  cont ro ls  can be applied. A few authors  have proposed t h a t  t h e  aluminium 
a l l o y s  can be bent s a f e l y  i n  t h e  prec ip i ta ted  condi t ion by carrying out t h e  operat ion at  300'F or 
thereabouts .  A good d e a l  of t e s t  work f a i l s  t o  prove t h a t  the  res idua l  stress from bending is reduced 
by t h i s  operat ion and it is recommended t h a t  it should be approached with extreme caut ion.  

. 

(ii) Machining Stresses 

Very considerable  sur face  stresses can be induced by machining. These a r e  s a i d  t o  be compressive except 
when produced by negative rake t o o l s  o r  from grinding. The l a t t e r  is sa id  always t o  produce res idua l  
sur face  stresses i n  tension.  

Much more work needs t o  be done on machining and r e s i d u a l  s t r e s s  from machining, especially as modern 
machining processes  a r e  s o  f a s t  t h a t  severe thermal grad ien ts  may be induced. A few p o s i t i v e  instances 
have given t rouble  with t h e  aluminium a l l o y s  and these  give rise t o  concern: f o r  instance,  shear ing w i l l  
almost always cause edge cracking of a s t r e s s  corrosion nature  i n  t h e  A 1  Zn Mg a l loys .  It is therefore  
suggested t h a t ,  because it has not caused cracks in  a s h o r t  time with t h e  A 1  Cu a l loys ,  t h i s  does not 
mean t h a t  some unpleasant ly  high r e s i d u a l  s t r e s s  may not have been induced and similar care should 

t 
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be exercised.  
them from causing t h e  par t  t o  bow o r  d i s t o r t .  
s t r a i g h t e n i n g  operat ion w i l l  introduce t e n s i l e  s t r e s s e s .  

Should l o c a l  r e s i d u a l  t e n s i l e  stresses be induced i n  t h e  sur face  from machining t h e  aluminium a l l o y s ,  
stress cor ros ion  cracks may wel l  propagate. This should not be t o o  s e r i o u s  a matter from a s t r e s s  
cor ros ion  viewpoint i f  t h e  p a r t  has been properly made t o  t h a t  s t a g e ,  but  of course such i n i t i a t i o n  is 
most dangerous from t h e  f a t i g u e  aspect ,  depending upon t h e  loca t ion  and t h e  material. 

As previously s t a t e d ,  most high t e n s i l e  s t e e l  w i l l  be machined i n  t h e  s o f t  condi t ion,  hea t - t rea ted  and 
ground afterwards. 
t h e  f u l l  importance has been appreciated i n  s e r v i c e  f a i l u r e  examination. 
use e t c h  inspect ion techniques i n  an attempt t o  d e t e c t  gr inding defec ts ,  it seems l i k e l y  t h a t  q u i t e  high 
r e s i d u a l  t e n s i l e  s t r e s s e s  have been missed by such examinations. 

Almost no research has been done t o  determine t h e  e f f e c t  of gr inding on t i tanium. Now t h a t  very high 
s t r e n g t h  t i t an ium a l l o y s  are coming i n t o  u$e extensive gr inding is a p o s s i b i l i t y .  Great care w i l l  be 
needed t o  prevent hazards from sur face  damage from machining. 

Equally, even though t h e  stresses from machining may be compressive, t h i s  does not  prevent 
When t h i s  happens, more of ten  than not t h e  consequent 

There is no doubt t h a t  gr inding is a most dangerous operat ion and it is doubtful  i f  
Equally, a l though many companies 

The pos i t ion  with high s t r e n g t h  s t a i n l e s s  s t e e l  would seem t o  be very similar. 

Thus t h e r e  is every good reason, from t h e s e  viewpoints, t o  machine as f a r  as poss ib le  i n  an , in te rmedia te  
heat- t reatment  s tage ,  as for t h e  aluminium a l l o y s ,  unless  t h e  a l l o y  i n  quest ion w i l l  permit an adequate 
s t r e s s - r e l i e v i n g  t reatment  f i n a l l y .  

More recent  methods of machining need very c a r e f u l  study. Contour e tching,  spark e ros ion ,  e lec t ro-pol i sh ing  
etc. may a l l  leave material with poor sur face  condi t ion  r e l a t i v e  t o  e i t h e r  stress corrosion or f a t i g u e .  
Unfortunately t h e  manufacturing v a r i a b l e s  are so numerous t h a t  it is unl ike ly  t h a t  many actual r u l e s  can be l a i d  
down which would have much o v e r a l l  v a l i d i t y ;  t h e  bes t  t h a t  can be achieved in  t h i s  paper is t o  emphasise t h e  need 
f o r  awareness of t h e  problem. 

11.3 Correct ion of Dis tor t ion  

I t  is i n t e r e s t i n g  t h a t ,  although t h e  inf luence of t h e  cor rec t ion  of d i s t o r t i o n  with respec t  t o  f a t i g u e  
behaviour has  been very wel l  au thent ica ted ,  s u r p r i s i n g l y  few a i r c r a f t  companies have made much e f f o r t  properly 
t o  c o n t r o l  shop prac t ices .  
r e s i d u a l  s t r e s s e s  from t h i s  score  wi th  respect  t o  stress corrosion.  

I t  is most s u r p r i s i n g  therefore  t h a t  even less regard seems t o  have been given t o  

The problem is extremely d i f f i c u l t ,  as no t o o l  e x i s t s  a t  present  which can examine a sur face  in situ f o r  
r e s i d u a l  s t r e s s .  

'gauges at tached or t o  c u t  it up af terwards,  or t o  reduce it t o  such s i z e  t h a t  checks can be made by X-ray 
crys ta l lography as representa t ive  of t h e  remainder. 
a f i r s t - o f f  sample t e s t e d  d e s t r u c t i v e l y  m a y  not provide t h e  necessary guide f o r  subsequent pieces .  
random nature  of complex shapes which make t h e  problem more d i f f i c u l t  than  t h a t  of r e s i d u a l  s t r e s s  from forming 
operat ions,  which are cont ro l lab le .  

For p a r t s  of complex shape t h e  only method of ana lys i s  is t o  s t r a i g h t e n  t h e  p a r t  with s t r a i n  

Unfortunately parts r a r e l y  d i s t o r t  similar amounts and thus 
It is t h e  

In  any event it is suggested t h a t  aluminium a l l o y s  should never be s t ra ightened  i n  t h e  s h o r t  t r a n s v e r s e  
d i r e c t i o n .  Only l imi ted  amounts should be permitted i n  t h e  o thers ,  depending upon t h e  heat t reatment  condi t ion 
at  t h e  time. I t  is therefore  recommended t h a t  high s t r e n g t h  aluminium p a r t s  should at least be machined i n  t h e  
so lu t ion- t rea ted ,  s t re tched  and naturally-aged condi t ion,  s o  t h a t  any d i s t o r t i o n  t h a t  may arise can be cor rec ted  
in  t h e  lowest hea t - t rea ted  s t a t e  possible .  
t o  do so. 

The subsequent p r e c i p i t a t i o n  m a y  a f ford  some r e l i e f  or can be designed 

m e n  so ,  it would seem wise t o  quote some l imi t ing  stress. One company has s tud ied  t h e  r e s i d u a l  s t r e s s  at  t h e  
sur face  of simple bends of var ious aluminium a l l o y s  a t  d i f f e r e n t  heat-treatment condi t ions by means of X-ray 
crystal lography and s t r a i n  gauge techniques and has then  devised an empir ical  r e l a t i o n s h i p  with t h e  measured 
s t r a i n  required t o  c o r r e c t  t h e  d i s t o r t i o n .  In t h i s  w a y  a yards t ick  which leads t o  some consis tency has been 
achieved. The other  way of resolving t h e  problem would seem t o  be t o  reform t h e  par t  by shot-peening. This 
leaves both sur faces  i n  compression. I t  is argued t h a t  fa t igue  t e s t  specimens of aluminium a l l o y  peened and 
t e s t e d  i n  a x i a l  t ens ion  m a y  lose  some f a t i g u e  s t r e n g t h  by t h i s  ac t ion ,  whereas a s i g n i f i c a n t  ga in  is noted when 
t e s t e d  in  bending. General experience has shown very  few cases i n  s e r v i c e  where peening has not benefi ted t h e  
s t r u c t u r e ,  probably because few parts a r e  loaded i n  pure a x i a l  t ens ion ,  
t o  changes of sec t ion ,  notches e t c .  

