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FERRITE MORPHOLOGY AND VARIATIONS IN FERRITE CONTENT 
IN AUSTENITIC STAINLESS STEEL WELDS 

S. A. David, S .  E. Hanzelka, and C. P. Haltom 

ABSTRACT 

Four distinct ferrite morphologies have been identified in 
type 308 stainless steel multipass welds: vermicular, lacy, 
acicular, and globular. The first three ferrite types are 
related to transformations following solidification and the 
fourth is related to the shape instability of the residual 
ferrite. 

An earlier study showed that most of the ferrite observed 
in austenitic stainless steel welds containing a duplex struc- 
ture may be identified as residual primary ferrite resulting 
from incomplete 6 + Y transformation during solidification and/or 
residual ferrite after Widmanstatten austenite precipitation in 
primary ferrite. These modes of ferrite formation can be used 
to explain observed ferrite morphologies in austenitic stainless 
steel welds. 

Variations in ferrite content within the weld were related 
to weld metal composition, ferrite morphology, and dissolution 
of ferrite resulting from thermal cycles during subsequent weld 
passes. An investigation of the type 308 stainless steel filler 
metal solidified over cooling rates ranging from 7 to 16OO0C/s 
showed that the cooling rate of the weld metal within the 
freezing range of the alloy affects the amount of ferrite in the 
microstructure very little. However, the scale of the solidifi- 
cation substructure associated with various solidification rates 
may influence the ferrite dissolution kinetics. 

INTRODUCTION 

Though several show that a certain amount of ferrite 

should be present in austenitic stainless steel welds to prevent hot 

cracking, the mechanism is not well understood. Although several 

researchers have proposed 3 to 5 ferrite number (FN) as the required 

amount to prevent hot cracking, the true amount of ferrite present or 

required during the critical stage of weld metal solidification is 

unknown. 
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F e r r i t e  a l s o  inf luences  t h e  s t r e n g t h  and cor ros ion  behavior of austen- 

i t i c  s t a i n l e s s  s t ee l  welds i n  var ious  ways. 4-8 For a given composition 

f e r r i t e  may be present  i n  var ious  amounts and i n  d i f f e r e n t  morphologies 

w i t h i n  t h e  weld, depending on t h e  welding processes  and parameters. 

Recently Devine’ found t h a t  t h e  amount and morphology of f e r r i t e  i n f l u e n c e  

t h e  s e n s i t i z a t i o n  behavior of duplex s t a i n l e s s  steel .  In p a r t i c u l a r ,  f o r  

a given carbon con ten t ,  a c r i t i c a l  amount and d i s t r i b u t i o n  of 6-y boundary 

area exis t  above which the  a l l o y  i s  immune t o  s e n s i t i z a t i o n .  It can 

t h e r e f o r e  be seen t h a t  f e r r i t e  morphology plays an important role  i n  weld 

behavior. 

F e r r i t e  morphology and v a r i a t i o n s  i n  f e r r i t e  content  wi th in  a weld 

have received very l i t t l e  a t t e n t i o n .  O, ’’ Recently,  Suutala ,  Takalo, and 

Pioisio12t 

t h e  composition and s o l i d i f i c a t i o n  mode. Though t h e i r  c l a s s i f  i e a t i o n  may 

adequate1.y descr ibe  the genera l  micros t ruc tures  i t  does not r e f e r  t o  

d i s t i n c t  f e r r i t e  morphologies and o t h e r  forms of f e r r i t e  o f t e n  observed i n  

weld metal microstructures .  L a i  and Townsend14 have noted t h a t  t h e  

vermicular  and n e e d l e l i k e  f e r r i t e  morphologies descr ibed  by Takalo and 

P I o ~ s ~ o ~ ~  are t h e  same. 

duplex s t r u c t u r e ,  t h e  term “ t y p i c a l  micros t ruc ture“  i s  o f t e n  misleading. 

General.1.y t h e  weld metal has no s i n g l e  r e p r e s e n t a t i v e  micros t ruc ture  but 

r a t h e r  i s  a combination o.E micros t ruc tures  with var ious  f e r r i t e  forms 

inf luenced by such f a c t o r s  as l o c a l  v a r i a t i o n s  i n  cooi ing ra te  and 

composition. Hence, d e t a i l e d  observat ion and c l a s s i f i c a t i o n  of f e r r i t e  Pn 

wel.ds based on i t s  d i s t i n c t  shape and form are needed. In  a d d i t i o n  t o  the  

i n f l u e n c e  of composition on t h e  f e r r i t e  morphology, e f f e c t s  of cool ing 

ra te  3rd t h e  thermal excursions during a mul t ipass  weld commonly 

i n f l u e n c e  f e r r i t e  content  i n  a u s t e n i t i c  s t a i n l e s s  s tee l  welds. The 

v a r i a t i o n  i n  f e r i t e  content  has of t e n  been a t t r i b u t e d  t o  the  inadequacies 

oE t h e  present  f e r r i t e  measuring devices.  In  a d d i t i o n  t o  t h e  problems 

a s s o c i a t e d  w i t h  t h e  accnracy of f e r r i t e  measurement techniques,  a number 

o f  o the r  f a c t o r s  c o n t r i b u t e  t o  t h e  observed v a r i a t i o n s  i n  measured f e r r i t e  

conten t  wi-thin t h e  weld inetal: composition, f e r r i t e  morphology, d i sso lu-  

t i o n  and/or t ransformation of f e r r i t e  clue t o  thermal cyc les  and cool ing 

r e f e r r e d  t o  t h r e e  types of weld metal micros t ruc tures  based on 

For a u s t e n i t i c  s t a i n l e s s  s t ee l  welds containing 
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rate. The composition of the  weld metal  expressed as a r a t i o  of chromium 

t o  n i cke l  equ iva len t s  (Creq/Nieq)* i s  one of the major f a c t o r s  determining 

t h e  f e r r i t e  content  of the  weld. The S c h a e f f l e r l G  c o n s t i t u t i o n  diagram 

o r i g i n a l l y  provided a method f o r  ca lcu la t ing ,as -welded  f e r r i t e  content .  

This c o n s t i t u t i o n  diagram w a s  f u r t h e r  modified by DeLong and others17, 

t o  t ake  i n t o  account t h e  a u s t e n i t i z i n g  e f f e c t  of ni t rogen.  It should be 

pa in ted  out  t h a t  t he  f e r r i t e  i n  a u s t e n i t i c  s t a i n l e s s  s teel  weld metal is a 

nonequilibrium phase and t h a t  any lack of good c o r r e l a t i o n  between the  

composition and f e r r i t e  content  could r e s u l t  from a number of o the r  

f a c t o r s .  For one, t he  f e r r i t e  morphology as inf luenced by t h e  mode of 

s o l i d i f i c a t i o n  and subsequent: s o l i d  state t ransformat ions  may a l s o  

c o n t r i b u t e  t o  t h e  v a r i a t i o n s  i n  measured f e r r i t e  conten t  w i th in  the weld. 

