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ABSTRACT : 

The va r i a t ions of both f e r r i t e number (FN" 
and morphology of Type AI5I 308 depos i ted weld 
me ta l were s tud ied . The pred ic ted means of 
populat ion of FN values at the top, t r an sve r se 
and longitudinal sec t ions were e s t i m a t e d as 
7, 5 and 5, r e s p e c t i v e l y . The var ia t ion in FN 
values was a t t r i b u t e d to various reasons such 
as the o r i en t a t ion of f e r r i t e phase f r o m sec t ion 
to sec t ion , weld m e t a l so l id i f ica t ion r a t e , cooling 
r a t e , and the dissolution of the f e r r i t e phase due 
to subsequent t h e r m a l cyc les in a mul t ipass 
weld m e t a l . 

The morphology of the f e r r i t e phase was 
inves t iga ted meta l lograph ica l ly and found to 
vary f r o m bead to bead . Three d i f f e r e n t morpho 
logies were dis t inguished, namely ve rmicu la r , 
lacy and globular . 

1. In t roduct ion : 

The e f f e c t of f e r r i t e in reduc ing hot c rack ing 
suscept ib i l i ty of a u s t e n t i c s ta in less s t ee l weld 
m e t a l is well es tab l i shed ( R e f s . 1-3). It was found 
t h a t 3-8 per cen t is requi red to r educe hot c r ac -
king (Refs. 4, 5). This re la t ionsh ip be tween f e r r i t e 
c o n t e n t and weld c rack ing has led to the develop-
ment of codes which requ i re f e r r i t e in welds 
to be above s p e c i f i c min imum level . For example , 
the Amer ican Socie ty of Mechanica l Engineers 
boiler and pressure vessel code (Ref . 6) r egu i res 
5% minimum of f e r r i t e " c o n t e n t in a u s t e n t i c 
s ta in less s tee l w e l d m e n t s . 

Using t he al loying con t en t of the welding 
e l e c t r o d e s , many empr ica l d iagrams , such as 
S c h a e f f l e r ( R e f . 7) and DeLong (Ref . 8) , . and 
empr ica l fo rmulas , such as • Sefer ian fo rmula 
( R e f . 9), were developed to d e t e r m i n e f e r r i t e 
con t en t in the fi l ler m e t a l . Such d i ag rams and 
fo rmulas were found helpful in p red ic t ing the 
amount of de l ta f e r r i t e in s ta in less s tee l weld 
m e t a l . 

* At p re sen t on leave to the O f f i c e of Inspection 
and E n f o r c e m e n t , U.S. Nuclear Regula tory Commi 
ssion, Washington, D.C. 

However , r e c e n t s tudies (Refs . 10-12) showed 
tha t the f e r r i t e c o n t e n t is not a s u f f i c i e n t condi-
tion to p r even t c rack ing . The morphology and 
dis t r ibut ion of the f e r r i t e phase is also necessa ry 
to p roduce an op t imal weld s t r e n g t h . F e r r i t e 
may be found in var ious morphologies and distr i 
but ions depending on the welding p a r a m e t e r s . 
Thus, it may be i n a c c u r a t e to p red ic t f e r r i t e 
c o n t e n t f r o m s t r i c k l y alloying compos i t ion , 
wi thout taking into cons idera t ion the morphology 
and dis t r ibut ion of the f e r r i t e phase . 

In the p resen t s tudy Magne Gauge measu re -
men t s were used to d e t e r m i n e the f e r r i t e con ten t 
a t the t h r e e o r thogona l f a c e s of depos i ted weld 
m e t a l . The va r ia t ion in f e r r i t e c o n t e n t f r o m 
one f a c e to ano ther was d e t e c t e d . Also, me ta l lo -
graphy was used for s tudying t he various morpho-
logies of the weld me ta l m i c r o s t r u c t u r e . 