S t r e s s  grad ien ts  are always present ,  due 

Thus t h e  r i s k s  of adverse changes of fa t igue  s t r e n g t h  would seem small compared with t h e  b e n e f i t s  t h a t  can 
accrue from t h e  s t r e s s  cor ros ion  viewpoint. 

Very l i t t l e  work has been done with t i tanium but s t r e s s - r e l i e v i n g  by heat ing would seem a more l i k e l y  s o l u t i o n  
i n  most cases  f o r  many of t h e  a l l o y s  i n  use today. The furnace atmosphere must be c a r e f u l l y  cont ro l led .  

Most high t e n s i l e  s t e e l  p a r t s  are too  s t rong  and it is d i f f i c u l t  t o  correct  t h e i r  d i s t o r t i o n  by bending, 
carefu l  machining in  t h e  f i n a l  form being t h e  only so lu t ion .  Fortunately,  as many of t h e  high s t r e n g t h  s t e e l s  
a r e  developed from d i e  s t e e l s ,  they have been developed with a high dimensional s t a b i l i t y .  Lower s t rength  
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, 

s t e e l s  a r e  not a problem with respect t o  s t r e s s  corrosion.  
t o  a l imi t ed  degree. 

Both t i tanium and steel  w i l l  respond t o  shot-peening 

11.4 Control of Processing 

In  Sect ion 9 dea l ing  with the  choice of mater ia l ,  it w a s  shown t h a t  even r e l a t i v e l y  low temperature heat 
t reatments  would i n t e r f e r e  w i t h  t h e  behaviour of t h e  material from the  point  of view of stress corrosion,  even 
though no change of s t a t i c  mechanical p rope r t i e s  was observed a f t e r  t h e  treatment.  
importance t h a t  par ts  are heat- t reated,  formed, s t r e s s - r e l i eved  and subsequently processed with t h e  utmost regard 
f o r  t he  approved schedule of t h e  p a r t ,  without any deviat ions whatsoever. 
t o  t h i s  aspect of manufacturing. 

It  is the re fo re  of v i t a l  

Not nea r ly  enough a t t e n t i o n  is paid 

11.5 Corrosion Protect ion 

There is l i t t l e  doubt t h a t  much can be done. to  prevent stress corrosion f a i l u r e s  by t h e  use of p ro tec t ive  
methods and it is t o  be hoped t h a t  t hese  w i l l  be f u l l y  spec i f i ed  by t h e  design department. 
be admitted t h a t  t he  a t t i t u d e  of t oo  many production departments is t h a t  such processes,  coming as they do at 
t h e  end of t he  Schedule, are a nuisance. 
t h e  v i s u a l  aspect  of subsequent corrosion,  which is usual ly  the  least damaging, but from the  viewpoint of t h e  
a c t u a l  physical  performance of t he  s t r u c t u r e .  
is cr i t ical  and t h e  numbers of such d e t a i l s  are legion. 

Nevertheless it must 

They are a v i t a l  pa r t  of t he  i n t e g r i t y  of the s t r u c t u r e ,  not from just 

This cannot be emphasised too  s t rongly.  Every d e t a i l  of processing 

Without wishing t o  promote a Design / Production feud it must be appreciated t h a t  poor treatment is bound t o  
show in  t h e  end. Hence, i f  Production f e e l  t h a t  t h e  design does not permit proper f in i sh ing ,  they should say so 
and not t o  t r y  t o  get by. 

I t .  6 Assembly 

I t  is absolutely v i t a l  t h a t  no assembly stresses are b u i l t  i n t o  the s t r u c t u r e .  Drawing l i m i t s  must be main- 
t a ined  and t h e  importance of accurate  p ro tec t ive  treatment w i l l  show up i n  t h i s  case.  Especial ly  must t h e  proper 
requirements f o r  j o i n t i n g  compounds be met t o  t h e  l e t t e r ,  even though t h i s  becomes increasingly d i f f i c u l t  with 
l a rge  s t r u c t u r e s .  

I t  is t h e  author’s  opinion t h a t  Production Engineers who develop new t o o l s  which bui ld  t h e  p a r t s  f a s t e r  and 
cheaper,. but do not accommodate t h e  proper requirements f o r  p ro tec t ive  t reatments ,  have f a i l e d  i n  t h e i r  purpose 
and do a d i s - s e r v i c e  t o  t h e  industry.  

I n  t h i s  respect it is not out  of place t o  reiterate here  t h e  e s s e n t i a l  need f o r  Production Engineers t o  t ake  
i n t o  account t he  performance of t h e  end product. I t  is not d i f f i c u l t  f o r  a case t o  be made by t h e  Production 
man t h a t  doing a job i n  such and such a way w i l l  be cheaper but leave g rea t e r  r e s idua l  s t r e s s ,  or leave out a 
p ro tec t ive  treatment.  Is is o f t en  near ly  impossible f o r  t he  designer ,  with t h e  l imited knowledge at  h i s  d i sposa l ,  
t o  p red ic t  with accuracy t h e  increased l ikel ihood of f a i l u r e  which may r e s u l t  from t h i s  change t o  a speed ie r ,  
cheaper job. Of couse t h i s  is not t o  say t h a t  t he re  is not near ly  always a better, cheaper way of doing it. It 
is merely being r e i t e r a t e d  t h a t  a l l  aspects of subsequent behaviour must be taken i n t o  considerat ion when 
s e l e c t i n g  t h e  manufacturing schedules. 

11.7 Conclusion 

It has been shown t h a t  t h e  Production Engineer has the  r e s p o n s i b i l i t y  equal t o  t h a t  of a Designer t o  ensure 
t h a t  a ma te r i a l  is not spoi led by otherwise apparent ly  harmless deviat ions from the approved p r a c t i c e  and t h a t  
he does not introduce unfavourable stresses i n  an otherwise acceptable design. It is believed t h a t  a much 
g rea t e r  awareness of t h e  importance of accurate  processing must be developed a t  shop f loo r  level .  

The Designer is expected t o  t ake  a l l  aspects  of h i s  design and its manufacture i n t o  account and, t o  sharpen 
h i s  awareness, he t s u a l l y  hears  of h i s  mistakes. 
t o  Design teams in  most companies; consequently the re  is a constant  feedback of t roub le s  and the  need f o r  
expensive r e c t i f i c a t i o n .  
treatment been t o  t h e  required s tandards,  t he  defect  would not have a r i s en .  Nevertheless it is s t rong ly  
recommended t h a t  there should be much more feedback t o  Production, w i t h  r e spec t  t o  s e rv i ce  f a i l u r e s .  than is t h e  
case in  most companies today. 

Defect and Product Support Departments are very c l o s e l y  a l l i e d  

I t  is o f t en  much more d i f f i c u l t  t o  show t h a t ,  had a p a r t  f i t t e d  properly or had t h e  

There a r e ,  of course,  problems. Many d e f e c t s  are s o  s i g n i f i c a n t  t o  t h e  company’s image, con t r ac tu ra l  l i a b i l i t y  
etc.  t h a t  t h e  defect  i nves t iga t ion  s i d e  is a t i g h t l y  kn i t  un i t  working i n  str ict  confidence. 

Somehow t h i s  problem of communication must be overcome, even i f  t h e r e  is a delay b u i l t  i n t o  t h e  feedback 
system t o  accommodate t h e  security aspects .  

I t  should perhaps be s a i d  here once again,  t o  avoid misunderstanding, t h a t ,  although t h e  problem is complex 
and a hundred per cent  de t ec t ion  w i l l  never be achieved, most of t h e  se rv i ce  f a i l u r e s  due do stress corrosion 
could be prevented by t h e  means cu r ren t ly  at  our disposal .  
and p rec i se  i n t e r p r e t a t i o n  of t h e  design by t h e  Production Engineer. 
l e v e l s  of shop f l o o r  Management and Supervision. 

I t  is a matter of a t t e n t i o n  t o  d e t a i l  - t h e  c o r r e c t  
Somehow t h i s  must be brought home t o  a l l  
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I t  is not per t inent  t o  d iscuss  t h e  r e l a t i v e  inspect ion organisat ion methods ava i lab le  t o  monitor t h i s  or t h e  
advantages of t h e  q u a l i t y  c o n t r o l  approach. 
checked af terwards,  by inspect ion methods a t  our d isposa l ,  t h a t  t h e  problem must be tackled with t h e  r e a l i s a t i o n  
by t h e  Production Department of t h e i r  r e s p o n s i b i l i t i e s  i n  t h i s  respec t .  

