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U. S . ARMY WTERI ALS RESEARCH AGENCY 

THE ROLE OF WELDING I N  BRITTLE FRACTURE 

INTRODUCTION 

The welding eng inee r  concerned wi th  t h e  des ign  and f a b r i c a t i o n  o f  modern 
s t r u c t u r e s  cannot avoid r ecogn i t i on  t h a t  he is  deep ly  involved  i n  t h e  b r i t t l e  
f r a c t u r e  predicament.  Ile soon r e a l i z e s  t h a t  h i s  problem is  p a r t i c u l a r l y  
s eve re  because,  whi le  t h e r e  i s  t o o  l i t t l e  known about  t h e  fundamental a s p e c t s  
o f  b r i t t l e  behavior  i n  me ta l s ,  hc  is  expected t o  apply  a l l  o f  t h e  knowledge 
t h a t  i s  a v a i l a b l e  t o  o b v i a t e  d i f f i c u l t i e s  i n  a  r eg ion  c o n s i s t i n g  o f  a  g r ad i -  
e n t  o f  c o n s t a n t l y  changing m e t a l l u r g i c a l  s t r u c t u r e s .  llis problem i s  f u r t h e r  
aggravated by complex i t i es  o f  t h e  welding process  i t s e l f ,  complicat ions  i n  
t h e  use  and c o n t r o l  o f  t h e  process ,  and d i f f i c u l t i e s  o f  t e s t i n g  t h e  mechani- 
c a l  and m e t a l l u r g i c a l  p r o p e r t i e s  i n  t h e  gamut o f  s t r u c t u r e s  which c o n s t i t u t e  
t h e  weld j o i n t  a r e a .  

There i s  no denying t h e  f a c t  t h a t  welds a r e  o f t e n  weak l i n k s  i n  o t h e r -  
wise sound s t r u c t u r e s .  There a r e  some inhe ren t  c h a r a c t e r i s t i c s  about t h e  
welding process  t h a t  a l low inadequa te  p r a c t i c e s  o r  procedures  t o  produce 
de t r imen ta l  m i c r o s t r u c t u r e s ,  d i s c o n t i n u i t i e s ,  and inhomogenei t ies  t h a t  can b e  
o f  c r i t i c a l  s i z e  from t h e  b r i t t l e  f r a c t u r e  s t andpo in t .  IIowever, welds a r e  
no t  t h e  on ly  r eg ion  t o  be  cons idered  a s  b r i t t l e  f r a c t u r e  i n i t i a t o r s .  There 
i s  ample evidence p r e sen t ed  i n  t h e  l i t e r a t u r e  t o  i n d i c a t e  t h a t  t h e  h i s t o r y  of 
b r i t t l e  f a i l u r e s  o f  s t r u c t u r e s  d i d  no t  o r i g i n a t e  wi th  t h e  use  o f  welding.  
Furthermore,  weldments have o f t e n  been u n f a i r l y  h e l d  su spec t  when unsound 
p r a c t i c e s  i n  o t h e r  phases o f  m a t e r i a l  u t i l i z a t i o n ,  de s ign ,  and produc t ion  
engineer ing  were t h e  prime causes  o f  b r i t t l e  f r a c t u r e  behavior .  Nonetheless ,  
t h e  mere a c t  o f  making a molten metal  weld depos i t  enhances t h e  p o s s i b i l i t i e s  
o f  c r e a t i n g  f laws i n  a  p r ev ious ly  sound m a t e r i a l .  The welding eng inee r ' s  
problem i s  t o  determine how t o  ho ld  t o  a  minimum t h e  chance f laws i nhe ren t  t o  
t h e  p roces s ,  and i n s u r e  t h a t  such d i s c o n t i n u i t i e s  a s  may occur  w i l l  remain 
s m a l l e r  than  t h e  c r i t i c a l  d e f e c t  s i z e  under t h e  s e r v i c e  cond i t i ons  t o  which 
t h e  weldment w i l l  be  sub j ec t ed .  He must a l s o  s e l e c t  procedures  t o  avoid 
exces s ive  degrada t ion  o f  t h e  base  metal  p r o p e r t i e s  i n  t h e  h e a t - a f f e c t e d  zones 
and a t  t h e  same time choose a  f i l l e r  metal  f o r  d e p o s i t i n g  welds t h a t  w i l l  
have adequate  p r o p e r t i e s  f o r  t h e  in tended  s e r v i c e .  

The purpose o f  t h i s  paper  i s  t o  survey  from a  m a t e r i a l s  s t andpo in t  some 
o f  t h e  f a c t o r s  a s s o c i a t e d  wi th  welding t h a t  can c o n t r i b u t e  t o  b r i t t l e  behav- 
i o r .  The d i s cus s ion  has  i n t e n t i o n a l l y  been l i m i t e d  t o  reviewing f e r r o u s  
meta l s  problems because t h e s e  m a t e r i a l s  have h i s t o r i c a l l y  been t h e  p r i n c i p a l  
ones used i n  welded c o n s t r u c t i o n s .  Neve r the l e s s ,  wi th  expanding use  o f  more 
s o p h i s t i c a t e d  m a t e r i a l s  f o r  s t r u c t u r a l  weldments be ing  f o r e c a s t ,  t h e  concepts  
and general  p r i n c i p l e s  de r ived  from exper ience  wi th  s t e e l  should  provide some 
b a s i c  guides  t o  t h e  kind o f  f a b r i c a t i o n  c o n t r o l s  needed t o  a l l e v i a t e  p rogres -  
s i v e  problems with  b r i t t l e  behavior  i n  f u t u r e  a p p l i c a t i o n s  o f  advanced 
m a t e r i a l s .  



BASE METAL FACTORS AFFECT1 NG RELI AB I L I  TY 

Toughness 

Undoubtedly one o f  t h e  most f e r t i l e  a r e a s  where improvements i n  b r i t t l e  
f a i l u r e  p revent ion  can be  ob t a ined  i s  i n  t h e  s e l e c t i o n  o f  t h e  s t r u c t u r a l  
m a t e r i a l s  which a r e  t o  b e  f a b r i c a t e d  by welding.  The s e l e c t i o n  s t a g e  i s  
important  n o t  only from t h e  s t andpo in t  t h a t  t h e  b a s i c  m a t e r i a l s  must have 
good w e l d a b i l i t y  c h a r a c t e r i s t i c s ,  bu t  a l s o  from t h e  s t andpo in t  t h a t  tough 
m a t e r i a l s  a r e  needed t o  r e s i s t  crack growth and r a p i d  propagat ion.  Too o f t e n  
economics and ava i  l a b i  l i t y  cons ide ra t i ons  overshadow t h e  toughness r equ i r e -  
ments when s p e c i f i c a t i o n  o f  t h e  m a t e r i a l s  f o r  weldments i s  be ing  made. Th i s ,  
i n  a d d i t i o n  t o  t h e  f a c t  t h a t  o t h e r  eng ineer ing  f a c t o r s  t ake  precedence over  
b r i t t l e  f r a c t u r e  i n  des ign  cons ide ra t i on ,  has  major s i g n i f i c a n c e  i n  t h e  weld- 
ment f a i l u r e  problem. 

A review and d i s cus s ion  o f  s e l e c t e d  b r i t t l e  s e r v i c e  f a i l u r e s  was p r e -  
s e n t e d  i n  Monograph MS-48. * I t  is  i n t e r e s t i n g  t o  no t e  t h a t  o f  t h e  f a i l u r e s  
d i s cus sed ,  a  l a r g e  ma jo r i t y  were found t o  have f r a c t u r e  o r i g i n  s i t e s  i n  
welds ,  y e t  seldom i s  evidence p r e sen t ed  t h a t  b r i t t l e  f r a c t u r e s  propagated i n  
t h e  weld zone. Usua l ly ,  f r a c t u r e s  i n i t i a t i n g  i n  t h e  weld zone propagated 
t r a n s v e r s e l y  ( o r  a t  some ob l ique  angle  t o  t h e  weld a x i s )  through t h e  base  
metal  which was l a ck inp  i n  s u f f i c i e n t  toughness t o  p revent  ex t ens ive  c rack  
propaga t ion .  This  i s  a  common mode o f  f a i l u r e  t h a t  has  been observed i n  
f r a c t u r e d  weldments . 