A r e l a t i o n s h i p  between f e r r i t e  conten t  and weld m e t a l  m ic ros t ruc tu re  has  

been observed.12 

weld passes are subjec ted  during a mul t ipass  weld are another  facCor t h a t  

could c o n t r i b u t e  t o  the  observed v a r i a t i o n s  wi th in  the  weld metal, Since 

t h e  f e r r i t e  i n  t h e  weld metal is not an equi l ibr ium s t r u c t u r e ,  thermal 

c y c l i n g  could d i s s o l v e  i t ,  thus  br inging  about a change i n  f e r r i t e  content  

of the  weld from region  t o  region, In  a d d i t i o n  t h e  f e r r j l t e  could 

t ransform i n  p a r t  t o  a nonmagnetkc sigma phase. The e f f e c t  of c o o l i n g  

ra te  on f e r r i t e  conten t  has been demonstrated4 by the  excess ive  amount of 

f e r r i t e  produced i n  a commercial wrought type 347 a l l o y  t h a t  w a s  cooled 

r ap id ly .  This a l loy  would normally have had l i t t l e  or no f e r r i t e .  In 

add i t ion ,  l i t t l e  o r  no f e r r i t e  has been produced i n  r ap id ly  cooled 

electron-beam-welded type 312 s t a i n l e s s  steel. Slower cool ing rates 

normally produce w e l l  over 20 vol  % f e r r i t e  i n  t h i s  a l loy .  Similar obser- 

v a t i o n s  have been made by David and V i t e k l g  dur ing  high-power laser 

welding of type 308 s t a i n l e s s  steel a t  welding speeds exceeding 24 m / s .  

It should be pointed out  t h a t  t h e s e  cool ing  rates represent  extremes. 

Producing metas tab le  s t r u c t u r e s  under extremely rap id  o r  slow c o o l h g  i s  

no t  very  unusual. 

However, t h e  thermal cyc le s  t o  which some of t he  i n i t i a l  

2 0  

*Creq  = C r  + Mo + 1.5 S i  + 0.5 Nb, and N i e q  = X i  -I- 30 C + 0.5 M n  4- 
30 N, where the  symbols r ep resen t  the  weight percentages of the elements* 
The n i t r o g e n  conten t  of t h e  weld metal was analyzed t o  be 0.04 w t  X .  
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OUK purpose w a s  t o  i d e n t i f y  and c l a s s i f y  d i f f e r e n t  f e r r i t e  morphologies 

i n  a u s t e n i t i c  s t a i n l e s s  s teel  welds and o f f e r  poss ib l e  explanat ions as t o  

t h e i r  o r ig ins .  In addi t ion ,  w e  i d e n t i f i e d  var ious  f a c t o r s  t h a t  inf luenced 

t h e  f e r r i t e  content  of the  weld metal. 

EXPERIMENTAL PROCEDURE 

We Id  ing  

Two mul t ipass  welds were deposi ted on 25-mm-thick (1-in.) t y p e  304L 

s t a i n l e s s  s t e e l  p l a t e  [0.019 C, 1.75 Mn, 0.029 P, 0.006 S, 0.63 S i ,  

18.55 C r ,  10.0 N i ,  and balance Fe ( w t  % ) I  conta in ing  a single-V-groove b u t t  

j o i n t .  One of the  two welds w a s  made with j o i n t  sur faces  but te red  wi th  

t h e  weld metal and the  o the r  without bu t t e r ing .  'I'he welds were made with 

type  308 s t a i n l e s s  s tee l  f i l l e r  m e t a l  [0.016 C ,  0.35 S i ,  0.004 S,  0.029 P, 

1.95 P i n ,  9.76 N i ,  20.14 C r ,  and balance Fe (wt % ) ]  by the  hot  wire gas 

tungs ten  a r c  process (GTA). The welding parameters are given i n  Table 1. 

Table 1. Welding parameters 

_Î _ 

Welding A r c  

E lec t  rode 4.1 mm (0.16 in . )  long, 2% ThO+4 

E lec t rode  top 30" included angle with  1.9 mm (0.075 in . )  f l a t  

Shie ld ing  gas 75 %25 !ir (vo l  X ) ,  2.4 X 

Backup gas Argon 

Arc vo l t age  15 V 

Current 350 A dcsp 

m 3 / s  (30 c fh)  

Hot Wire 1 . 1  mm (0.045 in.  1 long 

Vo 1 t age 7 v  

Current 80 A 
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Each weld cons is ted  of e i g h t  passes. Samples f o r  FN measurements were 

taken  a f t e r  each p a s s ,  and the  average f e r r i t e  number of t he  root  pass  w a s  

measured a f t e r  each pass.  F e r r i t e  number w a s  measured by magnetic 

permeabi l i ty  wi th  a Magne-gage instrument.  The FN was measured i n  

accordance with AWS S p e c i f i c a t i o n  A4-2-74 ,  "Ca l ib ra t ing  Magnetic 

Instruments  to Measure the  6-Ferr i te  Content of Aus ten i t i c  S t a i n l e s s  S t e e l  

Weld Metal. " 

Melting and Casting 

To c h a r a c t e r i z e  s t r u c t u r e s  r e s u l t i n g  from extreme v a r i a t i o n s  i n  

s o l i d i f i c a t i o n  condi t ions ,  a d d i t i o n a l  specimens were prepared by s e v e r a l  

a l t e r n a t e  techniques.  

from 12 t o  65"C/s by drop c a s t i n g  a rc-mel ted  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  (of composition descr ibed e a r l i e r )  i n t o  a water-cooled copper 

mold descr ibed elsewhere22. I n  add i t ion ,  two o the r  cool ing rates, one 

e s t ima tedz3  t o  be 16OODC/s and the  lather measured t o  be 7'C/s, were 

obta ined  by quenching 2- t o  3-m-diam (O.O&O.l-in.) f i l l e r  metal d r o p l e t s  

i n  iced  water and c a s t i n g  a 50mm-diam (2-in.) bar  i n t o  a g r a p h i t e  mold, 

r e spec t ive ly .  

Samples were cooled a t  es t imated21 rates ranging 

Mic ros t ruc tu ra l  Charac t e r i za t ion  

Standard metal lographic  techniques f o r  a u s t e n i t i c  s t a i n l e s s  steels 

w e r e  used f o r  mic ros t ruc tu ra l  ana lys i s .  The samples were etched with a 

s o l u t i o n  conta in ing  f i v e  p a r t s  concentrated HC1 t o  one p a r t  concentrated 

HNO3. 

eyepiece.  To i n v e s t i g a t e  t h e  f e r r i t e  morphology, s m a l l  volume elements 

conta in ing  r e p r e s e n t a t i v e  f e r r i t e  morphologies were cu t  from the  weld and 

pol i shed  on t h r e e  or thogonal  planes.  

The secondary d e n d r i t e  arm spacings were measured with a f i l a r  

F o i l s  of weld metal f o r  e l e c t r o n  microscopic a n a l y s i s  w e r e  

e l ec t ropo l i shed  wi th  a dua l - je t  po l i sh ing  apparatus  and a s o l u t i o n  of 

10 vo l  % perch lo r i c  ac id  i n  methanol. The samples were pol ished a t  

--lO°C (17'F) w i th  55 V dc. To determine i f  any p r e c i p i t a t e  p a r t i c l e s  were 

i n  the  weld metal, e l e c t r o l y t i c  e x t r a c t i o n s  were performed on the  weld. 
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The extracted precipitate particles were then analyzed by x-ray 

diffraction. 

reported elsewhere. 24 

The details of the extraction and x-ray procedures are 

WELD METAL MICROSTRUCTURE AND FERRITE MORPHOLOGY 

Macroscopic views of cross sections from the two welds are s h m  in 
A wide variety of microstructures were observed at various Fig. 1. 

4 

Fig. 1. Cross sections of type 308 stainless steel multipass welds. 
Base plate is 25 m (1 in.) thick. 
(b) Wlth buttered joint surfaces. 