2. Expe r imen t : 

C o m m e r c i a l r u t i l e - c o a t e d shielded m e t a l 
a rc welding e l e c t r o d e s w e r e used to deposit 
the weld m e t a l beads . The chemica l composi t ion 
of the 8 swg d i a m e t e r e l e c t r o d e s a r e given in 
Table 1. The manual shielded m e t a l a rc (SMA) 
welding process was used. The welding condi t ions 
were the downhand posi t ion, 130 A (DC), e lec 
t rode positive' (RP) . The mul t ipass depos i ted 
weld m e t a l beads (120 x 120 x 20 mm) was 
depos i ted on a f ixed p la t e of Type AISI 304 stain 
less s t e e l . Fig.1 shows the assembly p repa red 
to p reven t the warpage of the deposi ted weld 
m e t a l . The deposi t was air cooled and then c u t 
into cubic .specimens 16 mm on a s ide . 

Table 1 

The chemica l composi t ion of the s ta in less s t ee l 
e l e c t r o d e s Type AISI 308 

c Si Mn Cr Ni F e 

0.06 0.29 0.58 19.75 9.9 balance 

INDIAN WELDING JOURNAL, JANUARY, 1988' 306 



Table 2 
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Dim. i n m m 

Fig . 1: Preparation of deposited weld metal specimens 

FN values of the weld meta l were de termined 
using a Magne Gauge ins t rument which was cali-
b ra ted by National Bureau of Standards according 
to the American Welding Society s tandard AWS-
A4-74. Ten readings were made on each of 
the th ree polished faces of all the specimens. 
The cubic specimens were prepared for meta l lo-
graphic examinat ion by using an e lec t ro ly t i c 
polished technique described by Bell and Sonon 
(Ref . 13). 

3. Resul t s and Discussion : 

3.1 Fe r r i t e Content Measurements : 

The mean values and s tandard deviations 
of FN of the th ree orthogonal f aces for 12 cubic 
specimens prepared f rom one mult ipass bead of 
Type AISI 308 stainless s teel deposited weld 
meta l a re shown in Table 2. The values given 
are the average of 10 Magne Gauge readings 
taken on each individual face of any of the cubes. 
Table 2 also shows the a r i t hma t i c mean and 
the mean of population of the FN value of 
the weld meta l with conf idence level of 98% 
over the th ree orthogonal f aces of the bead. 

The resul t s show tha t the values of FN vary 
f rom point to point in the same orthogonal f a c e 
of any of the cubic specimens . However, the 
s tandard deviat ion for all the 10 readings was 
found to be less than 1 FN in most of the cases . 
Also the values of FN vary f rom one specimen 
to another and it is usually higher at the top 
su r face (the top bead of the weld meta l ) compared 
to the other two f aces ( the longitudinal and 
t ransverse direct ions) . The top f a c e has, on 
the average , an increase of about 2 FN which 
rep resen t s 40% of the longitudinal and t ransverse 
values. 

Average values, s tandard deviat ion and 
predic ted mean of FN for 12 specimens 

on the t h r ee orthogonal f aces 

Speci- The orthogonal f ace 
men 
No. top t ransverse longitudinal 

1. 7.7± 1.0 5.4±0.9 5.3± 1.2 
2. 6.3±0.7 4.7±0.9 4.3±1.2 
3. 8.5±0.6 4.2 + 1.6 3.5±2.1 
4. 6.7+0.4 5.9+0.8 5.2±0.9 
5. 5.7± 1.2 2.8±0.9 5.3±0.8 
6. 6.3±0.8 5.4+0.7 4.5±0.8 
7. 5.9±0.7 3.4+0.6 3.5+0.4 
8. 4.9±0.8 3.0+0.5 4.2± 1.0 
9. 6.5±1.1 3.9±0.5 

10. 5.4±0.7 4.7±0.8 4.9±0.7 
11. 6.4±0.7 4.6 + 1.4 4.2+0.6 
12. 4.6±0.8 4.1+0.5 2.8±2.0 

X 6.24 4.38 4.30 

U 7 5 5 

Where X - The a r i t hma t i c average of FN of all 
specimens at each or thogonal section. 

U - The mean of population with confi-
dence level 98%. 