So much of t h e  manufacturing and processing operat ions cannot be 

This may seem r a t h e r  over-emphasised a f t e r  what has been s a i d  about t h e  importance of good design, but  t h e  
d i f fe rence  between Design and Production is t h a t  i n  Design t h e  component or assembly has t o  be expressed 
completely on paper and a check can be made whether t h e  proper precaut ions have been considered; whereas, i n  
Production, once a par t  is made it is usual ly  impossible t o  prove what has  been done during fabr ica t ion .  

12. THE PROBLEMS OF COMMUNICATION 

12.1 General 

In  the  preceding sec t ions  an attempt has been made t o  review some of t h e  w a y s  by which stress corrosion f a i l u r e s  
can be avoided and t h e  relevance of t h e  a c t i v i t i e s  of d i f f e r e n t  departments has been accentuated. 
t h i s  w i l l  be f e e l i n g  t h a t  they have read t h i s  before and i t  is not new. 
anything has come out of t h e  survey which w a s  not known t o  many i n  industry.  
these  d e t a i l s  can v i r t u a l l y  e l imina te  stress corrosion f a i l u r e s ,  yet still they persist. 

Many reading 
This  is t r u e  and it is not suggested t h a t  

It has been s a i d  t h a t  a t t e n t i o n  t o  
Where is t h e  problem? 

The whole aspect  of  mater ia l  use, and design and manufacture, has become s o  complex t h a t  I t  is hard ly  s u r p r i s i n g  
t h a t  aspects of stress corrosion a r e  missed, and t h a t  many people a c t u a l l y  designing or responsible  f o r  making t h e  
parts do not  know t h e  simple f e a t u r e s  re fer red  t o  i n  t h i s  repor t .  The rea1,problem of s t r e s s  corrosion is there-  
f o r e  one of communication. ' 

f a t i g u e  needs t o  be proved by t e s t s ,  whereas these  are not of  much value with respect t o  stress corrosion i f  each 
p a r t  is l i a b l e  t o  have d i f f e r e n t  inherent r e s i d u a l  s t r e s s .  
nevert heless .  ) 

In  most designs t h e  i n t e g r i t y  of t h e  s t r u c t u r e  with respec t  t o  s ta t ic  s t rength  and 

(One Government Agency is now requi r ing  t h i s ,  

The d i f fe rence  seems t o  be t h a t  f a t i g u e  behavi'our is accepted as a material property by Design and Production, 
whereas s t r e s s  corrosion is considered a disease! 

E a r l i e r  in  t h e  paper it has been suggested tha t  mater ia l s  used with success by one company have led t o  
disastrous '  r e s u l t s  when used by another. It is believed t h a t  t h i s  is due t o  e i t h e r  
(a) t h e  b e t t e r  cont ro l  and communication of t h e  problem and its so lu t ion  throughout t h e  one company, usua l ly  i n  

(b) an inherent  know-how which developed, by chance or from feedback, i n  t h e  use of t h e  p a r t i c u l a r  material wi th in  
t h e  form of s tandards,  or 

t h a t  company. 

Referr ing t o  (a) it is not t h e  companies with t h e  best research f a c i l i t i e s  etc. t h a t  have necessar i ly  been 
successful  but t h e  companies which have developed and maintained adequate l i n e s  of communication. Even having 
b e a u t i f u l l y  prepared c o n t r o l  s p e c i f i c a t i o n s  is of no value i f  t h e  system does not ensure t h e i r  use. 
method (b) may seem t o  be successfu l ,  companies r e l i a n t  on i t  are very vulnerable ,  because sudden changes of s t a f f  
can reduce t h e i r  know-how t o  zero. 

While 

It is suggested t h a t  t h e  only way is t o  bui ld  up an integrated s t r u c t u r e  of company design r u l e s ,  s tandards  
and manufacturing processes in tegra ted  within t h e  company's procedure i n  s u c h  a way t h a t  a devia t ion  from t h e  
norm upse ts  t h e  system and t h e  d i f fe rence  has t o  be examined before  production can proceed. 
sens ib le  t o  suggest ,  in  t h e  l i g h t  of t h e  evidence i n  t h i s  survey, t h a t  these features should be developed f o r '  
stress corrosion considerat ions alone. 

I t  would not be 

Equally it must he r e a l i s e d  t h a t  t h i s  in tegra ted  approach can only be achieved by t o p  management i n s t r u c t i o n  
and support. It can only be achieved by t h e  c lose .apprec ia t ion  and co-operation of a l l  departments of t h e  
company. Design Department, Supplies Department, who must appreciate  t h e  technica l  s ign i f icance  of t h e  purchase, 
Production Department, who must balance the  i n t e g r i t y  of t h e  s t r u c t u r e  as part of t h e  cos t  assessment, and 
Inspect ion.  Such a system t o  be e f f e c t i v e ,  must flow out through these  departments t o  semi-finished mater ia l  
suppl ie rs ,  sub-contract  Design Off i ces ,  sub-contract Manufacturers e tc .  A few of t h e  larger companies have 
complex systems of t h i s  s o r t  in  operation. A few of these  a c t u a l l y  work. 

I t  is i n t e r e s t i n g  t h a t  a survey of t h e  desi,gn requirements of NATO Countries shows t h a t ,  f o r  instance,  i n  t h e  
United Kingdom design requirements f o r  aircraft of t h e  Royal Air Force and Royal Navy have at  least t h i r t e e n  
d i f f e r e n t  requirements and advisory notes  deal ing w i t h  s t r e s s  corrosion and design, and four  more dea l ing  w i t h  
protect ion;  t h e r e  a r e  a f u r t h e r  e ighteen re ferences  i n  t h e  complementary inspect ion document. This is s u r e l y  
enough t o  d e a l  with t h e  matter, yet  c l e a r l y  it does not suf f ice .  
r e s t r i c t i v e  and cannot take i n t o  account d e t a i l e d  d i f fe rences  of organisat ion,  methods and procedures within each 
firm. 
Zn Mg a l loys  of t h e  7075 type was tackled by introducing a pro forma, which had t o  be f i l l e d  i n  and returned t o  
t h e  Ministry of Technology, descr ibing t h e  purpose and reasons f o r  use of such an a l loy .  
of ensuring t h a t  a l l  t h e  bes t  p rac t ices  are adopted, and t h a t  each design is vet ted.  
t o  be r e s t r i c t i v e  i n  its approach and, i n  any event ,  it is not a prac t ice  t h a t  can be used f o r  every mater ia l .  
It is proposed t h a t  each company can and must so lve  its problems i t s e l f .  The survey shows t h a t  very few have 
r e a l l y  attempted t o  do SO. 

It is suggested t h a t  such documents a r e  

They cannot have an e f f e c t i v e  feedback system. Recently t h e  problem of t h e  h igh  s t r e n g t h  aluminium 

This  has t h e  advantage 
Unfortunately it a l s o  tends  
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12.2 Ihe Formation of a Spec i f i ca t ion  System 

It would seem t o  t h e  author t h a t  t h e  important f ea tu re  of any communication system is t h a t ,  although d i f f e r e n t  
s o r t s  of i n s t ruc t ions  are required f o r  people of d i f f e r e n t  d i s c i p l i n e s ,  they must a l l  be thoroughly in t eg ra t ed  
and thus  must stem from a c e n t r a l  source. 
information or i n s t ruc t ions  is responsible  f o r  company pol icy,  or even t echn ica l ly  responsible  f o r  t h e  choice of 
material or method. 
and fed t o  them f o r  implementation. 
i n s t ruc t ion  upon another.  

This does not mean t h a t  t h e  Department t h a t  wr i t e s  and issues the  

But t hey  must be t echn ica l ly  capable of disseminating the  dec i s ions  taken by the company 
They must be adequately a l i v e  t o  appreciate  t he  impact of a change i n  one 

I t  is suggested t h a t  two main avenues of information should be set up. The in s t ruc t ions  t o  t h e  Drawing Off ice  
and t h e  i n s t r u c t i o n s  t o  Production. ( Inspect ion proves t h a t  these have heen c a r r i e d  ou t . )  

It is f u r t h e r  suggested t h a t ,  t o  make the  system p rac t i cab le ,  it must be simple. This sometimes means t h a t  
ac t ion  or con t ro l  has t o  be based on broad g e n e r a l i t i e s .  
i n  a cons i s t en t  fashion. Obviously such “rules” w i l l  not be s t r i c t l y  accurate ,  or t he  “ideal”  f o r  any given case.  
The aim. however, is not t o  produce a few i so l a t ed  s p e c i f i c  p a r t s  of high qua l i ty ,  but t o  raise t h e  whole output 
t o  a b e t t e r  s tandard than before ,  and at the  same time t o  con t ro l  t h e  company a c t i v i t y  i n  such a way t h a t  w i l l  
s t o p  t h e  really bad cases  from leaving t h e  factory.  