(a) With unbuttered joint surfaces. 
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locations within the multipass welds. The microstructure i s  duplex, with 

ferrite being the minor phase distributed in various forms in an austenite 

matrix. To a great extent the solidification behavior and subsequent 

solid state transformations that occur within the weld metal on cooling 

control the mtcrostructural characteristics of the weld metal. Suutala  

and co-workers l 2  have described some of these microstructural features, 

relating them to different modes of solidification. An earlier 

study2 

experiments revealed that the solidification sequences in type 308 

stainless steel filler metal include primary crystallization of 6-ferrite 

with subsequent envelopment by austenite. From the point of complete 

envelopment, further transformations L + y and 6 -* y proceed at the 6-L 

and y-6 interfaces. Further, as the sample cools to u. temperature below 

that of the solidus, the transformation at the y-L interface goes tu  

completion, leaving behind a skeletal network of untransformed &ferr i te  

along the cores of the primary and secondary dentrite arms, This residual 

ferrite has been shown to be enriched in chromium, which makes it very 

stable (Fig. 2). However, primary ferrite with a lower average chromium 

concentration of approximately 24 to 25 wt % may transform to 

Widmanstatten austenite and ferrite during rapid cooling. During the 

above transformations extensive solute redistribution occurs by diffusion, 

These two modes of ferrite formation may be used to explain the various 

ferrite morphologies observed in austenitic stainless steel welds. 

involving thermal analysis and interrupted solidification 

From the orthogonal sectioning of the volume elements extracted from 

various locations within the multipass weld with buttered joint surfaces, 

we have identified four distinct types of ferrite morphologies: cype I- 

vermicular, type I1 - lacy, type 111 - acicular, and type 1V - globular. 
Figure 3 shows three-dimensional views of these four ferrite forms. As 

stated earlier, austenitic stainless steel welds containing a duplex 

structure have no single representative microstructure. A11 four 

morphologies shown in Fig. 3 were observed in the same multipass weld made 

with type 308 stainless steel filler metal of constant Creq/Nieq = 1.66. 

Also ,  the literature often characterizes ferrite morphology as continuous 
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F%g. 2. Scanning transmission electron .microscopic analysis of 
ferrite  i n  the gas tungsten arc bead-on-plate weld. (a) Transmission 
electron micrograph. (b) Solute profiles across the ferrite. 
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Fig. 3. Three-dimensional composite micrographs of various ferrite 
morphologies in type 308 stainless steel multipass weld. (a) Type I, ver- 
micular. (b) Type 11, lacy. (c) Type 111, acicular. (d) Type IV, globular. 
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o s  d iscont inuous ,  depending on t h e  s e c t i o n  of the weld viewed. We must be 

cau t ious  i n  such c h a r a c t e r i z a t i o n  of t he  f e r r i t e  s i n c e  only vermicular and 

l acy  morphologies approach continuous shapes. 

Type I - Vermicular Morphology 

This  type f e r r i t e  i s  t h e  one most commonly observed i n  a u s t e n i t i c  

s t a i n l e s s  s t ee l  welds conta in ing  duplex s t r u c t u r e  wi th  FN 5 t o  15. In t h e  

p re sen t  i n v e s t i g a t i o n  t h i s  p a r t i c u l a r  morphology w a s  predominantly 

observed i n  t h e  weld roo t  pas s  and t h e  two subsequent passes. Depending 

on the  s e c t i o n a l  c u t  viewed, t h e  f e r r i t e  could appear as an a l igned  

s k e l e t a l  network (FN 12) o r  as a curved s o f t  form (FN 9 ) ,  as shown i n  

Fig. 3(a). Fur ther  d i scuss ion  of v a r i a t i o n  i n  ferr i te  number as a 

f u n c t i o n  of o r i e n t a t i o n  follows. The alignment i s  along t h e  hea t  f l o w  

d i r e c t i o n ,  which is  also t h e  primary d e n d r i t e  growth d i r e c t i o n .  The 

f e r r i t e  i s  loca ted  wi th in  t h e  cores  of t he  primary and secondary d e n d r i t e  

arms and is  the  r e s u l t  oE t h e  incomplete primary 6 + Y t ransformat ion  

d i scussed  earlier, The c l a s s i f i c a t i o n  of f e r r i t e  l oca t ed  a t  t h e  i n t e r -  

c e l l u l a r  o r  c e l l u l a r  d e n d r i t i c  boundaries i n  type 310 s t a i n l e s s  s t e e l  

welds as vermiciilar by Suuta la  and co-workers12 may be debatab le  s i n c e  

t h i s  f e r r i t e  would seldom tend t o  be continuous and vermicular. Often i t  

i s  d iscont inuous  and g lobu la r  as shown later.  

Type  I1 -Lacy Morphology 

The l a c y  form of f e r r i t e  is cha rac t e r i zed  by long columns of 

i n t e r l a c e d  f e r r i t e  network o r i en ted  along the  growth d i r e c t i o n  i n  an 

a u s t e n i t e  matrix. This s t r u c t u r e  was predominantly present  i n  the t h i r d  

p a s s  of t he  weld. l’he s t r u c t u r e  looks very  r egu la r  and a l igned ,  as shown 

i n  Fig. 3 ( b ) .  The f e r r i t e  i s  loca ted  wi th in  t h e  c e l l u l a r  dendr i t e s .  

Depending on the  s e c t i o n a l  c u t  viewed and t h e  corrssponding f e r r i t e  

measurement, t h e  duplex s t r u c t u r e  showed a FN 13 or 15. The o r i g i n  of 

t h i s  f e r r i t e  morphology I s  l i k e l y  t o  be t h e  t ransformat ion  of primary 

& f e r r i t e  ce l l s  t o  Widmanstatten a u s t e n i t e  and f e r r i t e ,  as d iscussed  

ear l ie r .  
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Type Ill - Acicular  Morphology 

morphology i s  cha rac t e r i zed  by the  andom arrangement 

of need le l ike  f e r r i t e  d i s t r i b u t e d  i n  an a u s t e n i t e  mat r ix ,  as shown i n  

Fig.  3 (c) .  This t y p e  s t r u c t u r e  w a s  predominantly present  i n  the  s i x t h  

and crown passes of the  weld (passes 7-8). Unlike the  two morphologies 

descr ibed  ear l ie r ,  t h e  s t r u c t u r e  here  has no d i r e c t i o n a l i t y  and a l s o  does 

not seem t o  conform t o  t h e  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  i n  any way. The 

average FN of t he  s t r u c t u r e  is 13. A s i m i l a r  s t r u c t u r e  has been observed 

i n  f i l l e r  metals types 318 ( r e f .  12) and 312 s t a i n l e s s  steelz6 wi th  a high 

C r e q / N i e q  r a t i o .  

