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T h e  m a c r o -  a n d  m i c r o s t r u c t u r e s  of a b o u t  f i f ty  d i f f e r e n t  s t a i n l e s s  w e l d s  of t he  A I S I /  
AWS 300 s e r i e s  a r e  a n a l y z e d .  T h e  r e s u l t s  i n d i c a t e  t h a t  u n d e r  c o n d i t i o n s  c o r r e s p o n d -  
i ng  to a t y p i c a l  s h i e l d e d  m e t a l  a r c  (SMA) w e l d i n g  t he  w e l d s  w i t h  a r a t i o  in  t he  r a n g e  
1 .48  < Creq/Nieq <~ 1.95,  w h e r e  Nieq a n d  Creq a r e  t h e  n i c k e l  a n d  c h r o m i u m  e q u i -  
v a l e n t s  o n t h e  S c h a e f f l e r  d i a g r a m ,  s o l i d i f y  in  a c c o r d a n c e  w i t h  a d u p l e x  m o d e  w i t h  t he  
d e l t a  f e r r i t e  a s  t he  p r i m a r y  ( l e a d i n g )  p h a s e .  T h e  a u s t e n i t e  f o r m s  b e t w e e n  f e r r i t e  d e n -  
d r i t e s  t h r o u g h  a t h r e e - p h a s e  r e a c t i o n  b e t w e e n  l iqu id ,  f e r r i t e  a n d  a u s t e n i t e ,  a n d  s u b -  
s e q u e n t l y  g r o w s  i n to  t h e  f e r r i t e  b y  e i t h e r  a n  e q u i a x i a l  o r  a n  a c i c u l a r  m e c h a n i s m ,  r e -  
s u i t i n g  in  a d r a s t i c  d e c r e a s e  i n  t he  v o l u m e  f r a c t i o n  of t he  d e l t a  f e r r i t e .  T h e  m i c r o -  
s t r u c t u r e  a t  r o o m  t e m p e r a t u r e  i s  c h a r a c t e r i z e d  b y  a g e n e r a l  i r r e g u l a r i t y  a n d  t h e  
v a r i e d  m o r p h o l o g y  of t he  f e r r i t e .  T h e  c o m p o s i t i o n a l  d i f f e r e n c e s  o b s e r v e d  a t  r o o m  
t e m p e r a t u r e  a r e  a c o n s e q u e n c e  b o t h  of t h e  s o l i d i f i c a t i o n  a n d  t he  s o l i d  s t a t e  t r a n s f o r -  
m a t i o n .  

S T A I N L E S S  w e l d s  of t he  A I S I / A W S  300 s e r i e s  c a n  
b e  c l a s s i f i e d  in to  t h r e e  t y p e s ,  A ,  B a n d  C, a c c o r d i n g  
to  t h e i r  g e n e r a l  m i c r o s t r u c t u r e  a n d  t h e  m o r p h o l o g y  
of t h e  d e l t a  f e r r i t e ,  a s  s h o w n  in  o u r  p r e v i o u s  
p a p e r s .  1-3 T y p e  A w e l d s ,  h a v i n g  a low Creq/Nieq* 

*Creq=Cr+Mo+ l.SSi+0.5Nb. Nieq=Ni+3OC+O.5Mn. 
r a t i o  (< t . 4 8 ) ,  s o l i d i f y  p r i m a r i l y  a s  a u s t e n i t e ,  a n d  
t h e  d e l t a  f e r r i t e ,  if  any ,  i s  f o r m e d  f r o m  t he  r e s t  
m e l t  b e t w e e n  t he  a u s t e n i t e  c e i l s  o r  d e n d r i t e s  a n d  i s  
a l w a y s  of a r o u n d e d  a p p e a r a n c e ,  i.e. a v e r m i c u l a r  
m o r p h o l o g y ,  a t  r o o m  t e m p e r a t u r e  (RT) .  T y p e  C w e l d s ,  
h a v i n g  a h i g h  Creq/Nieq r a t i o  ( > 1 . 9 5 ) ,  s o l i d i f y  a s  
s i n g l e - p h a s e  f e r r i t e .  T h e  a u s t e n i t e  n u c l e a t e s  on ly  in  
t h e  s o l i d  s t a t e ,  p r e f e r e n t i a l l y  a t  f e r r i t e  g r a i n  b o u n d -  
a r i e s ,  a n d  g r o w s  i n to  t h e  f e r r i t e  b y  t h e  W i d m a n -  
s t ~ i t t e n  m e c h a n i s m  d u r i n g  c o o l i n g ,  r e s u l t i n g  in a 
l a t h y  m o r p h o l o g y .  T h e  v o l u m e  f r a c t i o n  of r e s i d u a l  
f e r r i t e  a t  R T  i n c r e a s e s  w i t h  the  r a t i o  Creq/Nieq , 
u n t i l  i t  b e c o m e s  t he  f e r r i t e  w h i c h  f o r m s  t he  m a t r i x  
a t  v a l u e s  a b o v e  2 .3 .  

In t h i s  t h i r d  p a r t  of t h e  w o r k  t he  m i c r o s t r u c t u r a l  
t y p e  B i s  d i s c u s s e d  m o r e  t h o r o u g h l y  a g a i n s t  t he  s a m e  
g e n e r a l  a n d  e x p e r i m e n t a l  b a c k g r o u n d . 2  O n  a t o n n a g e  
b a s i s ,  t h i s  i s  t he  m o s t  i m p o r t a n t  t y p e  i n  v i e w  of c e r -  
t a i n  b e n e f i c i a l  p r o p e r t i e s  a s s o c i a t e d  w i t h  i t .  
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w i t h  t h e  r a t i o  Creq/Nieq ( F i g .  1) .  R o u g h l y  i t  i s  b e -  
t w e e n  t h o s e  of  t y p e  A a n d  C w e l d s .  T h e  e x a c t  c o m -  
p o s i t i o n s  of t h e  w e l d s  i n  q u e s t i o n  a r e  g i v e n  in  T a b l e  
II .  W h e n  p l o t t e d  on  t he  S c h a e f f l e r  d i a g r a m  4 t h e s e  f e l l  
w i t h i n  a s h a r p l y  o u t l i n e d  f i e l d  a p p r o x i m a t e l y  d e f i n e d  
b y  t he  r a t i o  r a n g e  1 .48  <~ Creq/Nieq < 1.95  ( F i g .  2) .  