The company is more l i k e l y  t o  react t o  a general  rule 

There is much t o  be s a i d  i n  educating every member of t he  s t a f f  i n t h e t e c h n i c a l  aspects  of t h e  var ious problems, 
but i n  t h e  author’s  opinion t h i s  is unl ikely t o  succeed; it is t o o  great a task . A degree of confidence must 
be b u i l t  up between s p e c i a l i s t  persons or  departments who can then agree a set of rules without necessa r i ly  
understanding a l l  t h e  o the r  Departments’ reasons. 

F ina l ly ,  it is necessary f o r  Management s t rong ly  t o  support  t he  system and f o r  as many Departments and people 
as possible  t o  have a say i n  t h e  preparat ion of t he  system,’so t h a t  it can be t r u l y  s a i d  t h a t  it is t h e i r  system 
and not one imposed upon them by a nebulous hierarchy. 

For t h e  people responsible  f o r  implementing such in s t ruc t ions  and issuing the  var ious documents t h i s  path is 
fraught  with f r u s t r a t i o n ,  delay,  and a f ee l ing  t h a t  it w i l l  never be actioned. Nevertheless t h e  preparat ion of 
a new Drawing Off ice  i n s t r u c t i o n  or s p e c i f i c a t i o n  f o r  t he  Shops must be accepted as a slow process. Once t h e  
system is accepted and wel l  e s t ab l i shed ,  t h e  confidence and success it then has w i l l  be worth a l l  the  f r u s t r a t i o n .  
To have c l ea r - cu t  r u l e s  issued from an i so l a t ed  au tho r i ty  without t he  democratic process of preparat ion may 
produce very good ins t ruc t ions  wr i t t en  by an expert  but t h e  shop and everyone else w i l l  d e l i g h t  i n  seeking loop- 
holes  and dodging t h e  in t en t ions  a l l  t o  f requent ly .  It is unl ikely t h a t  t h e  s p e c i f i c a t i o n  or i n s t ruc t ion  can be 
s o  p rec i se  yet  adequately all-embracing t h a t  it w i l l  meet a l l  possible  cases  s t r i c t ly  t o  the  l e t t e r .  It is only 
t h e  good w i l l  of t h e  people who have helped t o  bu i ld  t h e  system t h a t  can make it work. 

The manner is  which t h i s  is done w i l l  obviously vary from company t o  company, depending upon t h e  company 
organisat ion,  s i z e  etc. One company, newly in t eg ra t ed ,  s e t  up a s e r i e s  of committees f o r  each of t he  f i e l d s  
described, each person on t h e  respect ive committee (not necessa r i ly  a very sen io r  member of t h e  company, but one 
recognised as an a u t h o r i t y  within the  un i t )  being chosen from each pa r t  of t h e  Company. The Chairman of each 
committee, usual ly  se l ec t ed  by Management, was made responsible  f o r  t h e  output of t h e  particular committee and 
furthermore w a s  responsible  f o r  i n t eg ra t ing  with t h e  chairmen of t h e  other  committees. They were f u r t h e r  welded 
together  by forming the  chairmen i n t o  a main s tandards committee responsible  f o r  de f in ing  company pol icy towards 
t h e  d i f f e r e n t  problems. This main committee was chaired and d i r ec t ed  by a member of t h e  Board of Directors .  It 
was t h e  r e s p o n s i b i l i t y  of each committee t o  ob ta in  t h e  views and advice of any s p e c i a l i s t s  and sometimes t o  
promote research or  t e s t  work t o  subs t an t i a t e  t he  in s t ruc t ions  being developed. 

Once t h i s  s o r t  of organisat ion has been s e t  up and working it w i l l  be found t h a t  i n s t ruc t ions  f o r  any s p e c i a l  
f e a t u r e  such as s t r e s s  corrosion a r e  not l i k e l y  t o  be issued, but t h a t  a l l  aspects  w i l l  be watched i n  the  var ious 
s tandards wherever t hey  a r i s e .  Thus: 

(i) Ins t ruc t ions  regarding mater ia l  p rope r t i e s  w i l l  be given i n  the  Design Handbook, with comments upon 
se l ec t ion .  This w i l l  usual ly  he a se l ec t ed  s h o r t  list i n  t h e  i n t e r e s t s  of s t anda rd i sa t ion  and economy 
of s tocking,  heat treatment etc. The list should be devised by consul ta t ion between design, s t r u c t u r e s  
and ma te r i a l s  people on the  requirements of t he  particular p ro jec t  and monitored by Buying Departments, 
Inspect ion Departments e t c .  t o  confirm the  choice. ’ 

(ii) A policy should be prepared on the procedure f o r  t he  supply  of forgings,  ca s t ings  etc. Guide l i n e s  f o r  
s e l ec t ion ,  heat  t reatment ,  machine requirements e t c .  should be given t o  Designers and procedures issued 
t o  Buying, Inspect ion and Production. quoting i n  d e t a i l  how the  Drawing Off ice  dec i s ions  are t o  he 
implemented. Rigid procedural systems should be included s o  t h a t ,  f o r  instance,  a forging could not 
get i n t o  production without t h e  g ra in  flow, the  r e s idua l  stress etc. being checked. One way t o  do t h i s  
is t o  organise t h e  order-supply procedure s o  t h a t  “ f i r s t - o f f s ”  a re  obtained by Buying Departments, and 
fed t o  Inspect ion Laborator ies  and t h e  Stress Office;  not u n t i l  a l l  t h r e e  have signed a form of agree- 
ment can a drawing be r a i sed  i n  i s sue  t o  t h e  production standard.  Only then can Buying Department 
purchase production quan t i t i e s .  

(iii) Every aspect of t h e  need t o  reduce r e s idua l  s t r e s s  is involved i n  such a way t h a t  material must have 
been supplied and made t o  one or other  of t h e  procedures which w i l l  achieve t h i s ,  i .e. slow cool ing 
rate, cold-compression, con t ro l l ed  s t r e t c h  etc. 
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( i v )  A pol icy on p ro tec t ion  should be formulated and clear-cut  i n s t ruc t ions  given, i.e. cadmium p la t ing ,  
anodising etc. followed by paint ing of a standard type. 
be issued t o  Shops and Inspection. 

(v) The Policy t o  shot-peen or sh r ink - f i t ,  and t h e  accepted tolerances,  should be formulated and implemented. 

The manner of con t ro l  of each process should 

( v i )  The pol icy on minimum bend r a d i i  should be given t o  t h e  Drawing Office. 

( v i i )  Methods and procedures f o r  deal ing with d i s t o r t i o n  and its co r rec t ion  should be introduced. 

Soon, when such a system is operating and the  r u l e s  known, supp l i e r s ,  sub-contractors  and everyone w i l l  be 
feeding back information, not ing d i f f e rences  from t h e  rules and checking whether t h e s e  are i n t e n t i o n a l  or  a 
mistake. 
but t h e  door must always be open f o r  them t o  ask. 
operate  t o  t h e  r u l e s  l a i d  down. 
t o  suppose t h a t  every i n s t r u c t i o n  was correct o r  always covered every aspect  intended. 
experience w i l l  s u r e l y  hammer t h e  system i n t o  a very sound working t o o l .  
and almost a l l  t h e  se rv ice  failures s a i d  t o  be due t o  s t r e s s  corrosion could be prevented. 

A Company pol icy w i l l  have been establ ished.  I n  f a c t ,  not many w i l l  know why c e r t a i n  th ings  are done, 
I n  t h e  main, if confidence can be induced they  w i l l  happily 

This  pa r tne r sh ip  of goodwill towards t h e  system is v i t a l .  I t  would be r id i cu lous  
The feedback from 

A l o t  of money can be saved i n  t h i s  way, 

The Turin Conference on Stress Corrosion formed an in t roduc t ion  t o  t h e  problem. Work i n  t h e  u n i v e r s i t i e s ,  
research i n s t i t u t e s  and company l abora to r i e s  w i l l  lead t o  b e t t e r  materials and b e t t e r  p ro t ec t ion ,  but at present 
t h e  onus of r e s p o n s i b i l i t y  must  l i e  with reasonable s tandards of design and proper manufacturing and assembly 
met hods. 