Since  t h e  weld zone is  a  reg ion  t h a t  i s  i n t r i n s i c a l l y  prone t o  inhomoge- 
n e i t y  and t o  t h e  e x i s t e n c e  o f  chance macroscopic,  microscopic ,  and submicro- 
s c o p i c  f l aws ,  one o f  t h e  b e s t  approaches t o  avoid c a t a s t r o p h i c  f a i l u r e  i s  t o  
b u i l d  t he  s t r u c t u r e  with  m a t e r i a l s  which i n h e r e n t l y  have good notch toughness .  
A t  l e a s t  i n  t h i s  way l a r g e r  d i s c o n t i n u i t i e s  can be t o l e r a t e d .  While t h e  
problem o f  s e l e c t i n g  m a t e r i a l s  wi th  adequate  toughness may no t  be  r e so lved  
e a s i l y ,  two ca se s  can be  c i t e d  a s  i l l u s t r a t i v e  o f  t h e  importance which should  
b e  a t t a ched  t o  t h i s  f a c t o r .  

Two papers1 ,2 summarizing d a t a  der ived  from t h e  ex t ens ive  s t u d i e s  o f  
s h i p  f a i l u r e s ,  s u c c i n c t l y  p o i n t  ou t  t h a t  by u t i l i z i n g  m a t e r i a l s  wi th  improved 
toughness,  t h e  s h i p  c a s u a l t y  r a t e  has  been reduced t o  almost ze ro .  One o f  
t h e  most important  changes lead ing  t o  t h i s  improvement was i n t r o d u c t i o n  o f  
toughness requirements  i n  t h e  s p e c i f i c a t i o n s  cover ing  s h i p  p l a t e  s t e e l s .  The 
second i l l u s t r a t i o n  involves  s o l i d - f u e l  rocke t  motor ca se  c o n s t r u c t i o n .  Vany 
eva lua t i on  programs have shown t h a t  because m a t e r i a l s  f o r  t h i s  a p p l i c a t i o n  
a r e  used a t  u l t r a h i g h  s t r e n g t h  l e v e l s ,  they have an i n t r i n s i c  tendency toward 
b r i t t l e n e s s  . Here, f i n d i n g  a l t e r n a t e  m a t e r i a l s  wi th  improved toughness 
remains a  s i g n i f i c a n t  problem. Nonetheless ,  p rogress  i s  be ing  made. F igure  
1 s e r v e s  a s  an i l l u s t r a t i o n  o f  what can be  done when t h e  problem i s  recog- 
n i zed  and c o r r e c t i v e  s t e p s  a r e  t aken .  

*Fracture of  Structural !4etaZs. U. S .  A m g  Materials Research Agencg, 
Monograph SeKes  VAL  MS-48, June 1362.  
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I n i t i a l  l y ,  l a r g e  rocke t  motor cases  were f a b r i c a t e d  by t h e  rol l -and-weld 
technique.  The welded l o n g i t u d i n a l  seams produced by t h i s  technique f e l l  
i n t o  d i s r e p u t e .  I t  would have been b e t t e r  t o  employ only t r a n s v e r s e  welds t o  
t a k e  f u l l  advantage o f  t h e  b i a x i a l  s t r e s s  r a t i o .  Extensive examinations o f  
f a i l e d  cases  showed t h a t  most o f  t h e  f a i l u r e s  r e s u l t e d  from e i t h e r  poor  
welding o r  inadequa te  i n s p e c t i o n  coupled wi th  poor  f r a c t u r e  toughness o f  t h e  
s t e e l  a t  t h e  high s t r e n g t h  l e v e l  be ing  used. Never the less ,  cons ide rab l e  e f -  
f o r t  was d i r e c t e d  toward e l i m i n a t i n g  t h e  weld from f u t u r e  case  s e c t i o n s .  
C y l i n d r i c a l  cases  were formed by sp inn ing ,  deep drawing, and machining r i n g  
fo rg ings .  These a l t e r n a t e  approaches d i d  n o t  p rov ide  complete answers t o  
t h e  prob lem because premature b r i t t l e  f r a c t u r e s  cont inued t o  occur .  Mean- 
whi le  improvements were be ing  made i n  rol l -and-weld techniques .  One example 
o f  t h e  type o f  improvement t h a t  can be  a t t a i n e d  has  been given f o r  t h e  pro-  
duc t ion  o f  motor cases  f o r  t h e  Nike Zeus and Skybol t  m i s s i l e  s y s t e r n ~ . ~  Fig- 
u r e  1 shows t h e  b e n e f i t s  t h a t  were ob ta ined  when r i g i d  s p e c i f i c a t i o n s  on 
incoming m a t e r i a l s  and met iculous q u a l i t y  con t ro l  throughout  p roduc t ion  were 
enforced .  T igh t  c o n t r o l  enabled t h e  manufacturer  t o  t u r n  ou t  so l i d -p rope l  l a n t  
motor cases  which c o n s i s t e n t l y  met proof  s t r e s s e s  a t  235,000 p s i  .5 These 
ca se s ,  made o f  4340 s t e e l  s h e e t  and manufactured by t h e  convent ional  r o l l -  
and-weld p roces s ,  showed t h a t  improved r e g u l a t i o n  o f  m a t e r i a l s  and processes  
may provide a  b e t t e r  s o l u t i o n  than e l im ina t i on  o f  welding.  
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Weldabi l i t y  

The w e l d a b i l i t y  a spec t s  involv ing  e f f e c t s  produced by t h e  thermal cyc l e  
dur ing  welding a r e  a  second important  cons idera t ion  i n  t h e  s e l e c t i o n  o f  base  
m a t e r i a l s  f o r  weldments. The face  t h a t  many m a t e r i a l s  o f  seemingly i d e n t i c a l  
nominal composition show d i f f e r i n g  tendenc ies  toward crack development and 
embri t t lement  dur ing  welding has  o f t e n  been noted  i n  t h e  l i t e r a t u r e  o f  t h e  
l a s t  two decades.  Moreover, t h e  search  f o r  a  s u i t a b l e  "weldabi l i ty"  test  f o r  
eva lua t ing  base  meta l s  has  been a  high p r i o r i t y  research  and development ob- 
j e c t i v e  almost s i n c e  t h e  i ncep t ion  o f  s t r u c t u r a l  welding. The ex t ens ive  work 
t h a t  has  been done i n  t h e s e  a r ea s  i n d i c a t e s  t h a t  t h e r e  a r e  e x i s t i n g  gaps i n  
know ledge concerning base  metal  c o n t r o l s  r equ i r ed  t o  avoid degradat ion o f  
h e a t - a f f e c t e d  zones r e s u l t i n g  from t h e  thermal cyc les  o f  welding. A weal th  
o f  evidence t h a t  weld h e a t - a f f e c t e d  zones a r e  i n t i m a t e l y  involved a s  c r i t i c a l  
reg ions  o f  b r i t t l e  behavior  has  been presen ted  over  a  pe r iod  of  t ime.  
Never the less ,  t h e  p o s s i b l e  degrada t ion  t h a t  welding thermal cyc l e s  might 
produce is  seldom accorded cons ide ra t i on  a s  a  f a c t o r  governing b a s e  metal  
s e l e c t i o n  when s t r u c t u r a l  f a b r i c a t i o n  is  t o  be  done by welding. 