T h e  f a c t  t h a t  w e i d s  n u m b e r s  B1 a n d  B2 a r e  l o c a t e d  
b e y o n d  t h e  o r d i n a r y  f i e l d  f o r  t y p e  B w e l d s  ( F i g .  2) 
m a y  be  e x p l a i n e d  by  t h e i r  e x c e p t i o n a l  c o m p o s i t i o n ,  
f o r  t he  c o e f f i c i e n t s  f o r  n i t r o g e n  a n d  m a n g a n e s e  in  
t h e  Nieq a n d  Creq of t h e  S c h a e f f l e r  a n d  D e L o n g  d i a -  
g r a m s  5 a r e  p roba t~ ly  t oo  g r e a t  f o r  s u c h  h i g h  a l l o y i n g  
l e v e l s  a ( B I :  N = 0 .17  pc t ,  B 2 :  M n  = 8 p c t ) .  T h e i r  f e r -  
r i t e  c o n t e n t s ,  1 .5  a n d  3 p c t  r e s p e c t i v e l y ,  a r e  a l s o  

Table I. Welding Conditions 

SMA Welds in the First and Second Series 

Electrode diameter (mm) 2.5 3.25 4.0 
Welding current (A) 60 to 80 80 to 110 120 to 140 
Heat input (kJ/cm) 6 to 8 7 to 9 11 to 16 
Interpass temperature < 100~ 
Polarity DC, reverse 
Welding position Flat 
Technique Manual stringer bead 

GTA Welds in the First Series 

Filler metal None 
Welding current 190 A* 
Pole voltage 14 to 17 V* 
Travel speed 8 cm/min 
Heat input 17 to 21 kJ/cm* 
Arc length 2.0 mm 
Thoriated tungsten electrode EWTh-2, diameter 3.2 mm and cone angle 90 

deg 
Shielding gas Welding grade argon, flow 8 l/rain 
Torch position Vertical, orifice diameter 11 mm and dis- 

tance from the plate 10 mm 
Polarity DC, straight 
Welding position Flat 
Technique Mechanised stringer bead 

*These values are valid for the plates of thickness 16 ram. In tile case of thinner 
plates the current was reduced to a value such that the energy equivalent Q/x/'~- 
remained unchanged (Q = heat input = current �9 arc voltage/speed and s = plate 
thickness). 
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Table I I. Codes of the Experimental Welds in the First and Second Series, Types of Filler and Base Metals According to AISI,  AWS and ACI Specifications and 
Chemical Compositions (Analyzed by Outokumpu Oy, Stainless Steel Group). Welds Which Do Not Fit These Specifications are Marked "Electrode" and 

"Wrought". The Calculated Chromium and Nickel Equivalents, Creq = Cr + Mo + 1;5 Si + 0.5 Nb, Nieq = Ni + 30 C + 0.5 Mn, and the Measured 
Percent Ferrite are Given in the Last Two Columns 

Composition of Deposited Weld Metals, Wt Pct 

Code Type C Si Mn P S Cr Ni Mo Others 

Equivalents Percent�82 

Creq Nieq Ferrite 

First Series 

B1 304LN 0.025 0.38 1.40 0.034 0.008 18.9 8.9 0.35 0.165 Nt 19.8 13.6 0.7-1.8 
B2 Electrode 0.030 0.42 (8) - - 17.3 8.9 0.06 18.0 14.0 2.6-3.6 
B3 304L 0.026 0.59 1.18 0.023 0.010 18.8 10.9 0.25 - 19.9 12.3 3.8-4.5 
B4 304 0.055 0.66 1.58 0.023 0.007 18.8 9.1 0.18 20.0 11.5 4.1-6.6 
B5 321 0.06 0.58 1.50 0.028 0.013 17.8 10.3 0.45 0.6 Ti$ 20.3 12.9 5.4-5.9 
B6 304 0.039 0.44 1.52 0.034 0.006 19.2 8.7 0.44 - 20.3 10.6 5.6-5.9 
B7 316 0.042 0.40 1.64 0.031 0.010 17.1 10.8 2.5 0.058 Nt 20.2 12.9 5.6-6.5 
B8 316L 0.026 0.68 1.58 0.046 0.022 16.8 11.5 3.0 - 20.8 13.1 8.2-8.6 
B9 E347-16 0.057 0.66 1.24 0.017 0.008 19.3 9.7 0.03 0.61 Nb 20.6 12.0 7.1-10.0 
B10 E316-15 0.046 0.40 0.70 0.016 0.008 18.8 12.2 2.7 - 22.2 13.9 7.8-10.5 
Bl l  Wrought 0.024 0.87 1.36 0.027 0.007 20.7 15.1 3.0 0.26 Cu 25.0 16.6 9.1-9.7 
B12 E308Lo15 0.028 0.87 0.65 0.021 0.007 19.4 9.5 0.09 20.8 10.7 9.0-10.7 
B13 E316L-15 0.030 0.92 0.72 0.018 0.009 18.6 12.3 2.9 0.041 Nt 22.9 13.6 10.2--11.5 
B14 E347-16 0.054 0.61 1.22 0.023 0.009 19.6 9.6 <0.01 0.78 Nb 20.9 11.8 10.2-11.6 
B15 E308L-16 0.026 0.88 0.60 0.019 0.008 20.8 10.5 0.03 - 22.2 11.6 9.2-12.9 
B16 E318-16 0.032 0.66 1.40 0.016 0.009 18.2 12.0 2.9 0.60 Nb 22.4 13.7 10.6-12.8 
B17* CF-8M 0.07 0.47 0.81 0.021 0.010 18.2 9.9 2.4 - 21.3 12.3 12.7-14.0 
B18 E347-16 0.018 0.93 0.70 0.016 0.008 21.6 11.3 0.01 0.30 Nb 23.2 12.2 12.5--17.3 
B19 E309-15 0.09 0.70 1.65 0.032 0.010 25.1 12.5 0.08 0.091 Nt 26.2 15.9 12.2--16.2 
B20 E309Mo-16 0.025 1.14 1.33 0.021 0.006 20.3 13.3 2.5 - 24.5 14.7 14.5-17.0 
B21 E309-15 0.046 0.43 2.9 0.022 0.006 23.4 11.4 0.47 24.5 14.2 17.5-19.7 
B22 E312-16 0.09 0.61 1.90 0.023 0.009 28.5 11.0 0.31 - 29.7 14.5 42-44 

Second Series 

B23 E316L-16 0.032 0.75 0.77 0.028 0.013 18.5 12.0 2.7 22.3 13.3 7-9 
B24 E308L-15 0.035 0.93 0.70 0.014 0.007 19.2 9.3 0.03 - 20.6 10.7 7-9 
B25 E308L-16 0.034 0.94 0.79 0.037 0.010 19.6 10.1 0.02 - 21.0 11.5 7-10 
B26 E347-16 0.026 0.92 0.92 0.022 0.009 21.2 10.4 0.23 0.27 Nb 23.0 11.6 9-15 

A15* Electrode 0.030 0.88 1.01 0.017 0.007 17.3 14.5 4.6 23.2 15.9 7.2-8.7 
C5" (E309Mo-16) 0.027 0.68 0.96 0.020 0.008 21.5 12.2 2.3 - 24.8 13.8 18.3-20.5 

*Weld numbers A 15 and C5 partially of type B, weld number B17 partially of type C. 
tThe nitrogen content given in the column "others" was determined only in those four welds. This nitrogen was not included in the nickel equivalent, except in the 

weld of N-alloyed grades (weld number B1), for which the equation Nieq = Ni + 30 C + 30 (N 0.06) + 0.5 Mn was used (see Ref. 5). 
$11ae equation Creq = Cr + Mo + 1.5 Si + 0.5 Nb + 2 Ti was used (see Ref. 6). 

Measurements were carried out by the permeability method (Fisher's Permascope), except in weld number B22, where they were performed metallographically. 