C r e q / N i e q  > 2. 

weld (Creq/Nieq r: 1.66) could be a t t r i b u t e d  t o  l o c a l  v a r i a t i o n s  i n  

composition, mainly macxosegragation. It should be pointed out  t h a t  the  

l a s t  few passes  were made by o s c i l l a t i n g  t h e  welding head l a t e r a l l y  from 

one s i d e  w a l l  t o  t h e  o the r  t o  cover the  width of t he  weld. Such a motion, 

i n  a d d i t i o n  t o  g iv ing  a complex puddle shape, would enhance tu rbu len t  

This f e r r i t e  morphology is t y p i c a l  of weld metals with 

The presence of t h i s  p a r t i c u l a r  fe r r i te  form i n  t h e  present  

f l u i d  f l o w  i n  the  weld puddle, which could promote melting and/or breaking 

o f f  of t he  chromium-rich c e l l u l a r  dendr i t e s .27  Such events  i n  t u r n  could 

b r ing  about a change i n  l i q u i d  composition and t h e  mode of s o l i d i f i c a t i o n  

t o  L 3. L + 6 -+ 6 and g r a i n  s t r u c t u r e  i n  l o c a l i z e d  regions.  Fur ther ,  the  

s t r u c t u r e  has i t s  o r i g i n  i n  the  low-temperature t ransformat ion  of primary 

f e r r i t e  t h a t  formed during s o l i d i f i c a t i o n  t o  a u s t e n i t e  and f e r r i t e .  The 

a u s t e n i t e  appears t o  have nucleated a t  t h e  g r a i n  boundaries and grown 

i n s i d e  the  g r a i n s  by an a c i c u l a r  mechanism. 

Type IV - Globular Morphology 

The g lobu la r  form is cha rac t e r i zed  by f e r r i t e  i n  the  form of g lobules  

randomly d i s t r i b u t e d  i n  a mat r ix  of a u s t e n i t e ,  as shown i n  Fig. 3(d). As 

i n  t h e  a c i c u l a r  form, t h e  s t r u c t u r e  has no directionality and is not 

r e l a t e d  t o  the  o v e r a l l  s o l i d i f i c a t i o n  subs t ruc ture .  It i s  commonly 

observed i n  weld passes  4 ,  5 ,  and 6 of t h e  mul t ipass  weld. Along with 

passes  1 through 3, t h e s e  passes  w e r e  subjec ted  to  thermal cyc l ing  during 
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welding. This s t r u c t u r e  t y p i c a l l y  has  an average FN of 19. The s t r u c t u r e  

appears  t o  have i t s  o r i g i n  i n  the  thermal i n s t a b i l i t y  of any of the  o the r  

t ypes  of f e r r i t e ,  p a r t i c u l a r l y  t h e  a c i c u l a r  form. The thermal cycles t o  

which some of t he  weld passes  are subjec ted  i n  a mul t ipass  weld- seem t o  

b r ing  about shape i n s t a b i l i t i e s  of t he  type descr ibed later. 

of t he  shape i n s t a b i l i t y ,  t h e  long t h i n  f e r r i t e  needles  i n  t h e  a c i c u l a r  

s t r u c t u r e  and t h e  i n t e r l a c e d  f e r r i t e  i n  t h e  l a c y  s t r u c t u r e  could break 

down i n t o  small disconnected globules .  

m i c r o s t r u c t u r a l  i n s t a b i l i t y  i n  t h e  a c i c u l a r  morpholagy of f e r r i t e .  In 

As a r e s u l t  

Figure 4 shows such a 

Fig. 4. The breakdown of acicular f e r r i t e  t o  g lobu la r  f e r r i t e  i n  
type  308 a t a i n l e s s  steel mul t ipass  weld. 

. 
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a d d i t i o n  t o  the  thermal e f f e c t s ,  stress during thermal cyc l ing  could 

i n t e n s i f y  mic ros t ruc tu ra l  i n s t a b i l i t y ,  which i s  very common i n  materials 

con ta in ing  duplex s t r u c t u r e s ,  p a r t i c u l a r l y  a l igned  e u t e c t i c s .  28 The 

g lobu la r  morphology of f e r r i t e  may a l s o  be seen i n  type  310 s t a i n l e s s  

s tee l  welds [0.11 C, 1.64 Mn, 0.014 P, 0.009 S ,  26.73 C r ,  21.15 N i ,  and 

balance Fe ( w t  % ) I ,  where a very low volume f r a c t i o n  of fe r r i te  i n  

g lobu la r  form may be present  i n  the  i n t e r c e l l u l a r  o r  i n t e r d e n d r i t i c  

region,  as shown i n  Fig. 5. The f e r r i t e  here  is very discont inuous and 

forms as a r e s u l t  of t he  continuous enrichment of chromium i n  t h e  l i q u i d s  
( K  rr, < 1)* dur ing  s o l i d i f i c a t i o n .  

C r  

VARIATIONS I N  FERRITE CONTENT 

As s t a t e d  earlier, a number of f a c t o r s  such as composition, f e r r i t e  

morphology, f e r r i t e  d i s s o l u t i o n  and/or t ransformation,  and cool ing rate 

may in f luence  the  amount of fe r r i te  p r e s e n t  wi th in  t h e  weld depos i t .  Any 

such v a r i a t i o n  i n  f e r r i t e  content  from l o c a t i o n  t o  l o c a t i o n  wi th in  the  

weld may inf luence  its mechanical and chemical behavior. 

F igu re  6 shows the  v a r i a t i o n  i n  the  roo t  pass  FN wi th in  t h e  two welds 

i n  our study. In weld 1 ( top  curve) t he  b a s e l n e t a l  j o i n t  sur faces  were 

bu t t e red  wi th  t h e  weld metal, while  i n  weld 2 (bottom curve)  the base 

m e t a l  j o i n t  s u r f a c e s  were not  buttered. The average F N s  of t he  root  pass 

d e p o s i t  i n  welds 1 and 2 are 13 and 8, r e spec t ive ly .  The lower FN of the 

roo t  p a s s  depos i t  i n  weld 2 i s  a t t r i b u t a b l e  t o  t h e  weld metal d i l u t i o n  

wi th  t h e  base metal and hence i n d i c a t e s  a change i n  t h e  weld metal 

composition. In  p r a c t i c e  the  ex ten t  of d i l u t i o n  depends on the  welding 

process  and procedure v a r i a b l e s  such as c u r r e n t ,  t r a v e l  speed, welding 

technique,  j o i n t  design,  and material thickness .  The f u r t h e r  decrease i n  

Y L  Y L 
Equi l ibr ium p a r t i t i o n  r a t i o  K * Ccr/Cc,, where Ccr and Ccr are * 

C r  
The chromium concent ra t ions  i n  a u s t e n i t e  and l i q u i d  given by the t i e  l i n e  
a t  a p a r t i c u l a r  temperature. 



Fig. 5. Three-dimensional composite micrograph showing c e l l u l a r  
s t r u c t u r e  i n  type 310 stainless steel weld metal wi th  f e r r i t e  in globular  
from loca ted  i n  t h e  i n t e r c e l l u l a r  regions.  

FN of t h e  roo t  pass depos i t  i n  both welds r e s u l t s  from t h e  d i s s o l u t i o n  of 

f e r r i t e  from t h e  thermal e f f e c t s  t o  which the  roo t  pass Zs subjec ted  

dur ing  a mult ipass  weld. The d i s s o l u t i o n  of f e r r i t e  w i l l  be discussed i n  

g r e a t  d e t a i l  later i n  t h i s  paper. 
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Fig. 6. Var ia t ions  i n  root  pass f e r r i t e  number with subsequent 
passes  i n  welds made wi th  but te red  and unbut tered j o i n t  surfaces .  