Heat-Affected Zone Cracking 

In gene ra l ,  t h e r e  a r e  two d i f f e r e n t  types  o f  h e a t - a f f e c t e d  zone c rack ing  
which a r e  encountered i n  welding. These a r e  cold-cracking and hot -c rack ing  . 
Of t h e  two, cold-cracking is probably t h e  more i n s i d i o u s  a s  i t  is d i f f i c u l t  
t o  d e t e c t  and can occur  immediately a f t e r  welding o r  a f t e r  a  l apse  o f  a  con- 
s i d e r a b l e  pe r iod  o f  t ime ,  e . g . ,  hours ,  days,  o r  weeks. From t h e  b r i t t l e  
f r a c t u r e  s t andpo in t ,  n e i t h e r  type  i s  t o l e r a b l e .  

Hea t -a f fec ted  zone hot -c rack ing  has no t  gene ra l l y  been considered a  
problem o f  g r e a t  magnitude. However, t h e r e  i s  i n d i c a t i o n  i n  some r ecen t  
r e sea rch  t h a t  such c rack ing  may be  more important than  has  p rev ious ly  been 
recognized. For example, i n v e s t i g a t i o n s  have shown t h a t  microscopic  s i z e  
ho t -c racks  a r e  one o f  t h e  d e f e c t s  most o f t e n  found i n  h igh-s t rength  and 
u l t r a h i g h  s t r e n g t h  weldments . 6-9 Considerable  research  was done t o  s tudy  t h e  
n a t u r e  o f  weld ho t -c rack ing  i n  h igh - s t r eng th  s t e e l s  such a s  AISI 4340. A 
r ecen t  add i t i on  t o  t h i s  work has  shown t h a t  h e a t - a f f e c t e d  zone c rack ing  i n  
high s i l i c o n  s t e e l  weldments may b e  l i k e l y  because o f  apparent  g r a in  boundary 
l i q u a t i o n  and a l s o  t h a t  such micro-defects  can and do cause low-load 
f a i l u r e s .  l o  I t  has  a l s o  been r epo r t ed l1  t h a t  ho t -c rack ing  has  been found i n  
some o f  t h e  h igh - s t r eng th  cons t ruc t iona l  s t e e l s  having y i e l d  s t r e n g t h s  o f  
80,000 p s i  and h ighe r .  Moreover, i t  appears  t h a t  t h i s  t ype  o f  c rack ing  can 
be  r e l a t e d  t o  hea t - t o -hea t  a s  wel l  a s  p l a t e - t o - p l a t e  composi t ional  v a r i a t i o n s  
i n  t h e  base  m a t e r i a l s .  

Because ho t -c rack ing  has  p rev ious ly  been considered t o  be  more o f  a  weld 
metal t han  a  base  metal problem t h e r e  w i l l  b e  more s a i d  about t h e  s u b j e c t  i n  
t h e  s e c t i o n  on c rack ing .  However, ho t -c rack ing ,  when it does occur  i n  t h e  
h e a t - a f f e c t e d  zone, is thought t o  be  p r imar i l y  important  because o f  t h e  
i n f luence  i t  may have on t h e  propagat ion o f  co ld  c r acks .  Tiny ho t  cracks i n  
t h e  h e a t - a f f e c t e d  zones may a c t  a s  i n i t i a t i o n  po in t s  f o r  co ld  c racks .  This  
makes t h e  s t e e l  more s u s c e p t i b l e  t o  cold-cracking than it  would be  i f  t h e  
h o t  cracks were no t  p r e s e n t .  



An e x c e l l e n t  review o f  t h e  c o l d - c r a c k i n g  problem was i n c l u d e d  a s  p a r t  
of  a recent s tudy12  by R e n s s e l a e r  P o l y t e c h n i c  I n s t i t u t e  on some government- 
sponsored r e s e a r c h .  Although t h e  p r i n c i p a l  o b j e c t i v e  o f  t h i s  work was t o  
e s t a b l i s h  a  t e s t  f o r  c o l d - c r a c k i n g  s e n s i t i v i t y ,  a  l i t e r a t u r e  su rvey  was i n -  
c l u d e d  i n  t h e  p u b l i s h e d  r e p o r t .  Th i s  r e p o r t ,  c o n t a i n i n g  some 57 r e f e r e n c e s ,  
would s e r v e  a s  a  rewarding s t a r t i n g  p o i n t  f o r  anyone s e e k i n g  a  b i b l i o g r a p h y  
on t h e  c u r r e n t  s t a t u s  o f  c o l d - c r a c k i n g  technology f o r  a l l o y  s t e e l s .  

A review o f  t h e  l i t e r a t u r e  up t o  1939 was p r e s e n t e d  by Spraragen and 
Claussen .  S i n c e  t h e n  s a l i e n t  p r o g r e s s  h a s  been made i n  r e s e a r c h  s e e k i n g  
a  mechanism t o  e x p l a i n  t h e  c o l d - c r a c k i n g  phenomena. By 1945 t h e  t h r e e  p r i -  
mary requ i rements  f o r  c o l d - c r a c k i n g  had been recognized  and s t u d i e d  i n  some 
d e t a i l .  These requ i rements  were:  t h e  p resence  o f  m a r t e n s i t e  i n  t h e  h e a t -  
a f f e c t e d  zone, t h e  i n t r o d u c t i o n  o f  hydrogen i n t o  t h e  h e a t - a f f e c t e d  zone, and 
t h e  p resence  o f  r e s t r a i n t  s t r e s s e s  i n  t h e  welded s t r u c t u r e s .  L a t e r ,  c o n t r o l  
o f  c a r b i d e  d i s t r i b u t i o n  was p o i n t e d  ou t  a s  a  means o f  promoting r e s i s t a n c e  t o  
c o l d - c r a c k i n g .  While voluminous l i t e r a t u r e  d e s c r i b i n g  o u t s t a n d i n g  r e s e a r c h  
on d e t a i l e d  mechanisms has  been p r e s e n t e d  i n  t h e  i n t e r i m ,  t h e s e  f o u r  f a c t o r s  
s t i l l  appear  t o  be  t h e  governing e lements  o v e r  which p r o p e r  c o n t r o l s  a r e  
r e q u i r e d  f o r  p r e v e n t i o n  o f  c o l d - c r a c k i n g  i n  t h e  weld h e a t - a f f e c t e d  zones o f  
a l l o y  s t e e l s .  

With r e g a r d  t o  c o n t r o l  o f  welding o p e r a t i o n s ,  i t  h a s  been p o i n t e d  out14 
t h a t  t h e  b e n e f i c i a l  e f f e c t s  o f  p r e h e a t i n g  and p o s t h e a t i n g  which a r e  used 
e x t e n s i v e l y  a s  t h e  prime procedure  t o  avoid  c o l d - c r a c k i n g  could  b e  e x p l a i n e d .  
P r e h e a t i n g  i n c r e a s e s  t h e  t ime a v a i l a b l e  f o r  hydrogen d i f f u s i o n  (and e v o l u t i o n )  
and p o s t h e a t i n g  t rans forms  r e t a i n e d  a u s t e n i t e  t o  h i g h e r  t empera tu re  t r a n s f o r -  
mation p r o d u c t s  ( b a i n i t e )  from which hydrogen can d i f f u s e  more r e a d i l y .  An 
a d d i t i o n a l  b e n e f i t  i s  t h a t  p r e h e a t i n g  and /or  p o s t h e a t i n g  imposes a  p r e v e n t i v e  
c o n t r o l  o v e r  t h e  fo rmat ion  o f  t h e  most u n d e s i r a b l e  h a r d  and b r i t t l e  t r a n s f o r -  
mation p r o d u c t s ,  a s  w e l l  a s  imposing some degree  o f  low-temperature  tempering 
of  a u t o g e n e t i c  t r a n s f o r m a t i o n  p roduc t s  a s  an i n h e r e n t  p a r t  o f  t h e  o p e r a t i o n .  
A secondary b e n e f i t  o f  p o s t h e a t  may b e  i n  r e d u c i n g  t h e  s t r e s s  g r a d i e n t  c r e a t e d  
d u r i n g  t h e  c r i t i c a l  p a r t  o f  t h e  weld c o o l i n g  c y c l e .  