Table III. Methods of Metallographic Analysis 

Ferrite content measurements 
Light microscopy 
Scanning electron microscopy 

Transmission electron microscopy 
Electron probe microanalysis 

X-ray texture measurements 

All welds 
All welds 
Welds numbers A 15, B 1, B3, B5, B7, 

B10, C5 
Welds numbers B3, B5, B9 
Welds numbers A 15, B5, B7, B23, B25, 

C5 
Welds numbers B19, B21, B22, B23, 

B24, B25, B26 
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h i g h e r  t h a n  v a l u e s  p r e d i c t e d  by  the  d i a g r a m s ,  a l t h o u g h  tn~ 
t h e y  do no t  d i f f e r  m a r k e d l y  f r o m  t h o s e  of o t h e r  w e l d s  ~. 10 

r ~  

in  t h i s  g r o u p .  T h e  t h i r d  e x c e p t i o n a l  w e l d  i s n u m b e r  B22 ,  ~ 
the  f e r r i t e  c o n t e n t  of  wh ich ,  40 p e t ,  i s  m u c h  h i g h e r  08 
t h a n  n o r m a l  (F ig .  1). T h e  m i c r o s t r u c t u r e  of t h i s  w e l d  
a l s o  p o s s e s s e s  s o m e  e x c e p t i o n a l  f e a t u r e s .  ~ o,6 

T h e  m i c r o s t r u c t u r e  of t y p e  B w e l d s  i s  d i f f i c u l t  to  " ~  
d e s c r i b e .  In f a c t ,  i r r e g u l a r i t y  s e e m s  to be  i t s  m o s t  '" ~- 0.4 
c o n s p i c u o u s  f e a t u r e  a t  low m a g n i f i c a t i o n s  u n d e r  a C r  

l igh t  m i c r o s c o p e .  T h i s  i s  b a s i c a l l y  a c o n s e q u e n c e  of  '" EL 02 
t h e  l ack  of s e l f - e v i d e n t  g r o w t h  un i t s ,  bu t  i s  a l s o  p a r -  > 
t i a l l y  due  to  t he  f i ne ly  d i s p e r s e d  d u p l e x  a u s t e n i t i c -  -r t - -  

f e r r i t i c  s t r u c t u r e .  T h i s  i r r e g u l a r i t y  i s  not  so  d i s -  _~< 12 
t i n c t i v e  a t  h i g h e r  m a g n i f i c a t i o n s .  

The  m i c r o s t r u c t u r e  i s  h igh ly  v a r i a b l e  d e p e n d i n g  
on the  c o m p o s i t i o n ,  and  p o s s e s s e s  s o m e  f e a t u r e s  in 
c o m m o n  w i t h  t y p e s  A and  C. T h e  v e r m i c u l a r  m o r -  
p h o l o g y  of the  d e l t a  f e r r i t e  i s  d o m i n a n t  a t  low v a l u e s  
of t he  r a t i o  Creq/Nieq , t he  s t r u c t u r e  hav ing  d e n d r i t i c  
f e a t u r e s  ( F i g s .  4 ( a )  and  5). T h e  p r o p o r t i o n  of l a thy  
f e r r i t e  i n c r e a s e s  a s  t he  r a t i o  Creq/Nieq i n c r e a s e s ,  
a s  e s t a b l i s h e d  q u a n t i t a t i v e l y  in F i g .  3. T h e  la thy  
f e r t i l e  i s  not  l o c a t e d  i n s i d e  l a r g e  g r a i n s ,  but  a s  
" p a c k s "  w i th  the  s i z e  of an  o r d e r  s m a l l e r  t h a n  in  
t y p e  C w e l d s  ( F i g s .  4(b) a n d  6). S o m e t i m e s  s u c h  
p a c k s  o c c u r  s i d e  by  s i d e  wi th  v e r m i c u l a r  f e r r i t e ,  
and  s o m e t i m e s  t h e y  f i l l  wide  a r e a s .  In the  l a t t e r  c a s e  
t h e  e x i s t e n c e  of l a t h y  f e r r i t e  in  t h e  s e c t i o n s  c o n -  
c e r n e d  g i v e s  a n e t w o r k  a p p e a r a n c e  (F ig .  6). 

T h e  d e l t a  f e r r i t e  i s  l o c a t e d  i n d i s p u t a b l y  on the  
a x e s  of c e l l s  o r  c e l l u l a r  d e n d r i t e s ,  when  the  r a t i o  
Creq/Nieq i s  h igh  i.e. 1.7 to 1.95 (see F i g .  4(b)), 
w h e r e a s  on ly  a c a r e f u l  m e t a l l o g r a p h i c  a n a l y s i s  w i l l  
r e v e a l  t ha t  the  f e r r i t e  i s  l o c a t e d  m a i n l y  a t  d e n d r i t e  
a x e s  e v e n  a t  low v a l u e s  of t he  r a t i o  Creq/Nieq (~ 1.5) 
and  no t  b e t w e e n  t h e m  a s  in  t ype  A w e l d s .  S o m e  w e l d s  
of t y p e  B a l s o  c o n t a i n  a s m a l l  p r o p o r t i o n  of r o u n d i s h  
o r  i n c l u s i o n - l i k e  f e r r i t e  in  t he  i n t e r d e n d r i t i c  r e g i o n s  
( s e e  F i g .  5), bu t  i t s  a m o u n t  i s  p r o b a b l y  i n s i g n i f i c a n t  
c o m p a r e d  wi th  t he  t o t a l  f e r r i t e  c o n t e n t .  

T h e  d i m e n s i o n s  of the  s o l i d i f i c a t i o n  s u b s t r u c t u r e  
o u t l i n e d  on the  b a s i s  of  the  f e r r i t e  s t r i n g s  a r e  s o m e -  
wha t  g r e a t e r  t han  in  t ype  A and  C w e l d s .  T h e  p r i -  
m a r y  a r m  s p a c i n g  w a s  20, 25 and  30 btm r e s p e c t i v e l y  
in w e l d s  n u m b e r s  B7,  C5 ( type B a r e a s )  and  B22,  f o r  
i n s t a n c e .  G e n e r a l l y ,  t he  f e r t i l e  s e e m s  to  b e c o m e  
c o a r s e r  w i t h  a d e c r e a s e  in  i r o n  c o n t e n t ,  i.e. wi th  an  A]5 
i n c r e a s e  in  the  s u m  Creq + Nieq. T h e  s t r u c t u r e  t h e n  B7 
e x h i b i t s  c o l o n i a l - l i k e  f e a t u r e s ,  a s  a r e  s h o w n  m o s t  C5 
c l e a r l y  in w e l d  n u m b e r  B22 ( F i g .  4(c)) and  a r e  a l s o  d i s -  
t i n g u i s h a b l e  to  s o m e  e x t e n t  in w e l d s  n u m b e r s  B19, A15 
B20 and  B21 .  In w e l d  n u m b e r  B22 b o t h  the  s u m  and  B7 
r a t i o  of e q u i v a l e n t s  a r e  v e r y  h igh,  and  t h i s  c o n t a i n s  c5 
a r e a s  of u n i f o r m ,  i.e. u n t r a n s f o r m e d ,  f e r r i t e  (F ig .  