The variat ion of the mean values of FN in 
the same or thogonal f a c e for the various samples 
or f rom point to point a t the same f a c e of one 
sample could be a t t r i bu ted to various reasons . 
One of these reasons is the change in composi-
tion within the same bead due to segrega t ion 
of alloying e lements during f r eez ing . Since the 
f e r r i t e phase is a non-equilibrium phase (Fig.2), 
thus it may be highly cored (Re f . 14), i.e., micro-
segregat ion will t ake p lace . This microsegrega t ion 
depends on whether the f i r s t solid fo rmed is 
aus ten i te or f e r r i t e . Lippold and Savage (Ref . 15) 
showed tha t alloys with composit ions on the 
low Cr-s ide of the liquidus (top of th ree phase 
tr iangle of Fig.3) solidify as pr imary aus ten i t e 
dendr i tes . Alloys with composit ions on the high 
Cr-s ide of the likuidus solidify as pr imary de l ta -
f e r r i t e dendr i tes . This will resul t in a var ia t ion 
on FN readings a t various points of the same 
orthogonal f a c e . 

Another reason of this variat ion in FN values 
could be due to the variat ion of cooling r a t e 
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2 0 3 0 % Cr 

1 0 0 % Ni 

Fig. 2: 70% ve r t i ca l section of the Fe-Cr-Ni 
ternary phase diaaram showing the approximate 
composition of Type 308 sta in less steel 

( a ) V e r m 1 c u 1 a r 

f rom point to point . Lipoid and Savage (Re f . 16) 
showed tha t higher cooling r a t e increases the 
f e r r i t e content and a f f e c t s the morphology 
of the f e r r i t e phase. 

Small ni trogen variat ions strongly a f f e c t 
delta f e r r i t e content in aus ten t ic stainless 
steel weld me ta l . The nitrogen is known to 
be an austeni t izer with Ni equivalent varies 

stt _ iMfi'n'IM'Wfi'11 At i ^ V . mm 
( b ) L a c y 

* % 

i f « % % - * 
•>» *. i . * « K , 

\ ^ A % v . - **/ % ^ . \ \ ** 
* * 

v \ \ V 

^ * " K \ v 

( c ) G l o b u l a r 

F i g . 3 : V a r i o u s F e r r i t e M o r p h o l o g i e s 

O b s e r v e d i n D e p o s i t e d W e l d M e t a 1 

between 8-45 (Ref . 17). The amount of ni t rogen 
pickup varies f rom one welding process to another 
(0.02% in GRAW and 0.04% in GMAW) (Ref . 18). 
However, much higher pick up is pqssible if 
the gas shielding protect ion is poor. 

The increase in the FN value at the top 
face of the weld meta l specimens could be 
a t t r ibu ted to the or ien ta t ion of the f e r r i t e with 
r e spec t to the su r f ace . The e f f e c t of or ienta t ion 
size, and shape of f e r r i t e upon measuring the 
FN by Magne Gauge have been repor ted . Simp 
kinson (Ref . 19) used a speci f ic pe rcen tage 
of iron powder press- formed into powdered 
metal compacts and found tha t the coarse iron 
powder gave higher FN readings than the f ine 
powder of the same pe rcen tage . In the present 
study, if it is assumed tha t the actual f e r r i t e 
content in the th ree sur faces is the same, it 
would be expected that the f e r r i t e is coarser 
in the top f a c e . 

The observed d i f f e rence in FN value between 
top f a c e and the other two f a c e s could also 
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be a t t r i b u t e d to t h e ^ e f f e c t of annea l ing of 
subsequen t weld pa s se s . The f e r r i t e may be 
dissolved in t h e lower pas se s as a r e su l t • of 
annea l ing ( R e f . 20) by the subsequen t t h e r m a l 
c y c l e s . This d e c r e a s e s the f e r r i t e c o n t e n t at 
the r o o t p a s s e s c o m p a r e d to the top passes . 
Such e x p l a n a t i o n was c o n f i r m e d by David ( R e f . 21) 
who a t t r i b u t e d t h e d r a s t i c r e d u c t i o n of FN in t h e 
r o o t passes to the d issolut ion of f e r r i t e by the 
subsequen t weld p a s s e s . 