It is hoped t h a t  t h i s  survey w i l l  contr ibute  t o  a b e t t e r  i n t eg ra t ion  of e f f o r t  by a l l  p a r t s  of every aerospace 
We must bui ld  company, 

up our l i n e s  of communication t o  see t h a t  t h e  practices a re  more f a i t h f u l l y  implemented. 
The means of reducing t h e  problem of stress corrosion,would seem t o  be i n  our hands now. 

A symposium dea l ing  w i t h  a l l  aspects o f t h i s  survey w i l l  give t h e  opportunity f o r  specialists i n  each f i e l d  
discussed t o  develop t h e  f ea tu res  i n  more d e t a i l  than t h i s  paper can do. 
f o r  t h e  necesgary p rac t i ces  t o  he introduced. 

It is hoped t h a t  t h i s  w i l l  s e t  t h e  pace 

13. CONCLUSIONS 

A review of some of t h e  a spec t s  of t h e  prevention of stress corrosion m a y  be of value.  

13.1 Reduction of Residual S t r e s s  i n  Die Forgings 

It has been advocated i n  t h i s  paper t h a t  reduced cooling rates are advantageous. 
(a) does not always prevent high i n t e r n a l  s t r e s s e s ,  
(b) is l i a b l e  t o  produce i n t e r c r y s t a l l i n e  corrosion s e n s i t i v i t y ,  

(c) causes a reduction of t e n s i l e  s t r eng th  due t o  c e r t a i n  e f f e c t s  with some a l loys .  

I t  is possible  t h a t  'each and everyone of t he  po in t s  w i l l  not be met without d i f f i c u l t y .  

It is argued by many t h a t t h i s  

However, t h e r e  is l i t t l e  doubt t h a t  t h e  A 1  Zn Mg a l loys  of 7075 type,  chromium f r e e ,  can be produced with very 
slow cool ing rates on adequately th i ck  sec t ions  and it is not o f t en  t h a t  s e r i o u s  r e s i d u a l  s t r e s s e s  r e s u l t .  In  
any event t h e  approval forging should have been me ta l lu rg ica l ly  examined before production and a change of 
technique introduced if t h e r e  had been t rouble .  
is not  t o o  important what happens t o  t h e  i n t e r c r y s t a l l i d e  corrosion r e s i s t ance .  
p ro t ec t ive  methods. 
The part w i l l  not f a i l  i f  t he  stress component of t h e  environment is absent.  

The mechanical p rope r t i e s  w i l l  be adequately maintained and it 
This can be looked a f t e r  by 

The f a c t  t h a t  t h e  s t r e s s  corrosion w i l l  not be improved does not matter t o o  much ei ther .  

It would seem t h a t  t he  T 73 type  t reatment ,  or  even similar ones, can a l s o  lead t o  low r e s i d u a l  s t r e s s e s .  
T h i s  would seem t o  he as important as the  improvement of actual stress corrosion behaviour shown by t e s t i n g  i n  
the laboratory.  These t reatments  a l s o  reduce t h e  mechanical propert ies .  

13.2. Reduction of Residual Stress by Stretching 

It is necessary t o  con t ro l  t h e  s t r e t c h  applied.  It has been shown t h a t  large long i tud ina l  p l a s t i c  deformation, 
although leading t o  improved longi tudinal  p rope r t i e s ,  m a y  cause a reduct ion of t he  p rope r t i e s  i n  t h e  other  d i r ec -  
t i o n s  and the  compression-strength i n  t h e  longi tudinal  d i r e c t i o n  may be reduced also.  

Thus, con t ro l l ed  s t r e t c h i n g  should always be adopted. This is commonly set at 1% t o  2%. Increasing t h e  
s t r e t c h  increases  t h e  proof stress and reduces the  proof/ult imate r a t i o .  
survey some people f e l t  t h a t  t h e  f r a c t u r e  toughness, and perhaps t h e  dynamic crack propagation, was reduced by 
doing t h i s .  

In  reply t o  quest ions during t h e  

From t h e  design viewpoint. bearing i n  mind a l l  aspects  of f ab r i ca t ion ,  it is necessary t o  e s t a b l i s h  whether 
the-behaviour of so lu t ion - t r ea t ed ,  s t r e t ched  and aged A 1  Cu Mg S i  (BS L64), so  worked t h a t  it has proof and 
t e n s i l e  s t r eng ths  equal t o  t h e  p rec ip i t a t ed  condi t ion,  a l s o  has  t h e  same f r a c t u r e  toughness behaviour, and whether 
t h e  s t r e s s  corrosion r e s i s t ance  d i f f e r s  as well. 
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13.3 Shot-Peening 

Ekeryone everywhere be l i eves  t h a t  
is important t o  know why t h i s  is so. 
of r e l axa t ion  induced by t h e  se rv i ce  
usually designed with s t a t i c  f a c t o r s  
s u s c e p t i b i l i t y  t o  crack i n i t i a t i o n ?  
is dependent upon t h e  answer t o  t h i s  

shot-peening is t h e  bes t  preventat ive t o  crack i n i t i a t i o n  i n  any al loy.  It 
I f  it is because of r e s i d u a l  stress, then how s i g n i f i c a n t  is t h e  inf luence 

dynamic loading of t h e  pa r t .  In t h e  case of main undercarriages,  which are ' 

approaching uni ty ,  w i l l  a heavy loading lead t o  s t r e s s  r e l axa t ion  and hence 
Indeed, t he  whole question of t h e  design usage of surface compressive methods 
problem. 

It would seem t h a t  t h e  r e s idua l  s t r e s s  per  se is not t h e  real cause of t he  improvement of behaviour, but t h e  
The whole outlook on su r face  f i n i s h i n g  might be changed i f  inf luence of the,  changed metallurgical s t r u c t u r e .  

t h i s  could be demonstrated. 
are bene f i c i a l  i n  v i r t u a l l y  a l l  the  practical cases, t h a t  it would seem t h a t  t hey  can be appl ied without t oo  much 
worry as t o  these  p rec i se  answers at t h i s  time. 
demonstration t h a t  t h e  f a t i g u e  behaviour of a p l a in  specimen t e s t e d  i n  a x i a l  tension is reduced by shot-peening. 

Nevertheless,  t h e  evidence at t h i s  s t age  seems so overwhelming t h a t  such t reatments  

This would a l s o  seem t o  be t r u e  despite the simple laboratory 

Presumably, i n  practice a l l  p a r t s  are s o  complex i n  shape or  stress p a t t e r n  t h a t  t h e  pure case never arises. 

13,4 Pro tec t ive  Treatments 

The survey shows t h e  marked value of p ro tec t ive  metallic coatings.  Although aluminium a l l o y s  i n  shee t  and 
p l a t e  form have been used with Alclad f o r  many years, t h e r e  is now a tendency t o  forego t h i s  t o  ob ta in  improved 
dry-air f a t igue  performance. 
reviewed. Some comparative t e s t s  incorporat ing modern pa in t  systems as well ,  would be in t e re s t ing .  

In t h e  i n t e r e s t s  of stress corrosion and corrosion i n  general  t h i s  could wel l  he 

In  t h e  1939-45 war the  German industry produced c l ad  extrusions f o r  s t r i n g e r s  etc. Should t h i s  be reviewed 
i n  t h e  l i g h t  of modern technology? 

Nearly a l l  researchers  have shown t h a t  metal spray such as z inc  or aluminium is bene f i c i a l  and, when appl ied 
t o  a b la s t ed  su r face ,  as is usual ,  does not cause a reduct ion of f a t i g u e  performance. There are problems of 
adhesi.on and limits and f i t s ,  but t hese  should not be insoluble .  

Most high s t r eng th  steels still  seem t o  be cadmium p la t ed ,  though z i n c  spray has been shown t o  be very 
Perhaps aluminium spray would be b e t t e r  ove ra l l ,  although s l i g h t l y  poorer from t h e  aspect of adhesion. e f f e c t i v e .  

The United S t a t e s  Air Force Materials Laboratory are developing a method of t r e a t i n g  b o l t s  etc. with aluminium, 
which may have marked advantages. 