4(c)) .  B7 
C o n c e n t r a t i o n  p r o f i l e s *  f r o m  the  t y p e  B s t r u c t u r e  

*The EPMA study was carried at 20 kV using a minimum beam diameter (~1 
pm) with a step length of 0.667/am. For quantitative calibration, the average net 
X-ray intensity obtained from the microprobe analysis was equalized with the con- 
tent analyzed by spectrometers, followed by a linear approximation. After that, 
the profiles were smoothed mathematically by a computer in order to elucidate 
tire periodicity generated by solidification and to facilitate the estimation of seg- 
regation ratios. Thus each point in Fig. 7 was the arithmetical mean of three suc- 
cessive steps and in Fig. 8 of five such steps, i.e. the profile was averaged over 
distances of 2 om and 3.33 pro. The partition ratios presented in Table IV, how- 
ever, were calculated on the basis of the original concentration prof'des, without 
smoothing. 

I I [ I I I I 
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Btq --I~ i i i J 
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Creq/Nieq 

Fig. 3-Effect  of the ratio Creq/Nieq on the proportion of lathy ferrite 
in the type B structure. The rest of ferrite vermicular, except in weld 
number B22, where it is untransformed (see text). Values were deter- 
mined using the metallographic point counting method (thirty fields 
per weld). 

by  the  E P M A  m e t h o d  i n d i c a t e  an  e n t i r e l y  d i f f e r e n t  
d i s t r i b u t i o n  of a l l o y i n g  e l e m e n t s  f r o m  t h a t  found  in 
t y p e  A w e l d s ,  but  p r i n c i p a l l y  a s i m i l a r  d i s t r i b u t i o n  
to  t h a t  o c c u r r i n g  in  t ype  C w e l d s .  T h e  i n t e r d e n d r i t i c  
r e g i o n s  a r e  d e p l e t e d  in  C r  and  e n r i c h e d  in  Ni,  and  
to  a l e s s e r  e x t e n t  in Mo,  Si,  and  Mn ( F i g s .  7 and  8). 
T h e  a p p a r e n t  s e g r e g a t i o n  r a t i o s  ( C i n t e r d e n d r i t i c /  
C d e n d r i t i c )  f o r  Si ,  Mn,  C r ,  Ni and  Mo can  be  e s t i -  
m a t e d  on  the  b a s i s  of t h e s e  p r o f i l e s ,  and  s o m e  v a l u e s  
a r e  p r e s e n t e d  in T a b l e  W .  T h e  r e a l  c o m p o s i t i o n a l  
d i f f e r e n c e s  a r e  g r e a t e r  due  to  t he  p a r t i t i o n i n g  in  t h e  
d u p l e x  s t r u c t u r e ,  s i n c e  the  f e r r i t e  i s  a d d i t i o n a l l y  
e n r i c h e d  in " f e r r i t i z e r s "  and  d e p l e t e d  in " a u s -  
t e n i t i z e r s " ,  a s  i s  a l s o  s h o w n  in  T a b l e  IV.  E x a m i n a -  
t i o n  of F i g .  7, w h e r e  t he  l ine  of a n a l y s i s  a l s o  c r o s s e s  
a s m a l l  p a r t i c l e  of i n t e r d e n d r i t i c  f e r r i t e ,  r e s u l t s  in 
t h e  a s s u m p t i o n  tha t  the  i n t e r d e n d r i t i c  f e r r i t e  d i f f e r s  

Table IV. Microsegregation and Partitioning of Alloying Elements Between 
Austenite and Ferrite in Type B Structure Estimated on the Basis of the 

EPMA Analysis 

Weld Ferrite 
Number Creq/Nieq Si Mn Cr Ni Mo Morphology 

Segregation ratio S 

1.53 0.9 1.0 0.95 1.0 0.8 Vermicular 
1.57 1.0 0.9 1.0 1.3 1.0 Vermicular 
1.84 0.95 1.2 1.1 Lathy 

Partition ratio PD 

1.53 1.1 0.9 1.1 0.8 1.1 Vermicular 
1.57 1.2 1.0 1.1 0.9 1.2 Vermicular 
1.84 - - 1.05 0.9 1.15 Lathy 

Partition ratio PID 

1.57 1.2 1.05 1.05 0.8 1.25 Vermicular 

Segregation ratio S = ratio of the concentration of an element in the interden- 
dritic areas to that at the center of the dendrites. 

Partition ratio PD = ratio of the concentration of an element in dendritic ferrite 
to that in adjacent austenite. 

Partition ratio PID = ratio of the concentration of an element in interdendritic 
ferrite to that in adjacent austenite. 

Note: The electron probe beam diameter (~1 pro)is one order smaller than the 
segregation distance, but of the same order as the thickness of the delta ferrite 
particles. Consequently the estimated values for S are unaffected, bu_t the true 
partitioning is more extensive than shown above. The values for PD and PID mea- 
sured in the different welds are intercomparable, however. 
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in composi t ion  f rom the dendr i t i c  f e r r i t e  (having a 
higher  Ni content) .  S ta t i s t ica l ly ,  this  s t a t emen t  is  
not v e r y  r e l i ab le ,  however,  because  of the s m a l l  
n u m b e r  of obse rva t ions .  

The TEM study was c a r r i e d  out on welds n u m b e r s  
B3, B5 and B9, which al l  have a r e l a t i v e l y  low Creq/ 
Nieq ra t io  and thus exhibit  ma in ly  a v e r m i c u l a r  m o r -  
phology for the del ta  f e r r i t e .  F i g u r e  9 depic ts  round-  

(a) 

(0) 

(c) 
Fig. 4 - T y p i c a l  m i c r o s t r u c t u r e s  in t ype  B we lds  a t  d i f f e r e n t  va lues  o f  the  r a t io  Creq/Nieq: (a) Creq/Niec I = 1.62,  v e r m i c u l a r  m o r p h o l o g y  is d o m i -  

- 7 n a n t  (we ld  n u m b e r  B3,  Creq = I 9 . 9 ,  Niea  : I 2 .3 ) ;  (b)  Urea/Nice = ] . 7 3 ,  m o r e  Ia thy  m o r p 1 ~ I o g y  ex i s t s  t han  in (a) (we ld  r m m b e r  B1 , Creq = 21 .3  
Nieq = 12.3) ;  and  (c) Creq/Nieq = 2 .05 ,  t r a c t i o n  o f  u n d e c d m p o ~ e d  fer r i te  is h igh  (we ld  n u m b e r  B22 ,  Creq = 29 7, Nieq = 14 5) 
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ish shapes  typ ica l  of v e r m i c u l a r  f e r r i t e .  D i f f r ac t i on  
work  showed that no d is t inc t  o r i en ta t ion  r e l a t i on sh ip  
holds be tween  the aus ten i te  and v e r m i c u l a r  f e r r i t e  
s i m i l a r  to that  found in type A welds ,  a l though a r e -  
l a t ionsh ip  c lose  to the s tandard  K-S or  N-W r e l a t i o n -  
ships  was found to ex i s t  be tween  aus ten i te  and the 
lathy f e r r i t e ,  de tec ted  occas iona l ly  in weld no. B3. In 
th is  r e s p e c t  the r e s u l t s  a r e  cons i s t en t  with those  ob- 
ta ined  f r o m  type C welds,  a l lowing the conc lus ion  that 
the o r i en ta t ion  r e l a t i onsh ip  s e e m s  to be a g e n e r a l  f e a -  
t u re  of the lathy morphology  both in type C and in 
type B welds .  