Heat-Affected Zone Embrit t lement 

The h e a t - a f f e c t e d  zone i s  u s u a l l y  d e f i n e d  a s  t h a t  p o r t i o n  o f  t h e  base  
p l a t e  a d j a c e n t  t o  t h e  weld meta l  which h a s  n o t  been mel ted b u t  whose mechan- 
i c a l  p r o p e r t i e s  o r  m i c r o s t r u c t u r e  have been a l t e r e d  by t h e  h e a t  o f  we ld ing .  
I n  h e a t - t r e a t a b l e  m a t e r i a l s  t h i s  zone can be  d i v i d e d  i n t o  two p a r t s .  The 
f i r s t  i s  t h a t  p a r t  which h a s  been h e a t e d  t o  t empera tu res  below t h e  lower 
c r i t i c a l .  The second i s  t h a t  p a r t  which h a s  been r a i s e d  t o  t empera tu res  be- 
tween t h e  lower c r i t i c a l  and t h e  m e l t i n g  p o i n t .  The f i r s t  zone has  seldom 
been regarded  a s  hav ing  much importance t o  t h e  b r i t t l e  f r a c t u r e  problem. 
There may be some e x c e p t i o n s  t o  t h i s  r u l e  i f  s t r a i n - a g i n g  o r  temper e m b r i t t l e -  
ment e n t e r e d  t h e  p i c t u r e  b u t  t o  d a t e  t h e r e  h a s  n o t  been enough work done t o  
de te rmine  whether  t h e s e  phenomena have s i g n i f i c a n t  i m p l i c a t i o n s .  The second 
zone is  where most o f  t h e  problems connected wi th  poor  h e a t - a f f e c t e d  zone be- 
h a v i o r  have been shown t o  o c c u r .  I n  a d d i t i o n ,  embr i t t l ement  can occur  i n  t h i s  
r e g i o n .  F i g u r e  2 shows one c a s e  t h a t  i s  i n d i c a t i v e  o f  t h e  embr i t t l ement  t h a t  
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can be  produced by t h e  thermal cyc les  o f  welding. In t h i s  ca se ,  s imula ted  
thermal cyc les  i n  specimens o f  a  0.30C Mn-Mo type  armor s t e e l  r e s u l t e d  i n  
maximum embri t t lement  i n  t h e  1400 F peak temperature  region.15 

S i m i l a r  r e s u l t s  have been shown f o r  o t h e r  low-alloy h igh - s t r eng th  f e r -  
rous m a t e r i a l s .  l6 Stud ie s  a t  Rensselaer  Poly technic  I n s t i t u t e  u s ing  t h e i r  
s imula ted  specimen technique have shown t h a t  s a t i s f a c t o r y  y i e l d  s t r e n g t h  and 
low-temperature notch toughness f o r  subzero temperature  s e r v i c e  a r e  exh ib i t ed  
by many low-alloy s t e e l s  i n  p l a t e  form p r i o r  t o  welding f a b r i c a t i o n .  How- 
eve r ,  exposure t o  welding thermal cyc les  may s o  a l t e r  t h e  mic ros t ruc tu re  
t h a t  t h e  r e s u l t a n t  p r o p e r t i e s  o f  t h e  weld h e a t - a f f e c t e d  zone a r e  markedly 
impaired. Thus it  i s  apparent  t h a t  w e l d a b i l i t y ,  a s  wel l  a s  s t r e n g t h  and 
notch toughness ,  must be considered i n  t h e  design o f  b a s i c  s t r u c t u r a l  weld- 
i n g  m a t e r i a l s  i f  t h e  n e c e s s i t y  f o r  post-welding h e a t  t rea tment  i s  t o  be  
e l imina ted .  

WELD METAL FACTORS AFFECTING MECHANICAL BEHAVIOR 

Notch Toughness 

I t  has  been po in t ed  ou t  p r ev ious ly  t h a t  t h e  behavior  o f  t h e  base  p l a t e  
has  been o f  s i n g u l a r  importance i n  a  ma jo r i t y  o f  t h e  b r i t t l e  f r a c t u r e s  o f  



weldments f o r  which p o s t - f a i l u r e  ana lyses  have been r epo r t ed .  Mild s t e e l  
base materials q u i t e  o f t e n  had f r a c t u r e  p ropaga t ion  p r o p e r t i e s  which were n o t  
as good as those  o f  t h e  weld meta l s  t h a t  were used. The f r a c t u r e ,  no m a t t e r  
where it i n i t i a t e d ,  tended t o  run e i t h e r  i n t o  t h e  b a s e  p l a t e  o r  i n t o  t h e  
h e a t - a f f e c t e d  zone o f  t h e  weld. I t  r a r e l y  r an  i n  t h e  weld metal  i t s e l f .  In  
some cases  t h e  ba se  p l a t e  f r a c t u r e  behav io r  was poor  even a t  temperatures  a s  
high a s  80 ~ . l l  

I n  a  r e p o r t  cover ing  a  review o f  welded s h i p  f a i l u r e s 1 7  i t  was observed 
t h a t  t h e  i n f l u e n c e  o f  welding on notch toughness was no t  c l e a r .  The tough- 
ness  o f  t h e  weld metal  a s  judged by impact tests was found g e n e r a l l y  t o  b e  
b e t t e r  than  t h a t  o f  t h e  ba se  meta l .  Some t e s t s  i n d i c a t e  t h a t  welding causes  
a  l o s s  o f  d u c t i l i t y  o f  t h e  b a s e  p l a t e  nex t  t o  t h e  weld. Other  t e s t s  have 
shown t h a t  t h e  notch toughness o f  welded specimens i s  much l e s s  than  t h a t  o f  
comparable unwelded specimens. This  review goes on t o  p o i n t  o u t  t h a t  i n  
a c t u a l  s h i p  f a i l u r e ,  c racks  which s t a r t e d  i n  d e f e c t i v e  welds (welded b u t t s  
f o r  example) u s u a l l y  propagated i n  t h e  p l a t e .  I t  might b e  mentioned t h a t  
t h e  p l a t e s  which t h e  f r a c t u r e  e n t e r e d  a f t e r  hav ing  o r i g i n a t e d  i n  a  de f ec t i ve  
weld were o f  low notch toughness .  Cracks d i d  n o t  even fol low t h e  p l a t e  next  
t o  t h e  weld except  i n  a  few c a s e s ,  and then on ly  f o r  a  s h o r t  d i s t a n c e .  When 
c rack ing  d i d  fol low t h e  weld j o i n t s ,  i t  was where weld q u a l i t y  was poor. 
S i m i l a r  obse rva t i ons  were made i n  s e v e r a l  cases  where damage r e s u l t e d  from 
explos ion .  Such r e s u l t s  sugges t  t h a t  t h e  i n f l uence  o f  welding may b e  d i f -  
f e r e n t  f o r  crack i n i t i a t i o n  than  f o r  crack propaga t ion .  I t  a l s o  sugges t s  
t h a t  t h e  mechanism o f  f r a c t u r e  i n  a  welded j o i n t  may have d i r e c t i o n a l  
p r o p e r t i e s .  