3.2 F e r r i t e Morphology : 

No typ ica l m i c r o s t r u c t u r e of the f e r r i t e 
in t h e mu l t i pa s s a u s t e n t i c weld m e t a l could 
be d e t e c t e d . F ig . 3 shows var ious m i c r o s t r u c t u r e s 
of weld m e t a l a t d i f f e r e n t pa s se s . Three types 
of f e r r i t e morpho log ies could be d is t inguished 
which are known as v e r m i c u l a r , lacy, and globular 

. s h a p e . 

The v e r m i c u l a r shape is t h e one in which the 
f e r r i t e a p p e a r s as an al igned ske l e t a l N e t w o r k or 
as cu rved s o f t f o r m (Fig . 3a) . This shape ex i s t s 
f r e q u e n t l y in the a u s t e n i t i c •weld m e t a l con ta in ing 
duplex s t r u c t u r e ( R e f s . 21-23) . The f e r r i t e in 
the v e r m i c u l a r shape could be l o c a t e d wi thin 
the c o r e s of t h e p r i m a r y and seconda ry d e n d r i t e 
a r m s and is the r e s u l t of e i t he r the i n c o m p l e t e 
p r i m a r y t r a n s f o r m a t i o n s or l oca t ion a t t h e cel l 
bounda r i e s . If t h e weld m e t a l so l id i f ies as a 
p r i m a r y d e l t a - f e r r i t e d e n d r i t e s , t h e c o r e s a r e 
highly en r i ched in c h r o m i u m and d e p l e t e d in 
n i cke l . Upon cool ing th rough the t w o - p h a s e 
reg ion ( a u s t e n i t e + f e r r i t e ) , t h e f e r r i t e f o r m e d 
dur ing s t e a d y s t a t e so l id i f i ca t ion t r a n s f o r m s 
to a u s t e n i t e e i t h e r by compos i t i on inva r i an t 
as a mass ive t r a n s f o r m a t i o n ( R e f . 24) or by 
a con t ro l l ed d i f fu s ion p r o c e s s . H o w e v e r , a por t ion 
of t h e f e r r i t e a t t h e d e n d r i t e c o r e s is s u f f i c i e n t l y 
enr iched in Cr and d e p l e t e d in Ni to r e m a i n 
s t ab l e a t r o o m t e m p e r a t u r e and is c h a r a c t e r i z e d 
by t h e v e r m i c u l a r morphology as s u g g e s t e d by 
Lippold and Savage ( R e f . 16). If t he weld me ta l 
so l id i f ies as p r imary a u s t e n t i c , and t h e de l t a 
f e r r i t e so l id i f i e s f r o m the r e s t , t hen t h e me l t 
b e t w e e n ce l l s will be an e u t e c t i c f e r r i t e ( R e f . 2b 
and d e l t a - f e r r i t e a p p e a r s as a ve rmicu l a r morpho-
logy ( R e f . 23). 

Vitek and David ( R e f . 26) i n v e s t i g a t e d soli-
d i f i c a t i o n behaviour of Type 308 s t a i n l e s s s t ee l 
we lds . They showed t h a t t h e p r imary so l id i f i ca -
t ion phase was the f e r r i t e phase and t h e only 
morphology was ve rmicu l a r fo r s u b m e r g e d arc 
and sh ie lded m e t a l a r c we lds . 

The lacy morphology , shown in F i g . 3b, 
is c h a r a c t e r i z e d by a lace shape , i .e. , l ine p a t t e r -
ned n e t - l i k e s t r u c t u r e tw i s t ed over and under 
each o t h e r . The f e r r i t e n e t w o r k is o r i e n t e d along 