The  r e s u l t s  of X - r a y  t ex tu re  m e a s u r e m e n t s  made 
f r o m  c e r t a i n  mul t i run  weIds (Table III) in which the 
in tens i ty  (i.e. the vo lume  f r ac t ion  of f e r r i t e )  was 
high enough fo r  such m e a s u r e m e n t s ,  indica te  a s imp le  
[100] t ex tu re  for  the de l ta  f e r r i t e ,  while the aus ten i te  

has  two a l t e r n a t i v e  o r i en ta t ions ,  e i t h e r  a [100] d i r e c -  
t ion (strong) or  a [110] d i rec t ion ,  being p a r a l l e l  to 
the n o r m a l  of the s u r f a c e .  The r e l a t i v e  in tens i ty  of 
the l a t t e r  i n c r e a s e d  f r o m  " v e r y  w e a k "  to " w e a k "  
with an i n c r e a s e  in the r a t io  Creq/Nieq.  In one e x -  
cep t iona l  case  (weld number  B 2 2 ) t h e  aus ten i te  and 
f e r r i t e  had an exac t ly  s i m i l a r  [100] t ex tu re ,  i.e. the 
in tens i ty  m a x i m a  of both phases  o c c u r r e d  at the 
s a m e  angular  va lues  in the pole f i gu re .  

DISCUSSION 

Sol id i f ica t ion  

Both the so l id i f i ca t ion  behav io r  and the m e c h a n i s m  
of f e r r i t e  decom pos i t i on  in aus t en i t i c  s t a i n l e s s  welds  
a r e  gove rned  by the ba lance  be tween  a u s t e n i t e - f o r m -  

Fig. 5-SEM micrograph in weld 
number B7 of type 316 (Creq = 
20.2, Nieq = 12.9, ferrite content 
6 pct). Some interdendritic let- 
rite particles are labelled by the 
letters 5ID. 

Fig. 6 SEM micrograph in areas 
of type B in weld number C5 of 
type E309Mo-16, (Creq = 24.8, 
Nieq = 13.5, ferrite content 19 
pct). 
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ing and  f e r r i t e - f o r m i n g  e l e m e n t s ,  a n d  t h e i r  i n f l u e n c e  
c a n  b e  d e s c r i b e d  b y  t he  a p p r o p r i a t e  e x p r e s s i o n s  f o r  
Creq and Nieq. Low v a l u e s  f o r  t he  r a t i o  Creq/Nieq 
r e s u l t  in  t h e  a u s t e n i t i c  s o l i d i f i c a t i o n  m o d e  a n d  t h e  
t y p e  A m i c r o s t r u c t u r e ,  and  h i g h  v a l u e s  i n  t h e  s i n g l e -  
p h a s e  f e r r i t i c  s o l i d i f i c a t i o n  m o d e  a n d  t y p e  C m i c r o -  
s t r u c t u r e .  T h e  t y p e  A c a n  b e  e a s i l y  i d e n t i f i e d  on  t h e  
b a s i s  of t he  w e l l - r e t a i n e d  s o l i d i f i c a t i o n  s u b s t r u c t u r e  
a n d  the  t y p e  C on t h e  b a s i s  of t h e  W i d m a n s t ~ t t e n  
s t r u c t u r e  c a u s e d  b y  t h e  p h a s e  t r a n s f o r m a t i o n  of  
5 ~ ~ in t h e  s o l i d  s t a t e . l - a  

I d e n t i f i c a t i o n  of  t h e  t y p e  B m i c r o s t r u c t u r e  a n d  t h e  
e x a c t  i n t e r p r e t a t i o n  of i t s  h i s t o r y  i s  m o r e  d i f f i c u l t .  
T h i s  t y p e  h a s  s o m e  f e a t u r e s  in  c o m m o n  w i t h  b o t h  
o t h e r  t y p e s ,  a n d  i t  i s  o b v i o u s l y  a f f e c t e d  b o t h  b y  t h e  
s o l i d i f i c a t i o n  a n d  t he  d e c o m p o s i t i o n  of t h e  f e r r i t e ,  
a s  p r o p o s e d  in  one  of o u r  e a r l i e r  c o m m u n i c a t i o n s ,  t 
T h e  l o c a t i o n  of  t h e  f e r r i t e  on d e n d r i t e  a x e s  ( F i g s .  
4 t h r o u g h  6) s u g g e s t s  t he  p r i m a c y  of t he  f e r r i t e  in  

t y p e  B w e l d s .  A l s o  a look  a t  t h e  t e r n a r y  F e - C r - N i  
p h a s e  d i a g r a m s  a l l o w s  t h e  p o s s i b i l i t y  of a f e r r i t i c -  
a u s t e n i t i c  s o l i d i f i c a t i o n  m o d e  b e t w e e n  t h e  a u s t e n i t i c  
a n d  s i n g l e - p h a s e  f e r r i t i c  o n e s  ( s ee  F i g .  10) .  T h i s  

Fig. 8-Concentration profiles for Cr, Ni, Mo, and Fe across a "pack" 
of lathy ferrite in the same weld as in Fig. 6. For the analysis tech- 
nique, see footnote in the text. Profiles were smoothed more than in 
Fig. 7. 

Fig. 7-Concentration profiles for Si, Mn, Cr, Ni, Mo, and Fe across 
two primary ferrite dendrites and one interdendritic ferrite particle in 
the same weld as in Fig. 5. For the analysis technique, see footnote in 
the text. 

Fig. 9 -Th in  foil micrograph illustrating vermicular ferrite (5) and 
austenite (3') in the same weld as in Fig. 4(a). 

722-VOLUME l lA,  MAY 1980 METALLURGICAL TRANSACTIONS A 



76 

5"- 

• 

+ 

/ Field for type B wetds 
x OS  S 

N , 

.~ " 

10 

6 
lt~ 18 22 26 30 3t, 

Cr, q =% Er+%Ho +1.5 ~%Si+0.5 ~%Nb 
Fig. l 0-Vertical projection in the iron corner of the iron-chromium- 
nickel system, 7 representing the melting equilibria drawn on the con- 
ventional Schaeffler diagram. The point P corresponds to the transition 
from peritectic to eutectic.solidification. 

s t a t emen t  is  suooor ted  most  s t rong ly  by  the r e s u l t s  
of the EPMA study, howeve r .  