High-s t r e n g t h  s t r u c t u r a l  m a t e r i a l s  do no t  n e c e s s a r i l y  behave t h e  same 
a s  t h e  lower s t r e n g t h  m a t e r i a l s .  Qu i t e  o f t e n  h igh - s t r eng th  weldments w i l l  
f a i l  through o r  i n  t h e  reg ion  immediately ad j acen t  t o  t h e  weld. Ac tua l l y ,  
i n  very b r i t t l e  m a t e r i a l s  m u l t i d i r e c t i o n a l  f a i l u r e s  a r e  q u i t e  common ( s e e ,  
f o r  example, Monograph MS-48, Page IV-15). I n  d u c t i l e  f a i l u r e s  t h e  d i r e c -  
t i o n  and l o c a t i o n  o f  f r a c t u r e  can u s u a l l y  be r e l a t e d  t o  load  p a t t e r n s ,  and 
f a i l u r e  l o c a t i o n  is  o r i e n t e d  i n  t h e  d i r e c t i o n  d i c t a t e d  by h i g h e s t  s t r e s s .  
I n  b r i t t l e  f a i l u r e  it is  d i f f i c u l t  t o  p inpo in t  j u s t  what predetermines  f r a c -  
t u r e  o r i e n t a t i o n .  In  some ca se s  it may b e  decided by t h e  l o c a t i o n  o f  t h e  
most h i g h l y  n o t c h - s e n s i t i v e  s t r u c t u r e s .  The e f f e c t s  t h a t  r e s i d u a l  s t r e s s  
p a t t e r n s  may produce s t i l l  have no t  been f u l l y  determined. I n  any ca se  t h e  
toughness o f  t h e  weld meta l  could be  a  most important  f a c t o r  i n  dec id ing  t h e  
l o c a t i o n  o f  i n i t i a t i o n  and d i r e c t i o n  f o r  p ropaga t ion  o f  t h e  f r a c t u r e .  

Th i s ,  then ,  b r i n g s  up t h e  ques t i on  o f  what determines  t h e  toughness o f  
weld metal .  Bas i ca l l y ,  weld metal  p r o p e r t i e s  a r e  determined by composition 
and mic ros t ruc tu re .  I n  t h i s  r e s p e c t  weld metal  does n o t  d i f f e r  g r e a t l y  from 
any o t h e r  form o f  metal .  The same chemical e lements  and m i c r o s t ~ c t u r e s  
t h a t  a r e  damaging t o  t h e  b a s i c  meta l s  a r e  a l s o  damaging t o  t h e  p r o p e r t i e s  of 
weld me ta l s .  There a r e ,  however, a d d i t i o n a l  cons ide ra t i ons  which must b e  
contended wi th  i n  welding. Some o f  t h e s e  a r e  d i s cus sed  i n  t h e  fo l lowing  
paragraphs.  



Fundamentally, a weld is a s p e c i a l i z e d  s o r t  o f  c a s t i n g .  One can th ink  
o f  a weld a s  a unique type  of  continuous c a s t i n g  be ing  made i n  a c h i l l e d  
mold. Accordingly, t h e  welding procedure,  t h e  me1 t ( f i l l e r )  m a t e r i a l ,  and 
t h e  n a t u r e  and con f igu ra t i on  o f  t h e  mold (base? m a t e r i a l  a r e  a l l  f a c t o r s  
a f f e c t i n g  t h e  f i n a l  p r o p e r t i e s  of  t h e  weld. Because t h e  weld metal s o l i d -  
i f i e s  a g a i n s t  t h e  r e s t r a i n t  imposed by r i g i d  surroundings,  shr inkage  and 
r e s i d u a l  s t r e s s  f a c t o r s  a r e  a l s o  a c t i v e  i n  a f f e c t i n g  t h e  f i n a l  p r o p e r t i e s  
developed i n  t h e  welds. 

I t  is always dangerous t o  g e n e r a l i z e  i n  a r e a s  where a g r e a t  dea l  more 
research  i s  needed t o  e s t a b l i s h  fundament a1  in format ion .  Moreover, d e s p i t e  
t h e  f a c t  t h a t  a l a r g e  q u a n t i t y  o f  t h e  l i t e r a t u r e  which has  been publ i shed  on 
welding has  been devoted t o  d i s cus s ion  o f  notch toughness,  t h e r e  is s t i l l  
much t o  be  l ea rned  on t h e  s u b j e c t .  About a l l  t h a t  can b e  accomplished i n  a 
document o f  t h i s  k ind  is  t o  p re sen t  some guides on c u r r e n t  concepts concern- 
i n g  a few of  t h e  f a c t o r s  t h a t  appear  impor tan t .  

I-. Comoosi t i  on ( p e r c e n t )  
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A s  mentioned above, chemical com- 
p o s i t i o n  a f f e c t s  toughness o f  both 
weld metal and base metal i n  a s i m i l a r  
fash ion .  Accordingly, most o f  t h e  
informat  ion  t h a t  has  been developed on 
t h e  b a s i c  m a t e r i a l s  w i l l  a l s o  be  
app l i cab l e  t o  weld d e p o s i t s .  There 
have been numerous s t u d i e s  d i r e c t e d  
toward determining t h e  e f f e c t s  o f  
a l l o y i n g  elements on t h e  toughness o f  
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+ZOO .; s t e e l s .  A review p e r t i n e n t  t o  t h e  
a s u b j e c t  has  been included i n  Chapter V I  
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+8 of  MS-48. For t h e  purposes o f  t h i s  
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+ I O O  a r t i c l e ,  one o f  t h e  most sy s t ema t i c  
a s t u d i e s  t h a t  has  been made was t h a t  

o f  Rinebol t  and H a r r i s ,  l 8  who presen ted  
0 t h e  d a t a  f o r  p e a r l i t i c  s t e e l s  shown i n  

F igure  3.19 From t h i s  f i g u r e  it may 

-100 
b e  seen  t h a t  add i t i ons  o f  carbon, 
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phosphorus, and s i l i c o n  g r e a t l y  i n -  

Composition ( p e r c e n t )  creased  t h e  d u c t i l i t y - t r a n s i t i o n  

19-066-1267 IAMC-63 temperature .  Addit ions o f  molybdenum 
F i  qure 3. EFFECT OF CHEMICAL COMPOSITION ON and copper moderately i nc reased  t h e  
DUCT I LITY-TRANS I T  I ON TEMPERATURE. The curves t r a n s i t i o n  temperature  whereas t hose  
are based on corrected values obtained by ad- of manganese and n i c k e l  lowered i t .  
just ing the experimental t rans i t ion  temperatures The effects of other elements were 
t o  constant val  ues o f  carbon, manganese, and more camp ex . 
si l icon,  except when these were intent ional ly  
varied. 
Reprinted from ASM Trans. v .  43, 1951. Courtesy Addit ional  i n v e s t i g a t i o n  o f  t h e  
o f  American Society  of Metals.  e f f e c t s  o f  energy i n p u t ,  r e s t r a i n t ,  
and f i l l e r  metal composition has  been made by Dorshu and S tou t  a t  Lehigh 
~ n i v e r s i  ty. 20 This  r e p o r t  showed t h a t  lowering welding energy i n p u t ,  reduc- 
i n g  r e s t r a i n t ,  and adding n i c k e l  and manganese were b e n e f i c i a l  t o  weld metal  
notch toughness.  They a l s o  s t u d i e d  weld metal depos i ted  i n  grooved A201 s t e e l  



p l a t e ,  u s ing  both  t h e  i n e r t - g a s  sh i e lded  consumable e l e c t r o d e  and submerged- 
arc welding processes .  The e f f e c t s  o f  a l l o y i n g  elements i n v e s t i g a t e d  during 
t h i s  s t udy  a r e  shown i n  Figures  4 and 5 .  