the g rowth d i r ec t i on in an a u s t e n i t e m a t r i x . 
It looks very r egu la r and a l igned . David ( R e f . 21) 
obse rved t h e lacy f e r r i t e morphology in the 
mul t ipass weld m e t a l and proposed t h a t t h e or igin 
of th is f e r r i t e morphology is the t r a n s f o r m a t i o n 
of p r imary d e l t a - f e r r i t e ce l ls to w i d m a n s t a t t e n 
a u s t e n i t e and f e r r i t e . David and c o - w o r k e r s 
( R e f . 27) had i n v e s t i g a t e d the so l id i f i ca t ion b e h a -
viour of Type 308 s t a i n l e s s s t ee l f i l l e r m e t a l 
using t h e i n t e r r u p t e d so l id i f i ca t i on t echn ique . ' 
In this t e c h n i q u e , t h e weld m e t a l was slowly 
cooled f r o m 1,365°C to be low t h e sol idus t e m p e r a -
t u r e and t h e w a t e r quenched . The lacy shape 
was d e t e c t e d in t h e weld m e t a l p r e p a r e d in 
such m a n n e r . The m e c h a n i s m they proposed for 
the a p p e a r a n c e of t h e lacy morphology is t h a t 
the vo lume f r a c t i o n of p r i m a r y d e l t a - f e r r i t e 
con t inues to i n c r e a s e as the t e m p e r a t u r e d e c r e a -
ses below l iquidus. At 1,387°C a u s t e n i t e begins 
to enve lop the p r i m a r y d e l t a - f e r r i t e . This e n v e -
loped p r imary d e l t a - f e r r i t e is t r a n s f o r m e d to 
w i d m a n s t a t t e n s t r u c t u r e , which l eads to t h e 
a p p e a r a n c e of t h e so -ca l l ed lacy morpho logy . 

F red r i cks son ( R e f . 28) o b se rv ed lacy shape 
in 18/8 s t a in l e s s s t e e l ingots and a t t r i b u t e d it to 
the t r a n s f o r m a t i o n of p r i m a r y so l id i f ied f e r r i t e 
to w i d m a n s t a t t e n a u s t e n i t e . Lippold and Savage 
( R e f s . 15; 16) sugges t ed t h a t a mass ive t r a n s f o r -
ma t ion of f e r r i t e to a u s t e n i t e is imposs ib le in 
high f e r r i t e we lds . Consequen t ly a d i f f u s i o n -
con t ro l l ed t r a n s f o r m a t i o n mus t o c c u r upon cool ing 
through the t w o - p h a s e r e g i o n . Thus the a s -we lded 
m i c r o s t r u c t u r e cons i s t ed of the lacy f e r r i t e and 
w i d m a n s t a t t e n a u s t e n i t e . 

Type 308 weld m e t a l is known to have 
low f e r r i t e c o n t e n t ( C r e q / N i e q - 1.76). Howeve r , 
f e r r i t e phase of lacy morphology was d e t e c t e d . 
This could be a t t r i b u t e d to t h e local f l u c t u a t i o n s 
in bo th t h e alloy compos i t i on and the weld cool ing 
r a t e a long the so l id i f i ca t ion f r o n t . This may 
lead to a c h a n g e in t h e t r a n s f o r m a t i o n m e c h a n i s m 
and r e s u l t s in mixed m i c r o s t r u c t u r e as sugges t ed 
by Lippold and Savage ( R e f . 16). 

The th i rd f e r r i t e morphology d e t e c t e d in 
the p r e s e n t s tudy was the globular • morphology 
(Fig. 3c). The globular shape is c h a r a c t e r i z e d 
by f e r r i t e in t h e f o r m of s p h e r e s d i s t r i bu t ed 
in> a • m a t r i x of a u s t e n i t e . This morphology is 
not r e l a t e d to t h e so l id i f i ca t ion m o d e . It a p p e a r s 
most ly a t t he weld passes which a r e s u b j e c t e d 
to the t h e r m a l c y c l e s . These t h e r m a l c y c l e s 
lead to t h e t r a n s f o r m a t i o n of a p a r t of t h e f e r r i t e 
to a u s t e n i t e ( R e f . 21). Such t r a n s f o r m a t i o n p roces s 
is fo l lowed by changing of d e l t a - f e r r i t e morpho-
logy f r o m t h e as - so l id i f i ed morphology (ve rmicu la r 
or lacy) to the globular o n e . 