The d i s t r ibu t ion  of a l loying e l e m e n t s  can be c l a r i -  
f ied by plott ing* compos i t ion  paths on the Creq-Nieq 

*The Creq and Nieq were calculated by a computer point by point on the basis 
of quantitative results obtained in the manner described in the previous footnote 
to the text. The carbon content was assumed to be constant and equal to that 
presented in Table It. 

c o - o r d i n a t e s  (Fig.  11). In s i n g l e - p h a s e  s t r u c t u r e s  of 
types  A and C the d i r e c t i o n  of such a path d e m o n s t r a t e s  
the d i r e c t i o n  of a t ie  l ine,  p rovided  that the h o m o g e n -  
iza t ion  does  not twis t  i t .  Th i s  is a p p r o x i m a t e l y  t rue ,  
for  the di f fus ion coef f ic ien t s  of the main  a l loying e l e -  
men t s  Cr ,  Ni and Mo a r e  of the s a m e  o r d e r ,  at l e a s t  
in the b ina ry  s y s t e m s  of i ron .  8 Thus the length of 30 
the path is only shor tened  by homogen iza t ion .  In two-  
phase  s t r u c t u r e s ,  e.g. in al l  welds  of type B, p a r -  
t i t ioning dur ing the d e c o m p o s i t i o n  of f e r r i t e  has adz 
di t ional  e f fec t s  which a re  opposed to those  of homo-  25 
geniza t ion ,  and consequent ly  the i n t e r p r e t a t i o n  of ~- 
F ig .  11 is  as  fo l lows:  .-e 

F i r s t l y ,  F ig .  11 ind ica tes  that  the d i r e c t i o n s  of the up 
t ie  l ines  in s i ng l e -phase  s t r u c t u r e s  of type A and C o 20 

+ 

a re  v e r y  d i f f e ren t .  In the f o r m e r  case  Ni and Cr  a r e  
s e g r e g a t e d  in the s a m e  phase ,  i.e. the t ie  l ines  a r e  .~ 
a l m o s t  p a r a l l e l  to the b o r d e r l i n e  be tween  the f ie lds  c~ 
of type A and B welds ,  whe rea s  in the l a t t e r  they run  + 15 
in the opposi te  phase  (tie l ines  being a l m o s t  p e r p e n -  
d icu la r  to the b o r d e r l i n e ) .  Secondly,  the length of the .-e,, 
compos i t ion  paths is  much s h o r t e r  in the type C s t r u c t u r e  
than in type A because  of the pronounced  h o m o g e n i z a -  ~ 10 
t ion a s s o c i a t e d  with the s i n g l e - p h a s e  f e r r i t i c  so l i d i -  
f ica t ion  (the d i f fus ion coef f i c i en t s  a r e  100 t i m e s  l a r g e r  
in f e r r i t e  than in aus t en i t e ) .  8 Th i rd ly ,  the c o m p o s i -  
t ion paths in s t r u c t u r e s  of types  A and B have v e r y  5 
d i f fe ren t  o r i en ta t ions ,  which cannot be expla ined  by 
the e f fec t s  of pa r t i t ion ing  (see Tab le  IV). In fact ,  
the paths in the type B s t r u c t u r e  a r e  p a r a l l e l  with 
those  in the type C s t r u c t u r e .  Th is  ind ica tes  c l e a r l y  
that  the type B welds  so l id i fy  in a f e r r i t i c - a u s t e n i t i c  

m a n n e r .  The  o b s e r v a t i o n s  on the d i f f e ren t  d i r e c t i o n s  
of the t ie  l ines  in the aus t en i t i c  and f e r r i t i c  modes  
of so l id i f i ca t ion  a r e  cons i s t en t  with the d e s c r i p t i o n s  
" g l e i c h s i n n i g e "  u n d "  ung le i chs inn ige  Se ige rung '  ' 
g iven  by S iege l  and Giinzel .  9 

As can be d e t e r m i n e d  f r o m  F i g s .  7, 8 and 11, the 
axes  on f e r r i t e  d e n d r i t e s  a r e  in i t ia l ly  s l igh t ly  en -  
r i c h e d  in Cr ,  but dep le ted  in Ni.  Cor ing  dur ing 
f r e e z i n g  r e s u l t s  in an e n r i c h m e n t  of "aus t en i t i z e r s " ,  
e s p e c i a l l y  of Ni, in the i n t e r d e n d r i t i c  l iquid,  fo l -  
lowed by a t h r e e - p h a s e  r e a c t i o n  be tween  the l iquid,  
de l ta  f e r r i t e  and aus t en i t e .  On the b a s i s  of the F e -  
C r - N i  phase  d i a g r a m s  (Fig.  10) th is  r e a c t i o n  is often 
r e f e r r e d  to as eu tec t i c  in welds ,  e.g. in r e f e r e n c e s .  ~~ 
However ,  F r e d r i c k s s o n  lz'I~ and L e f f l e r  and Mal ta  ~ have 
shown with i n t e r r u p t e d  t e s t s  conce rn ing  d i r e c t i o n a l  
so l id i f i ca t ion  of s t e e l s  of types  304 and 316 that a u s -  
ten i te  is  n o r m a l l y  f o r m e d  be tween  f e r r i t e  d e n d r i t e s  
th rough  p e r i t e c t i c  r e a c t i o n  and t r a n s f o r m a t i o n ,  and 
F r e d r i k s s o n  1~ has p r o p o s e d  that so l id i f i ca t ion  changes  
f r o m  p e r i t e c t i c  to eu tec t i c  once the contents  of a l l o y -  
ing e l e m e n t s  a r e  high enough.  In the p r e s e n t  s e r i e s  
c o l o n i a l - l i k e  eu tec t i c  f e a t u r e s  w e r e  de t ec t ed  only in 
weld number  B22 (Fig.  4(c)), and some  s i m i l a r i t i e s  
could be o b s e r v e d  in welds  n u m b e r s  B19, 20 and 21, 
i .e. those  with v e r y  high v a l u e s  for  the sum Creq 
+ Nieq. E l s e w h e r e  the f e r r i t e  was d e n d r i t i c .  Th i s  
t r a n s i t i o n  in the m i c r o s t r u c t u r e  and the concen t r a t i on  
p r o f i l e s  allow a p e r i t e c t i c  r e a c t i o n  at low va lues  of 
the sum Creq + Nieq , but the def ini te  so lu t ion  of th is  
p r o b l e m  is di f f icul t  on the m i c r o s t r u c t u r a l  b a s i s .  

The nonequ i l i b r ium growth  of the aus ten i t e  into 
the r e s t  mel t  and f e r r i t e  c a u s e s  s e g r e g a t i o n  typ ica l  
of aus ten i t i c  so l id i f i ca t ion ,  i.e. the r e s t  me l t  is  e n -  
r i c h e d  in a l l  a l loying e l e m e n t s  excep t  i ron .  Thus the 
f o r m a t i o n  of s e c o n d a r y  f e r r i t e  is  a l so  poss ib l e  in 
type B welds  in l as t  i n t e r d e n d r i t i c  r e g i o n s  to sol id i fy ,  
th rough a eu tec t i c  r eac t i on ,  in a s i m i l a r  m a n n e r  to 
that in which the f e r r i t e  is f o r m e d  in type A welds .  

A3 

A3, Alz, Type A d~l l~,~lk~ ~ 
BT, C5 Type B t ~  

C8 Type C 

/ / 

J ~  

CL 

C8 

/ 

10 15 20 25 30 
Cr, q =%Cr+ %Mo +1.5 x %Si +0.5 x %Nb 

Fig. l 1 Composition paths in the Schaeffler diagram. The structure 
in which paths are determined was single-phase austenitic in weld 
number A3, single-phase ferritic in number C8 and duplex in others. 
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C or re spond ing  s eg rega t i on  pa t t e rns  can be d i s t i n -  
guished around i n t e rdend r i t i c  f e r r i t e  p a r t i c l e s  
(Fig.  7). 