I n  a d d i t i o n  t o  t h e  observed thermal e f f e c t s  during subsequent passes  

on the  FN of t he  root  p a s s ,  v a r i a t i o n s  i n  FN were observed i n  both welds 

w i t h i n  a c r o s s  s e c t i o n  of t he  bead, along t h e  length  and width of the weld, 

and from bead t o  bead. Generally the FN increased from t h e  root  p a s s  to  

t h e  crown pass. The f e r r i t e  content  w i th in  the  weld a t  var ious  l o c a t i o n s  

v a r i e d  from 5 t o  14 and 9 t o  13 f o r  the welds wi th  unbut tered and bu t t e red  

j o i n t  s u r f a c e s ,  r e spec t ive ly .  Some of t hese  v a r i a t i o n s  are a t t r i b u t a b l e  

t o  d i l u t i o n  e f f e c t s  ( p a r t i c u l a r l y  i n  the  weld made wi th  unbut tered j o i n t  

s u r f a c e s ) ,  thermal e f f e c t s ,  and o the r  f a c t o r s  such as fe r r i te  morphology, 

d i s s o l u t i o n  of f e r r i t e ,  and cool ing ra te  t o  be discussed shor t ly .  Here, 

w e  should a l so  mention poss ib l e  changes i n  the  amount of n i t rogen  pickup 

dur ing  welding, which could c o n t r i b u t e  i n  p a r t  t o  v a r i a t i o n s  i n  fe r r i te  

c on t en t . 
The FN a s soc ia t ed  with var ious  f e r r i t e  morphologies is closely 

r e l a t e d  t o  t h e  volume percent  of f e r r i t e  and i n  t u r n  the  composition. A s  

discussed  earlier, t he  o r i e n t a t i o n  of the  f e r r i t e  wi th  respect t o  su r face  

examined could br ing  about a minor v a r i a t i o n  i n  FN. The FN assoc ia ted  



with  each morphology i s  shown i n  Fig. 3. For example, t he  FN f o r  type I 

vermicular  morphology var ied  from 9 t o  12 ,  depending on the  sec t ion  on 

which the  magnetic measurements were made. Although q u a n t i t a t i v e  

Metallography showed no d r a s t i c  v a r i a t i o n s  i n  the  volume percent  of 

f e r r i t e  €or  the  top and s i d e  views, the  magnetic measurements showed a 

d e f i n i t e  d i f f e r e n c e  i n  FN. The same observa t ion  w a s  t r u e  f o r  type I1 l acy  

morphology. Hence the  d i f f e r e n c e  i n  FN seems t o  be r e l a t e d  t o  the  

mic ros t ruc tu ra l  con t inu i ty  and the  i n t e r a c t i o n  of the magnetic f l u x  with 

t h e  f e r r i t e .  

Disso lu t ion  of the  fe r r i te  from subsequent thermal cycles i n  a mult i -  

p a s s  weld is another  f a c t o r  t h a t  could c o n t r i b u t e  t o  the  v a r i a t i o n s  i n  

f e r r i t e  content .  Figure 6 shows such a v a r i a t i o n  i n  root  p a s s  FN f o r  t he  

welds 1 and 2 as a func t ion  of seven o the r  subsequent passes.  Resul ts  

show a d r a s t i c  reduct ion  i n  root  pas s  FN f o r  both welds with the f i r s t  

t h r e e  subsequent passes ,  a f t e r  which the  FN remains constant .  An extens ive  

mic ros t ruc tu ra l  a n a l y s i s  of the  root  pas s  i n  welds 1 and 2 ind ica ted  t h a t  

t h e  reduct ion  i n  ferr i te  r e s u l t s  from i t s  d i s s o l u t i o n  during the  thermal 

excursions of the  weld. Chemical e x t r a c t i o n  from samples of the  welds 

revealed no p r e c i p i t a t e s .  Figure 7 i s  a t ransmission e l e c t r o n  micrograph 

of a sample taken from the  root  pas s  depos i t  of weld 1; it  shows f e r r i t e  

i n  an a u s t e n i t e  matrix. No p r e c i p i t a t i o n  of any kind w a s  observed a t  the  

y-6 i n t e r f a c e  o r  wi th in  the  d e l t a  phase. The observed absence of t rans-  

formation products is t y p i c a l  of t h e  inves t iga t ed  type 308 s t a i n l e s s  steel  

weld metal only. Transformation of f e r r i t e  t o  sigma from thermal cycle 

e f f e c t s  i n  a mul t ipass  weld i s  poss ib l e  f o r  weld metals of d i f f e r e n t  

compositions. 

An i n v e s t i g a t i o n  of t he  e f f e c t  of s o l i d i f i c a t i o n  rate on t h e  fe r r i te  

content  has l e d  t o  some i n t e r e s t i n g  conclusions.  It has been suggested 

t h a t  t h e  inc rease  o r  decrease i n  f e r r i t e  content  of a u s t e n i t i c  s t a i n l e s s  

s t e e l  weld m e t a l  caused by a decrease o r  i nc rease  i n  s o l i d i f i c a t i o n  rate, 

r e s p e c t i v e l y ,  provides an a l t e r n a t e  method o the r  than composition f o r  

varying the  f e r r i t e  conten t .29  

func t ion  of s o l i d i f i c a t i o n  rate is c l o s e l y  r e l a t e d  t o  the  k i n e t i c s  of 

This v a r i a t i o n  i n  ferr i te  l e v e l  as a 
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primary 6 + y transformation. 

solidification substructure size (primary or particularly secondary 

dendrite a m  spacing) is a strong function of local solidification time 

8 defined for a point in the weld ils the difference in time between the 

passing of the liquidus and solidus isothhnas.30 

It is a well established fact that the 

Therefore, 

n 
d = ce (0.3 < n <  0.5) , 
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where d i s  t h e  dendr i t e  arm spacing and C i s  a cons tan t .  Thus, t h e  

d e n d r i t e  a r m  spacing would be f i n e r  f o r  h igh  s o l i d i f i c a t i o n  r a t e s  and 

c o a r s e r  f o r  low s o l i d i f i c a t i o n  rates. The k i n e t i c s  of primary 6 -+ Y 

t ransformat ion  depends g r e a t l y  on t h e  d i f f u s i o n  d i s t a n c e s  as determined by 

t h e  d e n d r i t e  a r m  spacing. Therefore,  avoiding any extreme nonequilibrium 

s i t u a t i o n s ,  the  h igher  t h e  s o l i d i f i c a t i o n  ra te  (wi th in  t h e  realm of normal 

welding processes) ,  t h e  f i n e r  t h e  spacing of t h e  subs t ruc ture .  Hence, a 

g r e a t e r  amount of primary f e r r i t e  would transform t o  a u s t e n i t e  i n  a given 

t ime, r e s u l t i n g  i n  lower f e r r i t e  conten t  i n  t h e  micros t ruc ture .  The 

amount of f e r r i t e  would be optimum as determined by t h e  e f f e c t s  from t h e  

two opposing f a c t o r s ;  s h o r t  t i m e  a t  h igh  temperature and f i n e r  spacing of 

t h e  d e n d r i t e  subs t ruc tu re ,  However, p o s t s o l i d i f i c a t i o n  hea t  e f f e c t s  do 

c o n t r i b u t e  t o  the  6 -t y transformation. S imi l a r ly ,  f o r  low s o l i d i f i c a t i o n  

rates 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  would be coa r se r  and hence a l a r g e  

amount of primary f e r r i t e  would remain untransformed t o  a u s t e n i t e .  The 

e x t e n t  of s o l u t e  r e d i s t r i b u t i o n  involved could a l s o  c o n t r i b u t e  t o  t h e  

e x t e n t  of t h i s  r e a c t i o n  v i a  chromium p a r t i t i o n i n g  and buildup wi th in  t h e  

f e r r i t e ,  thus  con t r ibu t ing  t o  i t s  s t a b i l i t y .  In add i t ion ,  a l l  t h e  above 

could be a l t e r e d  by supe rpos i t i on  of p o s t s o l i d i f i c a t i o n  hea t  e f f e c t s .  