David ( R e f . 21) was ab le to d e t e c t t h e 
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a p p e a r a n c e of t h e g lobula r m o r p h o l o g y by t h e 
a n n e a l i n g a t high t e m p e r a t u r e of f e r r i t e hav ing 
o t h e r t h e r m a l l y i n s t a b l e m o r p h o l o g i e s . Also 
h e a t t r e a t m e n t a t t e m p e r a t u r e s b e t w e e n 600-
900°C of d e p o s i t e d Type 308 s t a i n l e s s s t e e l 
weld m e t a l y i e lded t h e a p p e a r a n c e of th i s g lobula r 
f e r r i t e m o r p h o l o g y ( R e f . 20) . 

A n o t h e r f e r r i t e m o r p h o l o g y which w a s d e t e c -
ted by o t h e r i n v e s t i g a t o r s ( R e f s . 21, 26) in 
Type 308 'weld m s t a l is t h e a c i c u l a r m o r p h o l o g y . 
The a c i c u l a r m o r p h o l o g y is a n e e d l e - l i k e f e r r i t e 
d i s t r i b u t e d in an a u s t e n i t e m a t r i x . H o w e v e r , 
such m o r p h o l o g y w a s no t d e t e c t e d in t h e p r e s e n t 
s t u d y . V i t eck and Dav id ( R e f . 26) p r o v e d t h a t 
t h e a c i c u l a r m o r p h o l o g y a p p e a r s in T y p e 308 
weld m e t a l only if t h e G T A we ld ing p r o c e s s 
is u s e d . This m a y be due to t h e d i f f e r e n c e in 
t h e coo l ing r a t e s b e t w e e n t h e SMA w e l d i n g p r o c e s s 
used in t h e p r e s e n t s tudy and t h e G T A p r o c e s s . 
If we p r o p o s e t h a t the ' cool ing r a t e in SMA p r o c e s s 
is l o w e r , th i s will l ead to t h e t r a n s f o r m a t i o n 
of t h e n e e d l e - s h a p e d a c i c u l a r f e r r i t e to s m a l l 
d i s c o n n e c t e d s p h e r e s (g lobular f e r r i t e m o r p h o l o g y ) . 

4 . C o n c l u s i o n s 

1. D i f f e r e n t va lues of F N w e r e o b s e r v e d 
by m e a s u r i n g . t h e m a g n e t i c f lux in t h e t h r e e ' 
o r t h o g o n a l s e c t i o n s of 308 t y p e we ld m e t a l . 
The • d i f f e r e n c e w a s a t t r i b u t e d to v a r i a t i o n in 
o r i e n t a t i o n of f e r r i t e p h a s e , s o l i d i f i c a t i o n antl 
coo l ing r a t e s and d i s so lu t i on ' of f e r r i t e p h a s e 
dur ing t h e s u b s e q u e n t we ld ing t h e r m a l c y c l e s . 

2. F e r r i t e . c o n t e n t a t t h e t o p f a c e w a s 
f o u n d to be 7 F N wh ich is 2 F N h ighe r t h a n 
t h e va lue fo r o t h e r two o r t h o g o n a l f a c e s (5 F N ) . 

3. V e r m i c u l a r and l acy m o r p h o l o g i e s of 
f e r r i t e a p p e a r e d in t h e f e r r i t e p h a s e - of Type 
308 we ld m e t a l due to t h e s o l i d i f i c a t i o n m o d e 
and t h e t r a n s f o r m a t i o n f o l l o w e d by s o l i d i f i c a t i o n . 
T h e g lobu la r m o r p h o l o g y of f e r r i t e p h a s e is due 
to dissolut ion o£ any of t h e p r e v i o u s s h a p e s as a 
r e s u l t of t h e s u b s e q u e n t t h e r m a l c y c l e s . 

A c k n o w l e d g e m e n t : 

One of t h e a u t h o r s (H.I .S.) a p p r e c i a t e s t h e 
I n t e r n a t i o n a l A t o m i c Ene rgy Agency f e l l o w s h i p 
o f f e r e d to h i m du r ing wh ich m o s t of t h i s p a p e r 
w a s w r i t t e n . 
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