There have been s i g n i f i c a n t  advances i n  paint  technology. It would seem t h a t  properly cons t i t u t ed  p a i n t s  m a y  
he lp  w i t h  respect t o  s t r e s s  corrosion but may need l a rge r  q u a n t i t i e s  of ava i l ab le  chromates than f o r  ordinary 
corrosion protect ion.  Pa in t s  a r e  only good i f  t h e i r  adhesion is excel lent .  Thus, t h e  su r face  preparat ion is 
important: 

(i) 

(ii) 

(iii) 

Anodising does not  seem t o  improve t h e  stress corrosion r e s i s t ance  of aluminium a l loys .  
not he sealed before bonding; t he re fo re ,  is it the  best  preparat ion f o r  pa in t ing  and, i f  so, should it 
not be l e f t  unsealed before paint ing? 

I t  is s a i d  t o  be necessary t o  passivate  e l ec t ro -p la t ed  cadmium and z i n c  su r faces  before pa in t ing  (unless  
e t ch  primers are used).  
adequate water r e s i s t ance .  
paint ing? 

A t  present  nea r ly  a l l  paint  f i lms a r e  res inous and r a t h e r  b r i t t l e .  I t  
has been shownthatimpermeable butyl  f i lms can cause specimens i n  wet laboratory tests t o  behave as i f  
t e s t e d  i n  dry a i r .  Should we not press f o r  paint  t e c h n o l o g i s t s - t o  pursue t h i s  aspect  more p e r s i s t e n t l y  
s o  t h a t  an impermeable elastomer pa in t  becomes the  order  of t h e  day? It is s a i d  t h a t  t h i s  is not wise 
because, i f  t h e  paint  were damaged, f a i l u r e s  would arise. The pa in t  w i l l  always become damaged 
somewhere. Such remarks always assume t h a t  parts should be designed beyond the  m a t e r i a l ' s  threshold 
s t r e s s  and can then r e l y  on the  paint .  Very few people, apart from consider ing t h e  s h o r t  t r ansve r se  
d i r e c t i o n ,  a c t u a l l y  alter t h e i r  design values,to t ake  stress corrosion i n t o  account so we can only be 
better o f f  than at  present ,  not worse, by using p ro tec t ives  developed along these  l i n e s ,  

Anodising should 

For epoxy pa in t s  it is necessary t o  p re - t r ea t  aluminium a l l o y s  t o  obtain 
Should we not pas s iva t e  or pre-treat sprayed z inc  or aluminium coat ings before 

A l l  are permeable t o  moisture. 
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APPENDIX I11 

FORM OF A TYPICAL CONTROL PROCEDURE 

CONTENTS 

RELATED 
DOCUMENTS 

SCOPE 

HAWKER SIDDELEY AVIATION 

PROCESS SPECIFICATION 

SUPPLY PROCEDURE FOR CLASS 1 ,  2 AND 3 FORGINGS 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 

Introduction 
Liaison at  design s tage 
Pre l iminary  drawing issue procedure 
Initial order ing and supply procedure 
Supply requi rements  
Forging approval procedure af ter  del ivery 
Ordering and supply procedure for approved forgings 
Procedure  af ter  del ivery of production forgings 
Appendix 1 - Agreed propert ies  for forgings 

5.26.45 I5 
Page  I of 12 

Br i t i sh  Standard Specification L. 100,  3s .  100. 
Standatd S. 25 
HSA.Spec.No.S.29.4 T e s t  piece requi rements  for heat treat- 

m ent c ont r ol 
I I  I f  I t  S-. 26.2503 Ultrasonic inspection 
I t  I f  S.26.4518 Inspection of aluminium alloy forgings 

I 1  I t  S. 26.4519 Inspection of t i tanium alloy forgings 
I t  I f  I f  S. 29.56 Pickling of t i tanium 
I 1  I f  S. 29.38  T e m p o r a r y  cor ros ion  preventatives 

1 1  S.  26.2002 Vacu-blasting 
I 1  I '  S.26.2004 Vapour Blasting 

See a l s o  AV. P. 4089. D. 408 and 465. 
A.R. B. Civil inspection procedure BL/4-6  and BL/4-7.  

T o  define the supply requirements  applicable to  C l a s s  1, 2 and 3 
Forgings.  

T h i s  Specification supersedes  DHA 85. 

COMPILED BY Hawker Siddeley Aviation Limited,  Hatfield, Herts .  

This  Specification is private and confidential and m a y  
not be copied or  communicated without the permission 
of Hawker Siddeley Aviation Limited.  

I ssue  3 
h d t .  - 
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1. INTRODUCTION 

HAWKER SIDDELEY AVIATION 

PROCESS SPECIFICATION 

1. 1. This  specification detai ls  the order ing and supply procedure to  be followed to  
ensure  that all supplies of C l a s s  1 ,  2 and 3 forgings meet Hawker Siddeley 
Aviation Limited,  design requirements .  

NOTE : F o r  definition of C l a s s  1 ,  2 and 3 r e f e r  t o  Av.P.970 Chapter 400/2 
o r  Br i t i sh  Civil Airworthiness Requirements  Chapter D. 1-2 Para. 
4.10. 

1.2. The forging approval procedure required by this specification shal l  be invoked 
for all C l a s s  1 and Class  2 forgings in  the following c i rcumstances  : 
1. New design 
2. 
3 .  
4. New source  of supply 
5. Change of forging technique 
The  fu l l  approval procedure detailed i n  Clause 4. shall  be applied when a d ie -  
forging is produced for a par t  previously supplied as a hand forging. 

T o  rep lace  par t s  previously machined f r o m  bar  or  plate 
On change of mater ia l  specification 

NOTE : The requirement  for re-approval  of forgings on change of Mater ia l  
Specification may be waived, on writ ten authorisation by the S t r e s s  
Office, where it is agreed that the change will not invalidate the 
existing approval t e s t s .  

- 

2. LIAISON AT DESIGN STAGE 

2. 1. A technical representat ive of the Supplier is to  d iscuss  the requi rements  of all 
major  s t ruc tura l  forgings with the Drawing Office and Production Planning 
Engineers  at the design s tage,  pr ior  t o  the i ssue  of the forging drawing. 
is recommended in  the in te res t  of production economy that this l ia ison i s  
maintained for all forgings. 

It 

2.2. At this s tage additional consideration shall  be given to  the general  forging 
contour with the object of eliminating l a p  defects.  

3 .  PRELIMINARY DRAWING ISSUE PROCEDURE. CLASS 1 AND 2 ONLY 

3 .  1. The requirements  of each new forging will be indicated on a prel iminary 
forging drawing which is to be forwarded to  the Supplier by the Buying Office. 

Integral  t e s t  samples  as a check on overheating of s teel  forgings m a y  be 
required.  
Design Authority in  consultation with the Supplier. 

The provision of these t e s t  samples  shall  be decided by the 

The location must  be shown on the Pre l iminary  I ssue  Forging Drawing. 
they a r e  not required the forging drawing or  order  shal l  be annotated 
accordingly. 

If 

This  drawing w i l l  bear  the note :- 

"PRELIMINARY ISSUE. FORGING TECHNIQUE NOT FINALISED". 

I ssue  3 
Amdt. - 
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3. PRELIMINARY DRAWING ISSUE PROCEDURE - continued 

8 3.2.. The  Supplier is t o  prepare  and submit for approval his forging drawing indicat-  
ing grain flow , die  l ine ,  location of tensile t e s t  pieces , extension pieces , 
integral  t e s t  samples  (where specified for s teel  forgings) and extension pieces 
on t i tanium forgings (where provided) confirming their  ability t o  produce 
forgings in  accordance with the pre l iminary  i s s u e  drawing with mechanical 
propert ies  not l e s s  than tKe values specified in  Appendix 1 for the appropriate 
m a t e r i a l  at the location indicated. 

3.2.1. The Supplier 's  drawings for aluminium alloy, t i tanium alloy and s t ee l  forgings 
a r e  t o  include an appropriate allowance for metal removed during su r face  
preparation to  Clause 5. 1.6. and Clauses  5.3.5. and 8.3.1. as relevant.  

3.2.2. In the event of the Supplier being in doubt as t o  his  ability to  meet  these 
requi rements  in full ,  a further discussion shal l  be a r r anged  with h i s  Technical 
Representative and the Design Authority concerned. 