During t h e  present  i n v e s t i g a t i o n  f e r r i t e  measurements on samples  

s o l i d i f i e d  a t  var ious  cooling rates showed very l i t t l e  v a r i a t i o n  i n  the  

f e r r i t e  conten t  (Fig. 8). An average FN f o r  each sample  w a s  obtained by 

measuring the  FNs on d i f f e r e n t  s e c t i o n s  of t h e  sample t o  avoid e-ffects  of 

o r i e n t a t i o n .  Also, a water-quenched type 308 f i l l e r  m e t a l  d r o p l e t  had an 

FN of 6.1 and t h a t  of t he  slowly cooled s m a l l  ingot  sample  of t he  same 

a l l o y  had an FN of 7.0, as shown i n  Fig. 8 by the  c losed  c i r c l e  and t r i a n g l e ,  

r e spec t ive ly .  However, i t  should be pointed out  t h a t  i n  t h e  slowly cooled 

sample ,  p o s t s o l i d i f i c a t i o n  hea t  e f f e c t  may have reduced t h e  f e r r i t e  

conten t .  The r o l e  of s o l i d i f i c a t i o n  rate and t h e  a s soc ia t ed  s u b s t r u c t u r a l  

s i z e  i n  the  f e r r i t e  d i s s o l u t i o n  k i n e t i c s  and hence t h e  f e r r i t e  conten t  can 

be e luc ida ted  as follows. Figure 8 shows t h e  change i n  f e r r i t e  conten t  a t  

l00OoC (1832'F) f o r  d i f f e r e n t  t i m e s  on t h r e e  samples of type 308 s t a i n l e s s  

s t e e l  f i l l e r  m e t a l  used i n  t h i s  i n v e s t i g a t i o n  wi th  t h r e e  d i f f e r e n t  secon- 

dary  d e n d r i t e  a r m  spacings. The r a t e  of change of FN is h igher  f o r  t he  
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Fig. 8. Ef fec t  of hea t  t reatment  on t h e  f e r r i t e  number i n  type 308 
s t a i n l e s s  steel f i l l e r  metal c a s t i n g s  s o l i d i f i e d  a t  var ious  cool ing rates. 
e = local s o l i d i f i c a t i o n  t i m e ;  d = d e n d r i t e  arm spacing. 

sample wi th  f i n e r  d e n d r i t e  arm spacing than f o r  t he  one containing coarse  

d e n d r i t e  spacings.  As discussed earlier t h i s  is a t t r i b u t a b l e  mostly t o  

t h e  d i s s o l u t i o n  rate of f e r r i t e  being h igher  i n  samples containing f i n e r  

d e n d r i t e  spacing than  i n  t h e  one having coa r se r  spacing. The s t r u c t u r e  of 

a c a s t  type 308 s t a i n l e s s  steel sample  [secondary d e n d r i t e  arm spacing of 

25.5 pm (1.00 m i l ) ]  before  and a f t e r  t he  1000°C (1832°F) hea t  t reatment  

f o r  900 s i s  shown i n  Fig. 9. The arrows i n d i c a t e  evidence of f e r r i t e  

d i s so lu t ion .  In add i t ion ,  e l e c t r o l y t i c  e x t r a c t i o n  of specimens from these  

samples  revealed M23C6,  a l though t h e  presence of a s m a l l  amount of sigma 

could not be ru led  out  because of its poss ib le  d i s s o l u t i o n  during t h e  

e x t r a c t i o n  procedure. 



20 

Fig. 9. Type 308 stainless steel filler metal casting [secondary 
dendrite arm spacing of 25.5 pn (1.00 mil)]. 
network before heat treatment. (b) Mssolution of ferrite upon heat 
treatment at 1000°C (1832OF) for 900 s. 

(a) Untransformed ferrite 
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SHAPE INSTABILITY OF FERRITE IN THE WELD 

T o  determine t h e  m i c r o s t r u c t u r a l  s t a b i l i t y  of var ious  f e r r i t e  

morphologies, four  samples  conta in ing  t h e  morphologies i d e n t i f i e d  earlier 

were hea t - t rea ted  f o r  10 min a t  1050°C (1922'F). All t h e  samples showed 

ex tens ive  degrada t ion  i n  t h e  micromorphology of t he  f e r r i t e .  Figure 10 

compared wi th  Fig. 3 shows the ex ten t  of change i n  morphology observed i n  

va r ious  samples .  Figure 10(a) shows t h e  breakdown i n  morphology of type I 

f e r r i t e .  On exposure t o  high temperature f o r  s h o r t  times, t h e  f e r r i t e  

seems t o  assume a rugged c y l i n d r i c a l  form (with reduced 6-Y i n t e r f a c i a l  

area) and f u r t h e r  breaks down i n t o  rows of s p h e r i c a l  p a r t i c l e s .  The 

phenomenon appears very similar t o  t h e  Rayleigh i n s t a b i l i t y ,  which 

d e s c r i b e s  t h e  breakdown of a l i q u i d  c y l i n d e r  i n t o  a row of s p h e r i c a l  

d r o p l e t s .  It should be pointed out  t h a t  t h e  f e r r i t e  i n  t h e  weld metal 

i s  a nonequilibrium phase and could d i s s o l v e  a t  temperatures above t h e  

y-( (J + y + 6) phase boundary but below t h e  Y-( Y + 6) solvus.  Also, t h e  

observed f e r r i t e  shape i n  type  I of sharp  edges and curved su r faces  

(y-6 i n t e r f a c e )  w i t h  l a r g e  r a t i o  of s u r f a c e  area t o  volume is  not t he  most 

s t a b l e  f e r r i t e  morphology. F e r r i t e  of such shape w i l l  gene ra l ly  have 

d i f f e r e n c e s  o r  g r a d i e n t s  i n  chemical p o t e n t i a l  of t h e  c o n s t i t u e n t  atoms as 

a r e s u l t  of c a p i l l a r i t y .  Therefore ,  on exposure t o  high temperatures,  

two e q u i l i b r a t i n g  processes proceed simultaneously.  One is  changes i n  

f e r r i t e  shape l ead ing  t o  the  formation of s p h e r i c a l  p a r t i c l e s  wi th  reduced 

i n t e r f a c i a l  area and a s soc ia t ed  i n t e r f a c i a l  energy, and t h e  o the r  i s  

d i s s o l u t i o n  of & f e r r i t e .  The former process r e s u l t s  from t h e  d i f f u s i v e  

t r a n s p o r t  under t h e  d r i v i n g  f o r c e  of c a p i l l a r i t y . 3 2  

even t s  t h a t  occurs i s  shown schemat ica l ly  i n  Fig. 11 .  The simultaneous 

d i s s o l u t i o n  of &ferri te adds another  dimension t o  t h e  complexity of 

t r e a t i n g  shape e f f e c t s  q u a n t i t a t i v e l y .  Shape i n s t a b i l i t y  such as t h e  one 

desc r ibed  above has been observed i n  o t h e r  materials conta in ing  duplex 

s t r u c t u r e s ,  p a r t i c u l a r l y  e u t e c t i c s ,  w i t h  one major d i f f e r e n c e  being t h a t  

t h e  volume f r a c t i o n  of t h e  second phase i n  t h e  e u t e c t i c  remains cons tan t .  