Comparison of  t h e  e f f e c t s  o f  p rocesses  on toughness when depos i t i ng  t h e  
same f i l l e r  wi re  is  given i n  F igure  6 . 1 1  Reference 11 a l s o  con ta in s  addi-  
t i o n a l  d a t a  ob ta ined  from a review o f  l i t e r a t u r e  on the  e f f e c t s  o f  a l l o y i n g  
elements on notch toughness i n  welds .  An important f a c t o r  n o t  p rev ious ly  
covered b u t  which was emphasized i n  t h i s  r e p o r t  i s  t h e  e f f e c t  of oxygen a s  
shown i n  Figure 7 .  This i l l u s t r a t i o n  shows t h a t  t h e r e  can be  a  d r a s t i c  i n -  
c r ea se  i n  t r a n s i t i o n  temperature  a t  a  very low oxygen conten t .  Since a l l  
welds conta in  oxygen i n  vary ing  amounts, it is  reasonable  t o  expect  t h a t  a  
similar type  o f  behavior  would occur i n  weld meta l .  

Westinghouse Research Labora tor ies ,  on a  c o n t r a c t  with t h e  U .  S .  Navy, 
f u r t h e r  s u b s t a n t i a t e d  t h i s  po in t .21  They have a l s o  included n i t rogen  e f f e c t s  
a s  be ing  s e v e r e l y  de t r imen ta l .  One conclusion reached i n  t h e i r  s tudy  was 
t h a t  t h e  r e s u l t s  provided almost completely convincing evidence t h a t  t h e  key 
t o  achievement o f  s t r o n g  tough welds i s  t h e  problem o f  oxygen and n i t rogen  
e l imina t ion .  Furthermore, t h e i r  research  has  po in ted  up o t h e r  e lements ,  
such as antimony, hafnium, boron, phosphorus, and s u l f u r ,  even i n  minor 
amounts, a s  be ing  de t r imen ta l .  Vanadium, even i n  smal l  amounts between 0.10 
and 0.70 pe rcen t ,  r e s u l t e d  i n  b r i t t l e  welds when tempered o r  s t r e s s - r e l i e v e d .  

Weight Percent  A l loy ing  El anent 

Weight Percent  A l loy ing  Element 19-066-1266/AMC-6 3 

19-066-1272/AMC-63 Figure  5. EFFECT OF ALLOY ADDITIONS ON 
Figure  U. EFFECT OF ALLOY ADDITIONS ON NOTCH TOUGHNESS AND HARDNESS OF 

NOTCH TOUGHNESS AND HARDNESS OF SUBMERGED ARC WELD METAL 
GAS- SH I ELDED ARC WELD METAL Repr in ted from Weldin Journal ,  v. 40, no. 3 ,  1961. 

Repr in ted from Welding Journal ,  v. 40, no. 3 ,  1961. Courtesy of the  MEW^ CAN WELDING SOCIETY. 
Courtesy o f  the AMERICAN WELDING SOCIETY. 



Temperature (dog F)  

Oxygen (percon t) 
19-066-12 68IAMC-63 

F i gure 6. COMPAR l SON OF NOTCH TOUGHNESS OF 
19-0 66-1269,AMC-63 

SUBMERGED-ARC AND INERT-GAS-SHIELDED WELD 
METALS (using same f i l l e r  w i r e ,  we ld ing  pro- F i  gu re 7. EFFECT OF OXYGEN ON 

cedures,  and commercial m a t e r i a l s ) .  Y i e l d  TRANS l T l ON TEMPERATURE OF I RON-OXYGEN ALLOYS 
S t r e n g t h  o f  Weld M e t a l s  about 100,000 ps i .  Reprinted from DMlC Report 172 

Reprinted from DMlC Report 172. 

The Westinghouse r e sea rche r s  a l s o  s t a t e d  t h a t  t h e r e  has  been a  wide- 
spread  and of ten-quoted opinion i n  t h e  welding i n d u s t r y ,  t h a t  t h e  type  o f  
b r i t t l e n e s s  be ing  encountered r e s u l t s  from t h e  presence of  low me l t i ng  p o i n t  
e u t e c t i c s .  The d a t a  which they were r e p o r t i n g  i n d i c a t e d  t h a t  t h e  observed 
b r i t t l e n e s s  probably r e s u l t e d  from the  presence of  excess ive  q u a n t i t i e s  o f  
r e f r a c t o r y  oxides  which a r e  a l r eady  s o l i d  while  t h e  bulk o f  t h e  newly depos- 
i t e d  weld metal i s  molten. Titanium, zirconium, columbium, and poss ib ly  
aluminum were p a r t i c u l a r l y  damaging. 

Hydrogen, i n  very small  amounts, is  of  course de t r imen ta l .  The e f f e c t s  
o f  hydrogen on cold-cracking i n  weld metal  a r e  s i m i l a r  t o  those  d i scussed  pre-  
vious l y  i n  connection with h e a t - a f f e c t e d  zone c rack ing .  Furthermore, many 
o t h e r  i n v e s t i g a t i o n s  have shown hydrogen t o  be  de t r imenta l  t o  t h e  d u c t i l i t y  
and toughness o f  weld metal d e p o s i t s .  I n  some cases  aging has  improved t h e  
mechanical p r o p e r t i e s ,  while  i n  o t h e r s ,  where f i s s u r i n g  has  occurred,  no 
amount o f  aging can remove t h e  damage. Experience has  shown t h a t  improved 
p r o p e r t i e s  a r e  ob ta ined  even i n  mild s t e e l  weld metal with t h e  use  o f  low 
hydrogren e l e c t r o d e s .  Because o f  t h e  de t r imen ta l  e f f e c t s  on toughness ,  low 
hydrogen welding p r a c t i c e s  have become imperat ive f o r  t he  f a b r i c a t  i on  o f  
h i g h e r  s t r e n g t h  s t r u c t u r a l  m a t e r i a l s .  In  metal-arc  welding, e l e c t r o d e  v a r i -  
ab l e s  a s s o c i a t e d  with mois ture  content  i n  t h e  e l e c t r o d e  coa t ings  have been 
shown t o  be  one o f  t h e  most important  f a c t o r s  r e l a t e d  t o  hea t - a f sec t ed  zone 
c rack ing .  22 

Besides 
and does a f f e  
f e r r i t e  g r a in  

composition t h e r e  i s  l i t t l e  doubt t h a t  f e r r i t e  g r a in  s i z e  can 
c t  weld metal toughness.  Figure 811 i l l u s t r a t e s  t h e  e f f e c t  o f  

, s i z e  on t r a n s i t i o n  temperature  f o r  s t e e l .  S imi l a r  d a t a  f o r  
weld metal i s  d i f f i c u l t  t o  f i n d ,  bu t  i t  i s  reasonable  t o  assume t h a t  weld 
metal would produce s i m i l a r  r e s u l t s .  While g ra in  s i z e  i s  p a r t i a l l y  a  func t ion  
o f  composition, p rocedura l  f a c t o r s  a r e  a l s o  a  c o n t r o l l i n g  parameter.  A s  a  



general  r u l e ,  procedures providing low 
h e a t  i npu t s  a r e  usua l ly  favored f o r  
producing f i n e  gra in  s i z e  and accord- 
ing ly  b e t t e r  weld metal notch tough- 
ness  p rope r t i e s .  