3.2.3. The Supplier 's  drawings a r e  t o  be distributed by the P u r c h a s e r ' s  Buying Office 
t o  :- 

(a) The  Design Authority concerned (b) The  S t r e s s  Office 
(c )  The  P r o c e s s  Engineer ' s  Office (d) .The Tool Drawing Office 

3.2.4. The recipients  wi l l  immediately notify the Buying Office concerned of their  
approval or alternatively of any modification which may be des i r ed .  

3.3. 
' 

Following agreement  with the Supplier that the forging r equ i r emen t s  can  be 
fully m e t ,  the Note : - "PRELIMINARY ISSUE, FORGING TECHNIQUE NOT 
FINALISED" shal l  be deleted f rom the drawing which shal l  be brought up t o  
date  and r a i sed  to  the appropriate  i s s u e  thus authorising production t o  proceed. 

4. INITIAL ORDERING AND SUPPLY PROCEDURE. CLASS 1 AND 2 ONLY 

4.1. All init ial  o r d e r s ,  on all sou rces  of supply for forgings t o  this  specification 
shal l  be endorsed as follows :- 

"Sample forgings in  accordance with the requi rements  of S. 26.4515, clause 4 
a r e  to  be submitted for approval together with two copies of the Supplier 's  
Labora tory  T e s t  Report ,  quoting detai ls  of grain flow and mechanical proper -  
ties". 

4.2. Each  Supplier,  after production techniques have been established, mus t  
produce at  l e a s t  two sample forgings f rom the init ial  batch,  i . e .  one or m o r e  . 

as n e c e s s a r y  for his  Labora tory  T e s t  P r o g r a m m e  and one for confirmation of 
Supplier * s  dimensional check by the P u r c h a s e r ' s  Inspection Department.  

4.3. The Supplier must submit two copies of his Labora tory  T e s t  Report  giving 
detai ls  of grain flow, grain s i z e ,  surface defects  and physical propert ies  a t  
the locations called for .  

Issue 3 
Amdt. - 
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HAWKER SIDDELEY AVIATION 

PROCESS SPECIFICATION 

4. INITIAL ORDERING AND SUPPLY PROCEDURE - continued 

4.4. 

4.5. 

4.6. 

4.7. 

4.8. 

4.9. 

The Supplier shal l  submit m a c r o  samples  f rom the cut up forging to  facil i tate 
examination of the required gra in  flow. 

The position shall  be chosen while marking out, pr ior  to  cutting up the forging 
a t  the tensi le  tes t  piece locations.  
be taken. 

If this  is not possible two forgings must  

Macro  specimens shall  be submitted in  preference to  photomacrographs.  

Fo r  handed forgings , t es t  r epor t s  and m a c r o  specimens shal l  be submitted 
in  respec t  of both r ight-  and left-handed forgings.  

All tensi le  tes t  pieces shall  be cut f rom the forgings only af ter  the full heat 
t rea tment  cycle has  been applied. 

Forgings which a r e  to  be par t  machined before heat t rea tment  shal l  be SO 

machined. 

The sample forging must  comply with the appropriate  supply requi rements  
detailed in  Clause 5. 

Laboratory Tes t  Repor ts ,  sample forgings and m a c r o  samples  shal l  be forwar- 
ded to  the Purchase r ' s  Buying Office. 

NOTE : For  the subsequent procedure (after del iveryj  re fer  t o  Glause 6. 

Where the init ial  o rder  of hand forgings is small and subsequent production 
o r d e r s  a r e  to  be die-forgings; i t  may be possible,  subject to  agreement  
between Supplier and Purchase r ,  t o  take the t e s t  ma te r i a l  for gra in  f low and 
rr,echanical propert ies  f rom the mater ia l  excess  to mechanical dimensions on 
a forging ra ther  than cut up a separately prepared forging especial ly  for the 
pur pose. 

5. SUPPLY REQUIREMENTS 

5.1. 

5.1.1. 

5.1.2. 

5.1.3. 

5.1.4. 

Aluminium alloy forgings 

The appropriate  inspection requi rements  detailed in  Br i t i sh  Standard L. 100 
shal l  be complied with. 

All identification markings shal l  conform to  Standard S. 25. 

When called for  on the forging drawing, ultrasonic inspection 'CO S. 26.2503 
shal l  be ca r r i ed  out on the forging billet. 

Eve ry  precaution shall  be taken by the Supplier a t  all s tages  in  production to  
ensure  freedom f rom forging defects and the Supplier shal l  i f  necessa ry ,  
introduce ex t ra  moulding d ies  a t  intermediate  s tages .  

I ssue  3 
Amdt. - 
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5. SUPPLY REQUIREMENTS - continued 

5.1.5.  Detailed inspection shal l  be applied at  each  forging s tage t o  ensu re  freedom 
f r o m  defects  and t o  remove  such defects as might be introduced before 
proceeding with the next operation. 

5. 1.6.  The Supplier will be responsible for  ca r ry ing  out the f u l l  su r f ace  preparation 
and inspection requi rements  of S.26.4518 on all C las s  1 and 2 forgings before 
despa tch  and the Supplier 's  Release  Note shall  cer t i fy  that all such forgings 
have been so prepared  and inspected and that the forgings are being released 
as f r e e  f rom su r face  defects.  

I t  is most  important that su r f ace  examination is included to prevent forgings of 
c o a r s e  g ra in  being released.  

The  requi rements  of S. 26.4518 need not be c a r r i e d  out on hand forgings 
providing sufficient ma te r i a l  is t o  be removed all over t o  meet  mechanical 
d imens ions  and the final su r f ace  quality f rom machining is sufficient] to  ensu re  
removal  and inspection for all su r face  defects  during the normal  manufacturing 
operation. 

5.1.7. In exceptional c i rcumstances  a r r angemen t s  may have t o  be made with the 
P u r c h a s e r ' s  Production Department for the surface preparation and inspection 
t o  be c a r r i e d  out by the P u r c h a s e r ]  e.g. delay in del ivery g rea t e r  than the 
P u r c h a s e r ' s  production programme wi l l  allow, due t o  the su r face  preparation 
and inspection requi rements  detailed in Clause 5.1.6. Where this  procedure 
is adopted the P u r c h a s e r ' s  Buying Office shall  endorse  the o rde r  t o  the effect 
that the forgings are to  be supplied t o  the procedure detailed in 5.26.4515 l e s s  
the surface preparation and inspection requi rements  to  Specification S. 26.4518 
and shall  a l s o  notify the Works Inspection Department that the o rde r  has  been 
so endorsed. 

e 

5.1.8. Forg ings  must  be protected before del ivery with an approved t empora ry  
corrosion preventative complying with S. 29.38. 

5.2. Steel  forgings 

5.2.1.  The  appropriate  inspection requi rements  detailed in Bri t ish Standard 
Specification 3.S. 100 shall  be complied with. 

5.2.2.  The  checking of integral  tes t  samples  t o  the t e r m s  of Bri t ish Standard 
Specification 3.S. 100 Section 6 Clause 9 shall  be ca r r i ed  out t o  the satisfaction 
of the Suppl ier ' s  Chief Inspector.  

5.2.3. A l l  identification markings shall  conform t o  Standard S. 25. 

5.2.4. A l l  b a r s  and bil lets t o  Bri t ish Standard Specifications S.28, S .98  and S.99 
shal l  be subjected to  ultrasonic examination prior t o  forging (D. Mat. M.O.Av. 
Memo. No. 5. r e f e r s ) .  

I s sue  3 
h d t .  - 
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HAWKER SIDDELEY AVIATION 

PROCESS SPECIFICATION 

5. S U P P L Y  REQUIREMENTS - continued 

5.2.5.  

5 .2 .6 .  

5 .2 .7 .  

5 .2 .8 .  

5 .2 .9 .  

When called for on drawings for C l a s s  1 high tensile s teel  forgings] ultrasonic 
examination shall be ca r r i ed  out on the bar or billet prior t o  forging. 

All  forgings delivered in the finally heat t reated condition shall  be hardness  
tested at  a sufficient number of positions on each forging f rom end to  end to  
demonst ra te  the uniformity of propert ies .  

The ma te r i a l  f rom which S. 99 and D. T.D. 730 forgings a r e  manufactured shal l  
be checked for cleanliness as follows :- 

(a)  A sample shall  be taken f rom the top end of the l a s t  cropped ingot teemed 
in the batch 

(b) This  sample shall  be forged down t o  2 inches d iameter  and examined 

(c )  The cleanliness shall  be such that the amount of inclusion does  not exceed 
60 on the FOX inclusion cha r t  

Alternative methods of determination of the cleanliness of the forged bar such 
as magnetic particle inspection may be used, providing the equivalent standard 
to  60 FOX is established. 