* 

The sequence of 

"The e f f e c t  of cu rva tu re  of a s u r f a c e  on t h e  chemical p o t e n t i a l  of 
s u r f  ace atoms. 
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Four d i s t i n c t  types of ferrite morphologies have beem Mentiffed i n  

type 308 s ta fdese  e t e d  rrultipoos weldss with FBI8 rrtmgiag from 9 t o  15: 
vermiciilut, I&, ecieufar, a t t ~  @obular. 
related to splfsihicatiik  mu^ tttmafomiariotrrr folxoreiigg im13difiehtion. 

The fourth type fr related to the thema3 shape iaetabkzitp of m y  oE the 

other three types of ferrite. The orfgin ef the three types of. ferrite 

fkrtst *r& types are 
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may be explained by the  var ious  modes of f e r r i t e  formation i n  a u s t e n i t i c  

s t a i n l e s s  s tee l  welds conta in ing  a duplex s t r u c t u r e .  They are r e s i d u a l  

p r i m a r y  f e r r i t e  r e s u l t i n g  from incomplete 6 .+ y t ransformat ion  during 

s o l i d i f i c a t i o n  and/or r e s i d u a l  f e r r i t e  a f t e r  Widmanstatten a u s t e n i t e  

p r e c i p i t a t i o n .  The f o u r t h  type of f e r r i t e  arises from f e r r i t e  shape 

i n s t a b i l i t y  a t  e leva ted  temperatures,  l ead ing  t o  t h e  formation of spher i -  

c a l  p a r t i c l e s  under the  d r iv ing  fo rce  of c a p i l l a r i t y .  A t  the  same t i m e  

& f e r r i t e  d i s s o l v e s  i n  aus t en i t e .  

Fe r r i t e  numbers wi th in  the  weld a t  var ious  l o c a t i o n s  var ied  from 5 t o  

1 4  and 9 t o  13 f o r  t h e  welds with unbuttered and bu t t e red  j o i n t  su r f aces ,  

r e spec t ive ly .  The v a r i a t i o n s  are c l o s e l y  r e l a t e d  t o  t h e  weld composition, 

f e r r i t e  morphology, and d i s s o l u t i o n  of f e r r i t e  during thermal cyc le s  

experienced by the  weld metal from subsequent weld passes. Weld m e t a l  

s o l i d i f i c a t i o n  rates encountered wi th in  t h e  conf ines  of common welding 

processes  may not s i g n i f i c a n t l y  a f f e c t  t h e  f e r r i t e  content.  However, t h e  

scale of t he  s o l i d i f i c a t i o n  subs t ruc tu re  a s soc ia t ed  wi th  var ious  

s o l i d i f i c a t i o n  rates may inf luence  the  f e r r i t e  d i s s o l u t i o n  or  

t ransformat ion  k i n e t i c s .  

ACKNOWLEDGMENTS 

The au tho r s  g r a t e f u l l y  acknowledge C. J. McHargue, Program Manager, 

f o r  encouragement and support and V. T. Houchin f o r  welding. We a l s o  

acknowledge J. W. McEnerney and G. M. Goodwin for t echn ica l  d i scuss ions ,  

J. 0. S t e i g l e r  and C. T. Liu f o r  reviewing t h e  manuscript, S. Peterson f o r  

e d i t i n g ,  and A. J. Carter f o r  preparing t h e  manuscript f o r  publ ica t ion .  

REFEIiENCES 

1. J. C. Borland and R. N. Younger, "Some Aspects of Cracking i n  

A u s t e n i t i c  Steels," B r .  WeZd. J .  7(1): 22-40 (1960). 

2. F. C. Hull, "Effec t  of Delta Fer r i te  on t h e  Hot Cracking of S t a i n l e s s  

S t e e l , "  Weld. J. ( M i m i )  46(9) : 399-s409-s (1967). 



25  

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

Y. Arata, F. Matsuda, and S. Katayama, 

S u s c e p t i b i l i t y  i n  Weld Metals of Ful ly  

(Report  I) - Fundamental I n v e s t i g a t i o n  

" S o l i d i f i c a t i o n  Crack 

Aus ten i t i c  S t a i n l e s s  S t e e l  

on S o l i d i f i c a t i o n  Behavior of 

Fu l ly  Aus ten i t i c  and Duplex Micros t ruc tures  and Ef fec t  of Ferri te on 

Microsegregation, " Trans. JWRl 5( 2 )  : 35-51 (1976). 

W. T. DeLong, "Ferrite i n  A u s t e n i t i c  S t a i n l e s s  S t e e l  Weld Metal," 

Weld. J .  ( M i a m i )  53(7):  273-s-286-s (1974). 

D. Hauser and J. A. VanEcho, Properties of Steel k"ei!dments for 
E2 evated Temperature Pressur@ Containment Applications, MPC-9, 

G. V. Smith, ed., American Society of Mechanical Engineers,  New York, 

1978, pp. 17-46, 

D. P. Edmonds, D. M. Vandergriff ,  and R. J. Gray, "Effect  of Delta 

Fer r i te  Content on the  Mechanical P r o p e r t i e s  of E308-16 S t a i n l e s s  

S t e e l  Weld Metal. 111. Supplement Studies ,"  pp. 47-61 i n  Properties 

of Steel WeZdments for  Bevated Tempemture Pressure Containment 

Applioations, MPC-9, The American Socie ty  of Mechanical Engineers,  

New York, 1978. 

R. Castro and J. J. d e  Cadenet, WeZding Metallurgy of Stainless and 

deat  Resisting Steels, Cambridge Univers i ty  Press ,  London, 1974. 

R. Viswanathan, J. I. Nurminen, and R. G. Aspden, "S t r e s s  Corrosion 

Behavior of S t a i n l e s s  S t e e l  Welds i n  High Temperature Water 

Containing Chloride," WeZd. J .  ( M i a m i )  58(4) : 118-s-126-s (1979). 

T. M. Devine, " Inf luence  of F e r r i t e  Morphology and Carbon Content on 

t h e  S e n s i t i z a t i o n  of Duplex S t a i n l e s s  S t e e l ,  " paper presented a t  

109th AIME Annual Meeting, Las Vegas, Nev., February 1980. 

C. L. E s t e s  and P. W. Turner,  "Di lu t ion  i n  Mult ipass  Welding AIS1 

4130 t o  Type 304 S t a i n l e s s  Steel," Weld. J .  (Mi&) 43(12): 

541-S-550-s (1964). 

G. M. Goodwin, N. C. Cole, and G. M. Slaughter ,  "A Study of Ferrite 

Morphology i n  Aus ten i t i c  S t a i n l e s s  Steel Weld Metals," Weld. J .  

( M i m i )  51( 9 )  : 425-c-X29-~ (1972). 

N. Suuta la ,  T. Takalo, and T. Moisio, "Rela t ionship  Between 

S o l i d i f i c a t i o n  and Micros t ruc ture  i n  Aus ten i t i c  and 

A u s t e n i t i c - F e r r i t i c  S t a i n l e s s  S t e e l  Welds ," Metall. Trans. A 1OA: 

5 12-14 ( 1  979) 



26 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

2 1. 

22. 

23. 

T. Takalo and T. Moisio, "Single  Phase Fe r r i t i c  S o l i d i f i c a t i o n  Mode 

i n  Aus ten i t i c -Fe r r i t i c  S t a i n l e s s  S t e e l  Welds," MetaZl. Trans. A 

1OA: 1183-90 (1979). 