Crack i ng 

Ilot-cracking is another  important 
p o t e n t i a l i t y  t h a t  a f f e c t s  t h e  tough- 
ness  o f  weld metal and i s  a l s o  
composition-related. Apblet t  and 
~ e l l i n i , ~ ~  i n  a  r e p o r t  d iscuss ing  the  
f a c t o r s  which inf luence  hot-cracking,  
s t a t e d  t h a t  t h e  development o f  ho t  -zoo 
cracks i n  welds r e s u l t s  from t h e  com- 8 7 6 5 4 

ASTM F e r r i t e  Grain Size 
bined e f f e c t s  o f  me ta l lu rg ica l  and 
mechanical f a c t o r s .  Meta l lurg ica l  

19-066-1270/AMC-63 
f a c t o r s  r e l a t e  t o  condi t ions  o f  s t r a i n  8. EFFECT OF ORAIM ON 
developed i n  t h e  weld metal during TRANSITION TEMPERATURE O F  A NUMBER O F  LOW 
s o l i d i f i c a t i o n  due t o  d i f f e r e n t i a l  CARBON (0.0 1-0.02 PERCENT) STEELS CONTAIN- 
cooling a t  various weld and near-weld ING VARIOUS AMOUNTS OF OTHER ALLOY ELEMENTS 
pos i t ions .  I t  was demonstrated i n  Repr in ted from D M I C  Report 172 

t h e i r  r epor t  t h a t  c e r t a i n  high-temperature a l loys  a r e  inhe ren t ly  suscep t ib l e  
t o  hot-cracking because of  unfavorable condit ions o f  s o l i d i f i c a t i o n .  Such 
a l l o y s  r equ i re  c lose  cont ro l  o f  welding procedures t o  prevent  hot-cracking.  

DMIC Report 172l a l s o  conta ins  6 r a t h e r  ex tens ive  review on t h e  s u b j e c t  
o f  hot-cracking. The authors  descr ibe  two theor i e s  of  explanat ion f o r  t h e  
hot-cracking phenomenon. One theory is based upon the  l i q u a t i o n  concept.  
This theory involves t h e  ex i s t ence  o f  low melt ing po in t  e u t e c t i c s  o r  i n t e r -  
m e t a l l i c  compounds i n  t h e  g ra in  boundary which f i n a l l y  form shrinkage voids 
t h a t  eventua l ly  lead  t o  cracking.  The o t h e r  theory f o r  hot-cracking is based 
on t h e  hypothesis  t h a t  a  b r i t t l e  i n t e r g r a n u l a r  s o l i d  phase e x i s t s  a t  high 
temperatures.  The assumption he re  is t h a t  gra in  boundaries can be e a s i l y  
separa ted  by low s t r a i n s  when s t r e s s e s  a r e  imposed during subsequent cool ing.  
Both t h e o r i e s  may apply i n  d i f f e r e n t  cases depending on t h e  type o f  mater ia l  
involved. The b r i t t l e  phase theory appears t o  be  o f  p a r t i c u l a r  importance i n  
expla in ing  hot  d u c t i l i t y  a t  about 1800 F i n  t h e  chromium-nickel types of 
aus teni  t i c  s t e e l s .  

Chemical composition appears t o  be the  con t ro l  l i n g  f a c t o r  involved a s  
f a r  a s  hot-cracking is  concerned. Figure 9 ,  which appeared i n  the  DMIC 
r e p o r t ,  p resents  an experimental formula which has been developed and which 
r e l a t e s  hot-cracking s e n s i t i v i t y  d i r e c t l y  t o  weld metal composition. Though 
empir ica l ,  t h i s  formula a t  l e a s t  gives some ind ica t ion  o f  t h e  elements which 
e x e r t  important inf luences  on notch toughness because of  hot-cracking 
s u s c e p t i b i l i t y .  



0 
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Legend 

Steel Compositions 
composition(%) 

S P Ni Cr M o  V No. C Jg 51 ,- - - - - - 
1 0.33 0.51 0.16 0.015 0.023 0.15 0.91 0.20 -- 
2 0.31 0.55 0.36 0.007 0.020 0.12 0.86 0.19 -- 
3 0.28 0.55 0.28 0.008 0.018 0.12 0.95 0.25 -- 
4 0.31 0.42 0.22 0.017 0.034 0.17 0.85 0.24 -- 

19-066-1271/AMC-63 

F i g u r e  9. EFFECT OF STEEL COMPOSITION ON HOT-CRACK RESISTANCE 
Reprinted f rom D M l C  Report 172 



M i  crostructure 

Associated with a l l  t h e  preceding f a c t o r s  which a f f e c t  notch toughness 
is  t h e  importance o f  mic ros t ruc tu re .  I n  many r e spec t s  t h i s  is probably t h e  
most important  o f  a l l  t h e  f a c t o r s  a s s o c i a t e d  with b r i t t l e  f r a c t u r e  i n  weld 
metals .  I t  would not  be  f e a s i b l e  i n  an a r t i c l e  of  t h i s  s o r t  t o  delve i n t o  an 
ex t ens ive  d i scuss ion  of  mic ros t ruc tu re .  S u f f i c e  it t o  say  t h a t  t h e  same 
me ta l l u rg i ca l  s t r u c t u r e s  which a r e  lack ing  i n  toughness i n  any form o f  metal-  
l i c  m a t e r i a l  l e ad  t o  b r i t t l e n e s s  i n  weld metals  a l s o .  

A s  i n d i c a t e d  e a r l i e r  i n  t h i s  s e c t i o n ,  weld metal bea r s  some s i m i l a r i t y  
t o  c a s t i n g  i n  a  c h i l l e d  mold. The h e a t  flow e f f e c t s  a r e  s i z e -  and procedural-  
dependent bu t  i n  most cases  t h e  a c c e l e r a t e d  cool ing  i s  o f  s i g n i f i c a n t  magni- 
tude.  In  many cases  t he  quench e f f e c t  i s  o f  t h e  o rde r  o f  t h e  r a t e s  o f  
cool ing  obta ined  with a  water  quench. Because t h e  hea t  flow i n  t h e  weld zone 
is  gene ra l l y  h igh ly  d i r e c t i o n a l  toward t h e  a d j  acent  co ld  meta l ,  t h e  weld 
develops d i s t i n c t l y  columnar g ra in s  a t  r i g h t  angles  t o  t h e  bond. The f i r s t  
c r y s t a l s  forming i n  a  molten a l l o y  may d i f f e r  markedly i n  composition from 
t h e  l i q u i d ,  b u t  a s  f r e e z i n g  proceeds,  equi l ib r ium requ i r e s  t h a t  t h e  c r y s t a l s  
r e a d j u s t  t h e i r  composition t o  t h a t  o f  t h e  i n i t i a l  l i q u i d  a l l o y .  However, 
l i q u i d  and s o l i d  phases may d e p a r t  from one another  i n  composition by a  wide 
range whi le  f r e e z i n g  is  i n  progress .  The adjustments  i n  composition which 
then occur  depend on d i f f u s i o n .  I t  can be  apprec ia ted  t h a t  i n  t h e  r a p i d  
cool ing  o f  weld meta l ,  t h e  r e q u i s i t e  t ime f o r  d i f f u s i o n  may no t  be  a v a i l a b l e .  
Also, t h e  d i s t ance  over  which d i f f u s i o n  must t a k e  p l ace  may r e q u i r e  a  r e l a -  
t i v e l y  long t ime.  I t  i s  normal then  f o r  weld metal  t o  be  heterogeneous i n  
composition upon f r eez ing .  This condi t ion  is c a l l e d  s eg rega t ion  and r e s u l t s  
i n  a  cored d e n d r i t i c  s t r u c t u r e .  In  weld meta l ,  t h e  he t e rogene i ty  i s  micro- 
s c o p i c  and cannot be  de t ec t ed  by chemical a n a l y s i s  o f  ch ips  from a d r i l l e d  
sample. l9 

Because o f  t h e  tendencies  f o r  s eg rega t ion  t o  occur ,  t h e r e  can b e  p lanes  
o f  weakness i n  weld metal which may l ead  t o  premature f a i l u r e .  Also due t o  
inhomogeneity, t h e r e  can be  a r ea s  which a r e  more h igh ly  a l l oyed  than  i s  
i n d i c a t e d  by nominal composition and which on cool ing  produce hard  and b r i t t l e  
s t r u c t u r e s  i n  t he  as-cooled cond i t i on .  Such s t r u c t u r e s  a r e  i n h e r e n t l y  prone 
t o  b r i t t l e  f r a c t u r e .  