Before del ivery,  forgings shall  be de-scaled to  the requi rements  of Bri t ish 
Standard Specification 3.S. 100 Section 1 Clause 6 and the Supplier shall  c a r r y  
out such inspection as w i l l  satisfy him that the forgings a r e  f r ee  f rom surface 
c r a c k s  or other harmful defects.  

5.2.10. Forgings shall  be protected before del ivery with an approved t empora ry  
corrosion preventative complying with S. 29.38. 

5 .3 .  Titanium forgings 

5.3.1.  An extension approx.+ in. x 4 in. shall  be provided on each forging for tes t  
purposes.  Two such tes t  pieces shall  be provided per batch, per par t  No. 
per cAst :- 

(a )  One for microscopic examination for surface contamination. 

(b) One for hydrogen and nitrogen analysis.  

Alternatively] i f  more  economical : - 

One forging per batch,  per par t  No. per cas t  shal l  be taken for this purpose. 

The  s a m e  forging ( i f  l a rge  enough) may be used t o  provide a mechanical tes t  
sample  to  meet  the tes t  requi rements  of the Material  Specification. 
minimum propert ies  of this tes t  piece shall  conform to the requi rements  of 
Appendix 1 t o  this Specification. 

The 

Issue 3 
Amdt. - 
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5. S U P P L Y  REQULREMENTS - continued 

Where i t  is decided to  use the extension t e s t  piece above for control ,  then 
each  batch of forgings f rom the s a m e  ingot sha l l  be represented  by a forged 
tensi le  t e s t  piece made f rom the s a m e  ingot and heat t rea ted  with the batch 
of forgings it r ep resen t s .  

The s ize  of the forged t e s t  piece shall be such that it r ep resen t s  .the maximum 
ruling sect ion of the forging and shal l  be subjected to  the s a m e  amount of 
"workff as the corresponding section of the forging. 
be mechanically worked af te r  heat t rea tment .  
provided for contamination check, its position shal l  be indicated on the Supplier 's  
drawing submitted for  approval i n  accordance with S. 26.4515. procedure.  

The  test sample  shal l  not 
If an extension piece is 

5.3.2. 

5.3.3. 

5.3 .4 .  

5.3 .5 .  

5 .3 .6 .  

All identification markings shal l  comply with Standard S. 25. 

All forgings shal l  be hardness  tes ted at  a sufficient number of positions t o  
demonst ra te  their  uniformity before despateh and the hardness  range  recorded 
on the  Release  Note. 

All forgings shal l  be del ivered in  the finally heat t rea ted  condition unless 
otherwise specified on the o rde r .  

All forgings shal l  be del ivered in the fully de-scaled condition, unless 
otherwise agreed.  
S. 26.2002 followed by pickling t o  S. 29.56 to  remove 0.005 in. , thus ensuring 
the removal  of gas  contaminated mater ia l .  
serves to r evea l  the grain of the forging. 

The final de-scal ing process  sha l l  be by grit-blasting to  

The pickling t rea tment  a l so  

A dimensional check shal l  be c a r r i e d  out to  confirm that 0.005 in. has  been 
removed in pickling. 

The dimensional check sha l l  be by actual measurements  made on some portion 
of the forging i tself  o r  on a sma l l  sample de-scaled and pickled with the forging. 

6. FORGING APPROVAL PROCEDURE AFTER DELIVERY O F  SAMPLE FORGINGS, 
CLASS 1 AND 2 ONLY 

On rece ip t  of the sample forging, m a c r o  samples  and t e s t  r epor t s ,  the Buying 
Office shall dis t r ibute  them a s  follows :- 

(a) The  sample forging to  the Works Inspection Department for visual 
inspection and confirmation of the Supplier 's  dimensional check. 

(b) One copy of the Suppl ier ' s  Laboratory T e s t  Report  and the m a c r o  
samples  to the appropriate  HSA Laboratory.  

\ 

( c )  One copy of the Suppl ier ' s  Laboratory r e s t  Report  to  the S t r e s s  Office 
responsible  for s t r e s s  c learance  of the drawing. 

I ssue  3 
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6. FORGING APPROVAL PROCEDURE AFTER DELIVERY O F  SAMPLE FORGINGS - 
continued 

6.2.  

6 .3 .  

6.4.  

6.5. 

A m i c r o  examination shal l  be c a r r i e d  out by the Laboratory of every  first off 
del ivery of t i tanium forgings to  prove that all surface contamination has  been 
removed. 

This  shal l  be c a r r i e d  out on the m a c r o  test samples  submitted by the forging 
supplier . 
A photograph of the accepted grain s i z e  for t i tanium forgings shal l  be taken 
by the Laboratory and a copy issued t o  the HSA Chief Inspector t o  i l l u s t r a t e  
the so  far agreed acceptance s tandard.  

Any decision by the Purchaser  t o  make fur ther  tests on sample forgings i s  t o  
be made at the discret ion of the Laboratory i n  collaboration with the S t r e s s  
Office. 

Supplies of forgings shall  not be re leased  for use until the S t r e s s  Office in  
conjunction with the Design Office and the Laboratory have issued t o  the Buying 
Office and the Works Inspection Department ,  approval of the Supplier 's  repor t .  

7. ORDERING AND SUPPLY PROCEDURE FOR APPROVED FORGINGS 

7.1.  

7.2.  

7 .2 .1 .  

7.3.  

Subsequent o r d e r s  for Class  1 and 2 forgings which have been init ially approved 
t o  the requi rements  of this Specification shall  be endorsed as follows :- 

"These forgings to  be covered by the Supplier 's  undertaking that they were  
produced t o  the s a m e  forging technique as laid down and recorded for the 
initially approved forgings of the s a m e  pattern.  ' I  

The Manufacturing P r o c e s s  Layout shall  specify the number of test samples  
n e c e s s a r y  to  meet the requirements  of S.29.4 where forgings are t o  be 
delivered i n  other than the finally heat t reated condition. 

The  order  shall  state and the Manufacturer shall  supply, the number of t e s t  
samples  n e c e s s a r y  to  enable the requi rements  of the appropriate  testing 
procedure t o  be met .  

All supplies of forgings shall  comply with the appropriate  supply requi rements  
detailed i n  Clause 5. 

8. PROCEDURE AFTER DELIVERY O F  PRODUCTION FORGINGS 

8. 1. ADDrOVal of machining c l a s s  1 and 2 onlv 

8. 1. 1. One of the init ial  batch of forgings (this includes forgings which have been sub- 
contracted for pre-production machining) shall  be finish machined but left in  the 
un-painted condition. An approved temporary  protective shal l  be applied. 

Issue 3 
Amdt . - 
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8. PROCEDURE AFTER DELIVERY O F  PRODUCTION FORGINGS - continued 

8.1.2. This  fully machined sample  shal l  be submitted t o  the Chief Inspector who wi l l  
a r r ange  for i t  t o  be approved by the Chief S t ruc tura l  Engineer in conjunction 
with the Designer -in-charge of the unit concerned. 

8. 1 .3 .  The machined sample shall be retained by the Inspection Department as the 
s tandard to  which all other forgings sha l l  be finished until such times as the 
production technique is established. 

8.1.4.  The  Works Inspection Department shal l  maintain a reg is te r  giving the location 
of these  sample forgings.  

8.2. Requirements  applicable to  aluminium alloy forgings C las s  1 and 2 only 

8.2.1.  Visual inspection af ter  de l ivery  of aluminium alloy forgings which have been 
certified a s  meeting the requi rements  of Clause 5.1.6.  shal l  be a t  the 
d iscre t ion  of the Chief Inspector .  

8 .2 .2 .  Where the special  a r rangements  detailed in  Clause 5.1.7. a r e  adopted i n  
exceptional c i rcumstances  the Works Inspection Department shal l  ensu re  that 
the requi rements  of S.26.4518 a r e  complied with a f te r  the de l ivery  of the 
forgings . 

8.3. 

8.3.1. 

Requirements  applicable to  t i tanium forgings 

The Works Inspection Department  shal l  ensure  on receipt  of t i tanium forgings 
that the forgings and the contamination tes t  pieces are de-sca led ,  fur ther  
pickled to  remove  0.005 in. and inspected in  accordance with S. 26.4519. 

Appendix 1 overleaf 
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