Decompos i t i on  of De l ta  F e r r i t e  and 
M i c r o s t r u c t u r e  at Room T e m p e r a t u r e  

Independent ly  of the c h a r a c t e r  of the so l id i f ica t ion ,  
the f e r r i t e  b e c o m e s  unstable  c o m p a r e d  with the a u s -  
teni te  with d e c r e a s i n g  t e m p e r a t u r e .  The m e c h a n i s m  
of the decompos i t i on  is af fec ted  by the c h e m i c a l  
a n a l y s i s .  The  h igher  the r a t io  Creq/Nieq , the h igher  
the m a x i m u m  vo lmne  f rac t ion  of the f e r r i t e  and the 
lower  the s t a r t i ng  t e m p e r a t u r e  of the t r a n s f o r m a t i o n  
c o m p a r e d  with the l iquidus t e m p e r a t u r e .  Thus high 
va lues  for  the ra t io  Creq/Nieq r e s u l t  in m o r e  p r o -  
nounced supercoo l ing  of the f e r r i t e  and consequen t ly  
in the opera t ion  of the Widmans t~ t ten  m e c h a n i s m  
and in the augmented  p ropor t i ona l  f r ac t i on  of the lathy 
f e r r i t e  at RT (Fig.  3). The low va lues  r e s u l t  in tu rn  
in the v e r m i c u l a r  morphology  due to the s m a l l e r  
supe rcoo l ing  and to the equ iax ia l  growth m e c h a n i s m ,  
as  it can be concluded by the i n v e r s e  a r g u m e n t .  The  
e x i s t e n c e  of both morpho log ies  in the same  weld, 
which is  the n o r m a l  case ,  can e a s i l y  be expla ined  
by a s i ze  e f fec t  of the in i t ia l  f e r r i t e  a r e a s ,  the s m a l l  
a r e a s  decompos ing  by an equ iax ia l  m e c h a n i s m  and the 
l a rge  ones by an a c i c u l a r  one.  

The decompos i t i on  of the f e r r i t e  leads  to the p a r -  
t i t ioning of a l loying e l e m e n t s  be tween  aus ten i te  and 
f e r r i t e .  The va lues  for  the pa r t i t ion  r a t i o s  PD given  
in Table  IV show the par t i t ion ing  to be s u r p r i s i n g l y  
independent  of the morphology  of the r e s i d u a l  f e r r i t e .  
This  ind ica tes  that the decompos i t i on  of the f e r r i t e  
takes  p lace  at r e l a t i ve ly  high t e m p e r a t u r e s  even  in 
those  type B welds  which contain l a rge  amounts  of 
lathy f e r r i t e  at RT.  

In the quant i ta t ive  t r e a t m e n t  of the d i s t r i bu t ion  of 
a l loying e l e m e n t s  at RT at tent ion mus t  be paid to the 
fact  that the seg rega t ion ,  homogen iza t ion  and p a r t i -  
t ioning a l l  have e f fec ts  of the i r  own on type B welds .  
The  s u p e r i m p o s e d  effect  of the s e g r e g a t i o n  and 
homogeniza t ion  can be e s t i m a t e d  to a c e r t a i n  extent  
on the ba s i s  of the s e g r e g a t i o n  r a t i o s ,  but the t rue  
par t i t ion ing  is s ign i f ican t ly  m o r e  ex t ens ive  than that  
shown in Tab le  IV, as the e l e c t r o n  probe  b e a m  
d i a m e t e r  used is of the s a m e  o r d e r  as the t h i cknes s  
of the del ta  f e r r i t e  p a r t i c l e s .  The ca lcu la ted  va lues  
for  PD r e p o r t e d  in Table  V, which s u m m a r i z e d  r e -  
sul ts  obtained using high r e so lu t i on  scanning t r a n s -  
m i s s i o n  m i c r o s c o p y  (STEM), do in fact  dev ia te  m o r e  
f r o m  unity than those  d e t e r m i n e d  in the p r e s e n t  

Table V. Partitioning of Alloying Elements Between Austenite and Ferrite in 
Type B Structure Calculated on the Basis of Results Reported from 

Analytical STEM Studies 

Partition Ratio PD 

Ferrite 
Author Material Creq/Nieq Cr Ni Mo Morphology 

~,strbmetal ~5 E308 1.58 1.4 0.5 - Vermicular 
Lyman a6 304L 1.80 1.3 0.6 Vermicular 
Kyrbl~inen j7 E309MoL 1.58 1.4 0.4 2.2 Vermictdar 
KyrSl~iinen ~s ER318 1.73 1.4 0.4 1.8 Vermicular 

work  (Table IV). In many c a s e s  the m i n i m u m  (or 
max imum)  content  of c e r t a i n  e l e m e n t s  is n e v e r t h e -  
l e s s  of g r e a t e r  p r a c t i c a l  i m p o r t a n c e  than the a m p l i -  
tude of the com pos i t i ona l  v a r i a t i o n s .  19 F o r  example ,  
if one c o n s i d e r s  two welds  of d i f f e ren t  hea ts  of type 
316 with the s a m e  nomina l  content  of molybdenum,  
but a s s u m e s  one of these  to have a type B m i c r o s t r u c -  
t u re  and the o the r  type A.  The  m i n i m u m  Mo content  
wi l l  be lower  in the type A weld than in that  of t y p e / 3 ,  
due p r i n c i p a l l y  to the d i f fe ren t  d i s t r i bu t i on  of a l l o y -  
ing e l e m e n t s  (see F i g s .  7 and 8, and c o m p a r e  F ig .  8 
in Refo 2). 

The  r e s u l t s  of t ex tu r e  m e a s u r e m e n t s  a g r e e  with 
the model  p r e s e n t e d  above .  The s i m p l e  [100] t ex tu r e  
of the f e r r i t e  is  due en t i r e ly  to the so l id i f i ca t ion .  The  
aus ten i te  has a s t rong  [100] component  showing g rowth  
into the mel t  to be impor t an t ,  w h e r e a s  the weak [110] 
component  at high va lues  of the r a t io  Creq/Nieq is  
pe rhaps  a s s o c i a t e d  with the c r y s t a l l o g r a p h y  of the 
decom pos i t i on  of the de l t a  f e r r i t e  by an a c i c u l a r  
m e c h a n i s m .  The exac t ly  s i m i l a r  t ex tu r e  of the l e t -  
r i t e  and aus ten i t e  in weld number  B22 may indica te  
coupled growth,  i.e. eu tec t i c  so l id i f ica t ion ,  as  in -  
f e r r e d  on the b a s i s  of i ts  c o l o n i a l - l i k e  m i c r o s t r u c t u r e  
(Fig.  4(c)). 

In a v e r y  r e c e n t  p a p e r  Lyman  Ia p r o p o s e s  that  the 
f e r r i t e  t r a n s f o r m s  to aus ten i te  in a m a s s i v e  m a n n e r  
in a GTA weld of type 304L. Our r e s u l t s  show that  
th is  t r a n s f o r m a t i o n  is con t ro l l ed  by diffusion,  and 
that  it is not m a s s i v e  in c h a r a c t e r  at cool ing r a t e s  
typ ica l  of a r c  welding.  