I t  i s  poss ib l e  i n  many in s t ances  t o  ob t a in  improvement i n  weld metal  
toughness by e s t a b l i s h i n g  proper  welding procedures . Since  t he  s t r u c t u r e s  
formed i n  welding have p e c u l i a r i t i e s  r e l a t e d  t o  unique c h a r a c t e r i s t i c s  o f  t h e  
ope ra t i on ,  it fol lows t h a t  much can be  done t o  r e g u l a t e  mic ros t ruc tu re s  and 
t h e r e f o r e  p r o p e r t i e s  i n  a  weld through process  c o n t r o l .  The a b i l i t y  of  a  
weld metal  t o  form a sound, s e r v i c e a b l e  j o i n t  is determined by t h e  composition 
o f  t h e  metal and t h e  circumstances under which t h e  metal s o l i d i f i e s  and cools  
t o  room temperature .  In t h e  welding o f  a  given ma te r i a l  t h e  p r o p e r t i e s  and 
c h a r a c t e r i s t i c s  o f  t h e  welds may be changed by us ing  a  d i f f e r e n t  procedure 
and technique.  Unfor tuna te ly ,  because o f  t he  complex process  and phys ica l  
metal lurgy involved,  no s e t  r u l e s  can be  given f o r  procedures which w i l l  be 
b e n e f i c i a l  i n  a l l  cases .  The proper  procedures f o r  one m a t e r i a l  might be  
h igh ly  e m b r i t t l i n g  i n  a  d i f f e r e n t  a l l o y .  Hence, t h e  s e r v i c e s  of a  competent 



welding s p e c i a l i s t  a r e  inva luable .  By combining h i s  knowledge and experience 
with some preproduct ion experimental work, t h e  welding engineer  can o f t en  
devise  procedures which w i l l  a t  l e a s t  minimize b r i t t l e  weld f a i l u r e s .  

When a welded s t r u c t u r e  f a i l s ,  t h e  weld is  o f t e n  assumed t o  be  t h e  "weak 
l i nk t t  respons ib le  f o r  t h e  f a i l u r e .  P o s t - f a i l u r e  a n a l y s i s ,  however, may r evea l  
t h a t  t he  f a i l u r e  was due t o  human e r r o r  i n  design o r  m a t e r i a l s  engineering 
r a t h e r  than t o  t h e  mere f a c t  t h a t  welding was involved. 

I t  would be imprac t ica l  i n  a  review o f  t h i s  type  t o  attempt t o  cover a l l  
o f  t he  innumerable chemical, m e t a l l u r g i c a l ,  and mechanical f a c t o r s  which 
in f luence  b r i t t l e  performance i n  weldments. S u f f i c e  it t o  say  t h a t  engineers  
should be aware of  t h e  d r a s t i c  consequences t h a t  can de r ive  from inadequate 
toughness i n  weldments. I f  t h e  s u b j e c t s  d i scussed  he re  s t i m u l a t e  respec t  f o r  
t h e  damage t h a t  can be done by poor s t r u c t u r a l  design involv ing  weldments, 
t h e  i n t e n t  o f  t h i s  document w i l l  have been accomplished. 

A guide of common welding d e f i c i e n c i e s  and recommended remedial ac t ion  
is appended. 



APPEND I X 

A BRIEF GUIDE TO SCME C W W  WELDING DIFFICULTIES AND REMEDIES FOR  THEM'^ 

CAUSES 

TABLE I 

REMED I ES 

Low Weld-Metal D u c t i l i t y  and Notch Toughness 

1. Too r a p i d  cool ing  1. Increase  h e a t  i npu t ;  p r ehea t ;  pos thea t  

2. Improper e l e c t r o d e  2. Change t o  an e l e c t r o d e  which w i l l  de- 
p o s i t  metal having g r e a t e r  d u c t i l i t y  
and notch toughness 

3 .  Excessive carbon and a l l o y  3 .  Decrease pene t r a t i on  by lowering t h e  
pickup from base  metal  c u r r e n t  o r  t h e  t r a v e l  speed; change t o  

a  low pene t r a t i on  e l e c t r o d e  

Low Base-Metal D u c t i l i t y  and Notch Toughness 

1.  Too r a p i d  cool ing  1. Increase  hea t  i n p u t ;  p rehea t ;  pos thea t  

2 .  High h a r d e n a b i l i t y  o f  base  2 .  Increase  hea t  i n p u t ;  p r ehea t ;  pos thea t  
metal 

3 .  S t r a i n  aging i n  base metal 3 .  Heat t r e a t  completed weldment 

CAUSES 

TABLE I I 

REMED l ES 

We 1 d Metal  Cracki  ng 

1. Iiigh r i g i d i t y  of  j o i n t  2 .  Prehea t ;  use peening; change welding 
sequence by back-s tepping  o r  block 
welding; i nc rease  c ros s  s e c t i o n  o f  bead 

2 .  Unsound welds 2 .  See Po ros i t y  and Inc lus ions  

3.  Defect ive e l e c t r o d e s  (high 3 .  Change e l e c t r o d e ;  c o n t r o l  moisture  by 
o r  low moisture  i n  coa t ing ,  p roper  s t  orage 
poor core  wire)  

4 .  Poor f i t - u p  4 .  Reduce roo t  gap, b u t t e r  edges 

5.  Small o r  shal low bead 5.  Increase  c ros s  s e c t i o n  o f  bead; change 
e l e c t r o d e  type 

6 .  Excessive carbon o r  a l l o y  6 .  Reduce pene t r a t i on  by lower cu r r en t  and 
pickup from base  metal t r a v e l  speed;  change t o  low-penetrat ion 

e l e c t r o d e  

7 .  Angular d i s t o r t i o n ,  caus ing  7 .  Balance welding on both  s i d e s ;  u se  
t ens ion  a t  weld roo t  peening 

8. Excessive s u l f u r  i n  base  8 .  Use EXX15-16 e l e c t r o d e s  
metal 



TABLE I 1  (Cont) 

CAUSES REMEDI ES 

Hydrogen i n  welding 
atmosphere 

High hardenabi  l i t y  

Base M e t a l  Cracking 

1. Use EXX15-16 e l ec t rodes ;  submerged-arc 
o r  i ne r t -gas - sh i e lded -a rc  processes ;  
p rehea t  

2 .  P rehea t ;  i n c r e a s e  welding h e a t  i npu t ;  
pos thea t  wi thout  cool ing  a f t e r  welding 

Poros i ty 

Excessive hydrogen o r  1. Change e l e c t r o d e  o r  r e g u l a t e  gas-welding 
oxygen i n  welding atmosphere flame t o  avoid ox ida t ion  

High r a t e  o f  weld f r e e z i n g  2 .  I nc rease  hea t  i npu t ;  p rehea t  

High-sulfur  base  metal 3. Use EXX15-16 e l e c t r o d e s  

O i  1, p a i n t ,  o r  r u s t  on 4. Clean j o i n t  s u r f a c e s  
s t e e l  

Improper a r c  length ,  cur- 5 .  Use longer  a r c  (wi th in  recommended 
r e n t ,  o r  manipulat ion vol tage  range) ; con t ro l  welding 

technique 

Excessive mois ture  i n  6 .  Use dry  e l e c t r o d e s  and dry  m a t e r i a l s  
e l e c t r o d e  o r  j o i n t  

Heavy galvanized coa t ings  7. Use E6010 e l e c t r o d e  

Inclusions 

Fai  l u r e  t o  remove s l a g  1. Clean s u r f a c e s  and previous beads 
from previous depos i t  p roper ly  

Oxidizing welding atmosphere 2 .  Regulate flame i n  gas welding t o  n e u t r a l  

Improper j o i n t  design 3. Observe proper  a r c  length and 
manipulat ion 

Reprinted from WELDABILITY OF STEELS, 
Courtesy of Welding Research Council, 1953. 
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