J. K. L a i ,  B. Nath, and R. D. Townsend, "Var ia t ions  i n  Delta-Ferrite 

Content and Morphology i n  a Mult ipass  Type 316 Weldment and Their  

E f f e c t  on Creep Rupture P rope r t i e s , "  paper presented a t  B r i t i s h  

Nuclear Energy Society Conference on Welding and Fabr i ca t ion  i n  the  

Nuclear Indus t ry ,  London, Apr i l  1979. 

T. Takalo and T. Moisio, " Inf luence  of Fer r i te  Content on i t s  

Morphology i n  Some Aus ten i t i c  Weld Metals, MetaZZ. Trans. A 

7A: 1591-92 (1976). 

S. L. Schaef f le r ,  "Cons t i tu t ion  Diagram f o r  S t a i n l e s s  S t e e l  Weld 

Metal," Met. Prog. 56: 680 and 680 €3 (1949). 

W. T. &Long, G. Ostrom, and E. Szumachowski, "Measurement and 

Ca lcu la t ion  of Ferri te i n  S t a i n l e s s  Steel  Weld Metal," WeZd. J .  

( M i a m i )  35( 11) : 526-c-533-s (1  956). 

C. J. Long and W. T. DeLong, "The Fer r i te  Content of Aus ten i t ic  

S t a i n l e s s  S t e e l  Weld Metal," WeZd. J .  (Miami) 52(7) : 281-s-297-s 

(1973). 

S. A. David and J. M. Vitek,  " S o l i d i f i c a t i o n  Behavior and 

Mic ros t ruc tu ra l  Analysis of Aus ten i t i c  S t a i n l e s s  S t e e l  Laser Welds," 

pager presented a t  the  AIME Meeting, Chicago, Ill., February 1981; 

t o  be published i n  t h e  proceedings. 

S. A. David and H. D. Rrody, "Control led S o l i d i f i c a t i o n  of P e r i t e c t i c  

Alloys,"  pp. 144-51 i n  Proc. Int. Conf. ,%lidifica-bion, Metals Socie ty ,  

London, 1979. 

P r i v a t e  communication, H. D. Brody, Univers i ty  of P i t t sbu rgh ,  Pa., 

t o  S. A. David, June 1980. 

J. I. Nurminen and H. D. Brody, "Dendrite Morphology and 

Microsegregat ion i n  Titanium Base Alloys," pp. 1893-914 i n  T i t a n i m  

Sci .  Technol. Proc. Xnt. Conf. 2nd, Vol. 3, R. I. J a f f e e  and 

H. M. Burte,  eds., Plenum, New York, 1973. 

P r i v a t e  communication, S. Kou, Carnegie Mellon Univers i ty ,  

P i t t sbu rgh ,  Pa., t o  S. A. David, October 1980. 



27 

24. 

2 5. 

26. 

27. 

28. 

29. 

30. 

3 1. 

32. 

J. M. Lei tnaker ,  G. A. P o t t e r ,  R. H. Shannon, D. P. Edmonds, 

R. S. Crouse, K. F. Russel l ,  and C. W. Houck, I"ran6fomnatiom 

Oceurgng on Aging  of 26-8-2 WeZd Me-baZ, OKNL-5400 (June 1978). 

S. A. David, G. PI. Goodwin, and D. N. Braski ,  " S o l i d i f i c a t i o n  

Behavior of Aus ten i t i c  S t a i n l e s s  Steel F i l l e r  Metals, '' Weld. J .  

( M i a m i )  59( 11) : 330-s-336-s (1979). 

J. C. Lippold and W. F. Savage, " S o l i d i f i c a t i o n  of Aus ten i t i c  

S t a i n l e s s  S t e e l  Weldments: Part I - A Proposed Mechanism," Weld .  J .  

( M ~ L w I ~ )  59( 12) : 362-S-374-s (1979) 

M. C. Flemings, Solidification PrPoeessing, McGraw-Hi l l ,  New York, 

1974, p. 229. 

H. E. Cl ine,  "Shape I n s t a b i l i t i e s  of Eu tec t i c  Composites a t  Elevated 

Temperatures," Acta Metazz. 19: 481-90 (1971). 

Personal  communication, C. D. Lundin, Univers i ty  of Tennessee, 

Knoxville,  t o  S. A. David, December 1977. 

H. D. Brody and S. A. David, "Applicat ion of S o l i d i f i c a t i o n  Theory 

t o  Titanium Alloys," pp. 21-34 i n  Proc. Science Technology and 

AppZication of Titanium, R. J a f f e e  and N. Promisel, eds. , Pergamon, 
New York, 1970. 

J. W. S t r e l t  (Lord Rayleigh), London Muth. Soc. PPOC. 10: 4 (1879). 

W. W. Mullins,  ' M e t a l  Surfaces ,"  ASM Trans. Q. 56: 17-66 (1963). 





29 

ORNL/TM-7810 
D i  s t r ibu  t ion  

Category UC-25 

INTERNAL DISTRIBUTION 

1-2. 
3. 

4-5. 
6. 
7. 
8. 
9. 
10. 

11-1 5. 
16. 
17. 

18-22. 
2 3. 

26-28. 
29-31. 

32. 
3 3. 
3 4. 
35. 
36. 

Centra l  Research Library 
Document Reference Sec t ion  
Laboratory Records Department 
Laboratory Records, ORNL RC 
ORNL Pa ten t  Sect ion 
V. B. Baylor 
C. R. Brinkman 
R. S .  Crouse 
S .  A. David 
D. P. Edmonds 
G. M. Goodwin 
C. P. Haltom 
J. P. Hammond 
S. E. Hanzelka 
M. R. H i l l  
J. A. Horak 
R. L. Klueh 
P. J. Maziasz 
R. E. McDonald 
C. J. McHargue 

37. 
38. 
39. 
40. 
41. 
42. 
43. 
44. 
45. 
46. 
47. 
48. 
49. 
50. 
51. 
5 2. 
53. 
54. 
55. 

R. K. Nanstad 
H. E. Reesor 
P. L. Ri t tenhouse 

V. K. Sikka 
G. M. Slaughter  
J. 0. S t i e g l e r  
R. W. Swindeman 
P. A. T o r t o r e l l i  
J. M. Vitek 
C. L. White 
F. W. Wiffen 
R. 0. W i l l i a m s  
A. L. Bement, Jr. (Consultant)  
E. H. Kottcamp, Jr. (Consul tant)  
Alan Lawley (Consul tant)  
T. B. MassaPski (Consul tant)  
R. H. Redwine (Consul tant)  
A. D. Rossin (Consul tant)  

J. Le S c o t t  

EXTERNAL DISTRIBUTION 

56-62. DOE, DIVISION OF MATERIALS SCIENCES, Washington, DC 20545 

R. J. Go t t scha l l  
L. C. I a n n i e l l o  
J. S. Kane 
F. V. Nol f i  
D. K. Stevens 
M. C. Wittels 
S .  Wolf e 

63. DOE, OAK RIDGE OPERATIONS OFFICE, P.O. Box E, Oak Ridge, TN 37830 

Off i ce  of Ass i s t an t  Manager f o r  Energy Research and Development 

64-271. DOE, TECHNICAL INFORMATION CENTER, OFFICE OF INFORMATION SERVICES, 
P.O. Box 62, Oak Ridge, TN 37830 

For d i s t r i b u t i o n  as shown i n  TID-4500 D i s t r i b u t i o n  Category, 
UC-25 (Mater ia l s )  

*U.S. GOVERNMENT PRINTING OFFICE: 1981-746062/153 