Weld P r o p e r t i e s  and M i c r o s t r u c t u r e  

Most  c o n s u m a b l e s  of the AISI/AWS 300 s e r i e s  a r e  
des igned  (alloyed) so that  the f e r r i t e  content  of the 
weld me ta l  at RT is f r o m  5 to 10 pct,  which a g r e e s  
wel l  with f e a t u r e s  of type B m i c r o s t r u c t u r e  in our  
c l a s s i f i c a t i o n .  Many good p r o p e r t i e s  a r e  r e l a t e d  to 
th is  range  of f e r r i t e  content :  T h e s e  welds  have a 
m i n i m u m  s u s c e p t i b i l i t y  to hot c r ack ing  and 
f i s s u r i n g  2~ and a s a t i s f a c t o r y  r e s i s t a n c e  to c o r -  
ros ion ,  excep t  under  c e r t a i n  s e v e r e  condi t ions .  2%e3 

30 

y- 
25 

• 

c:5 

C) 
~ Hot cracking 

~:~o ~ ~ ,~, ~ ~ 5ig~em brlt tli ~ 

s 7 ok'~ 
~0 15 20 25 30 35 

Creq = ~ 1,4o+ 1.5 x %Si+ 0.5 • %Nb 

Fig. 12-Structure-sensitive properties in the Schaeffler diagram, Le. 
middle parts of the Bystram diagram, 24 modified by reference to 
recent results concerning the borderline of hot-cracking sensitive 
welds.2, 2~ 
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B r i t t l e  m a r t e n s i t e  i s  not  n o r m a l l y  f o r m e d  in  t he  
m i c r o s t r u c t u r e ,  and  a t  t h i s  l e v e l  t he  f e r r i t e  d o e s  not  
r e d u c e  the  d u c t i l i t y  of u n t r e a t e d  w e l d s .  In  h i g h - t e m -  
p e r a t u r e  s e r v i c e  and  d u r i n g  i m p r o p e r  h e a t  t r e a t m e n t ,  
h o w e v e r ,  t he  f e r r i t e  a c c e l e r a t e s  t r a n s f o r m a t i o n  to  
t h e  e m b r i t t l i n g  s i g m a  phase.e2-2a 

To  s u m m a r i z e ,  t he  m a i n  d a n g e r s  w h i c h  r e s t r i c t  
t he  w e l d a b i l i t y  a n d  u s a b l e  c o m p o s i t i o n  f i e l d  of s t a i n -  
l e s s  s t e e l  w e l d s  can  be  r e p r e s e n t e d  c o n v e n i e n t l y  on 
the  B y s t r a m  d i a g r a m  ( F i g .  12). H e r e  the  b o r d e r l i n e s  
of the  " c r a c k i n g  f i e l d s "  o r i g i n a t e  f r o m  r e f e r e n c e ;  24 
we have  m o d i f i e d  only  the  d e m a r c a t i o n  b e t w e e n  h o t -  
c r a c k i n g  s e n s i t i v e  and  i n s e n s i t i v e  w e l d s  in a g r e e -  
m e n t  w i th  o u r  r e c e n t  r e s u l t s .  2,21 F i g u r e  12 i s o l a t e s  
a " t r i a n g l e "  w i th  t he  m i n i m u m  d a n g e r .  C o m p a r i s o n ,  
w i th  F i g .  2 s h o w s  t h a t  t h i s  i s  l o c a t e d  i n s i d e  the  r e g i o n  
of t y p e  B w e l d s .  

SUMMARY 

T h e  m i c r o s t r u c t u r e s  and  m a c r o s t r u c t u r e s  of abou t  
f i f ty  d i f f e r e n t  w e l d s  of the  AISI /AWS 300 s e r i e s  a r e  
a n a l y z e d ,  and  t h r e e  m i c r o s t r u c t u r a l  t y p e s  A ,  B and  C 
s e t  up.  

T y p e  B i n c l u d e s  t h o s e  w e l d s  w i th  a m o d e r a t e  f e r -  
r i t e  c o n t e n t  in w h i c h  the  r a t i o  C r e q / N i e q  i s  a p p r o x -  
i m a t e l y  w i t h i n  t he  l i m i t s  1.48 < C r e q / N i e q  < 1.95,  
w h e r e  N i e q  and  C r e q  a r e  t he  n i c k e l  and  c h r o m i u m  
e q u i v a l e n t s  on  the  S c h a e f f l e r  d i a g r a m .  T h e i r  g e n e r a l  
s t r u c t u r e  i s  v e r y  i r r e g u l a r .  T h e  d e l t a  f e r r i t e  i s  l o -  
c a t e d  m a i n l y  a t  d e n d r i t e  a x e s  and  h a s  e i t h e r  a v e r -  
m i c u l a r  o r  l a thy  m o r p h o l o g y .  T h e  p r o p o r t i o n  of t he  
l a t t e r  i n c r e a s e s  wi th  the  r a t i o  C r e q / N i e q .  

T h e  r e s u l t s  i n d i c a t e  t ha t  u n d e r  c o n d i t i o n s  c o r -  
r e s p o n d i n g  to a t y p i c a l  SMA w e l d i n g  on ly  type  B w e l d s  
s o l i d i f y  in  a m a n n e r  in w h i c h  the  p r i m a r y  s o l i d i f i -  
c a t i o n  of t he  d e l t a  f e r r i t e  i s  f o l l o w e d  by  a t h r e e - p h a s e  
r e a c t i o n  b e t w e e n  the  l iqu id ,  d e l t a  f e r r i t e  and  a u s -  
t e n i t e .  T h e  a u s t e n i t e  f o r m s  b e t w e e n  f e r r i t e  d e n d r i t e s  
p e r i t e c t i c a l l y  o r  e u t e c t i c a l l y  and  g r o w s  in to  the  m e l t  
and  f e r r i t e .  T h i s  g r o w t h  in to  the  m e l t  c a u s e s  the  
s e g r e g a t i o n  t y p i c a l  of a u s t e n i t i c  s o l i d i f i c a t i o n  and  
m a y  t h e n  e n a b l e  the  f o r m a t i o n  of i n t e r d e n d r i t i c  f e r -  
r i t e ,  T h e  s i m u l t a n e o u s  o r  i m m e d i a t e  g r o w t h  of  t he  
a u s t e n i t e  in to  the  f e r r i t e  by  an e q u i a x i a l  o r  a c i c u l a r  
m e c h a n i s m  r e s u l t s  in  a d r a s t i c  d e c r e a s e  in  the  v o l -  
u m e  f r a c t i o n  of f e r r i t e  and  in  a p a r t i t i o n i n g  b e t w e e n  

the  a u s t e n i t e  and r e s i d u a l  f e r r i t e .  T h e  c o m p o s i t i o n a l  
d i f f e r e n c e s  c a u s e d  by  s o l i d - s t a t e  t r a n s f o r m a t i o n  a r e  
g r e a t e r  t h a n  t h o s e  g e n e r a t e d  by s o l i d i f i c a t i o n ,  a n d  
t h e i r  w a v e - l e n g t h  i s  m u c h  s h o r t e r .  

C o m p a r i s o n  of the  r e s u l t s  w i th  t h o s e  p u b l i s h e d  in  
t he  l i t e r a t u r e  s h o w s  t h a t  t y p e  B w e l d s  a r e  r e s i s t a n t  
to  ho t  c r a c k i n g ,  bu t  t he  r i s k  of s i g m a  e m b r i t t l e m e n t  
i s  o b v i o u s  if t he  s u m  C r e q  + N i e q  i s  t oo  h i g h .  
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