
OAK 
RIDGE 
NATIONAL 
LABORATORY 

: I d  
:-'I , , 

- - 

OPERATED BY -* ' 

N t 

- ,% 

UNION CARBIOE CORPORATION .k!; 

DEPdRTMflT OF ENERGY $?$?$ 4:-J . - .  
f, ?.-Y,,LLv. L:> ; -: :> 24\:;& -L4.Fz 

,,~,.,:;~'.f.:~$:;~i p:,f:$-g. . - 6.1 ,:--y,Z>n., ,L?,T # 
8 . .> . , - 8 ' ' . .  - - - -2% 
, (  A,. . ><, - - - 2 ?. =:d.-':, . ,:;f ,*, . ... ,L \ .%Li 

Solidification Behavior of 
Austenitic Stainless Steel 

Filler Metals 

S. A. David 
G. M. Goodwin 
D. N. Braski 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



1 

Printed in the United States of America. Available from 
National Technical Information Service 

U.S. Department of Commerce 
5285 Port Royal Road, Springfield, Virginia 22161 

NTIS price codes-Printed Copy: A03 Microfiche A01 
i 

This report was prepared as an account of work sponsored by an agency of the 
United States Government. Neither theU nitedStatesGovernment nor any agency 
thereof. nor any of their employees, makes any warranty, express or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process disclosed, or 
represents that its use would not infringe privately owned rights. Reference herein 
to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise, does not necessarily constitute or imply its 
endorsement, recommendation, or favoring by the United StatesGovernment or 
any agency thereof. The views and opinions of authors expressed herein do not 

necessarily state or reflect those of the United States Government or any agency 
thereof. 



Cont rac t  No W-7405-eng-26 

METALS AND CERAMICS DIVISION 

SOLIDIFICATION BEHAVIOR OF AUSTENITIC 
STAINLESS STEEL FILLER METALS 

S. A. David, G. M. Goodwin, and D. N. Brask i  

Date  Published: February 1980 

NOTICE: This  document c o n t a i n s  in format ion  of 
p r e l i m i n a r y  n a t u r e .  It is  s u b j e c t  t o  r e v i s i o n  
o r  c o r r e c t i o n  and t h e r e f o r e  does not  r e p r e s e n t  

a f i n a l  r e p o r t .  

OAK RIDGE NATIONAL LABORATORY 
Oak Ridge,  Tennessee 37830 

o p e r a t e d  by 
U N I O N  CARBIDE CORPORATION 

f o r  Llie 
DEPARTMENT OF ENERGY 



THIS PAGE 

WAS INTENTIONALLY 

LEFT BLANK 



CONTENTS 

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

EXPERIMENTAL PROCEDURE . . . . . . . . . . . . . . . . . . . . . . .  3 

DTA and Interrupted Solidification . . . . . . . . . . . . . .  3 

Microanalysis . . . . . . . . . . . . . . . . . . . . . . . . .  4 

RESULTS AND DISCUSSION . . . . . . . . . . . . . . . . . . . . . . .  5 

Differential Thermal Analysis . . . . . . . . . . . . . . . . .  5 

Solidification Microstructure of Type 308 Stainless 
Steel Filler Metal . . . . . . . . . . . . . . . . . . . . . .  7 

Solute Distribution . . . . . . . . . . . . . . . . . . . . . . .  9 

Solidification Microstructure of Type 310 Stainless . . . . . . . . . . . . . . . . . . . . . .  Steel Filler Metal 17 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  CONCLUSIONS 17 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  ACKNOWLEDGMENTS 20 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  REFERENCES 20 

iii 



SOLIDIFICATION BEHAVIOR OF AUSTENITIC 

STAINLESS STEEL FILLER METALS 

S. A. David, G. M. Goodwin, and D. N. Braski 

ABSTRACT 

Thermal analysis and interrupted solidification experiments 

on selected austenitic stainless steel filler metals provided an. 
understanding of the solidification behavior of austenitic 

statnless steel welds. The sequences of phase separativas found 
were for type 308 stainless steel filler i~~etal, L + L + 6 -t L + 
6 + y + y + 6, and for type 310 stainless steel filler metal, 
L . + L + Y + Y .  

In type 308 stainless steel filler metal, ferrite at room 
temperature was ,identified as either the untransformed primary 

&-ferrite formed during the initial stages of solidification or 
the residual ferrite after Widmanstztten austenite precipita- 

tion. Microprobe and scanning transmission electron microscope 

microanalyses revealed that solute extensively redistributes 
during the transformation of primary &-ferrite to austenite, 

leading to enrichment and 'stabilization of ferrite by chromium. 

The type 310 s.tainless steel filler metal investigated solidi- 

fies by the primary crystallization of austenite, with the 
transformation going to completion at the solidus temperature. 

In our samples residual ferrite resulting from solute segrega- 

tion was absent at the intercellular or interdendritic regions. 

TNTRORUCTION 

Austenitic stainless steels form an important class of materials in 

several energy systems. Austenitic stainless stecl weld metal normally 

has a duplex structure that contains varying amounts of ferrite. During 

the past three decades the subject of f e r r i l e  in austcnitic stainless 

steel has received and continves to receive much attention. I-4 1t is 

recognized that if sufficient ferrite is in the weld, the ferrite will 

effectively prevent hot cracking. 5-7 Several theories have been 

advanced to explain this phen~menon,~-ll yet to date our understanding 

of hot cracking is still incomplete. Before the beneficial effect of 

&-ferrite in reducing hot cracking can be established, we need to under- 

stand the origin of duplex structure in auseenitic stainless steel weld 



meta l .  Extens ive  d i s cus s ions  have been publ ished on the  s o l i d i f i c a t i o n  

behavior  and o r i g i n  of f e r r i t e  i n  a u s t c n i t i c  s t a i n l e s s  s t e e l  weld meta l ,  

bu t  no one has  been a b l e  t o  c l e a r l y  e s t a b l i s h  t he  s o l i d i f i c a t i o n  sequences 

l e a d i n g  t o  t h e  observed f i n a l  mic ros t ruc tu re  of t h e  weld metal.  

A v e r t i c a l  s e c t i o n 1 2  ( a t  70 w t  % Fe)  of t h e  t e r n a r y  equi l ib r ium 

system Fe-Cr-Ni (F ig .  1 )  shows p o s s i b l e  sequences of phase s e p a r a t i o n  

during:  s o l i d i f i c a t i o n  under equ i l i b r ium cond i t i ons  f o r  var ious  a l l o y  com- 

p o s i t i o n s .  However, we  should po in t  ou t  t h a t  t h e  s o l i d i f i c a t i o n  behavior 

and sequencefi nf phase ~ c p a r a t i o n  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. 

depart cnns ide rab ly  fronl the phase diagram a s  a  r e s u l t  of t he  presence 

of o t h e r  a l l o y i n g  elements  and t h e  r ap id  cool ing  of t he  weld metal.  

Genera l ly ,  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  s o l i d i f i e s  by primary 

C r E  0 10 20 30 

Fig.  1. Vertical Sec t ion  ( a t  70 w t  % Fe) of Ternary Equi l ibr ium 
System Fe-Cr-Ni. Based on I. Masumoto, K. Tamaki, and M. Kutsuma, 

Yosetsu Gakkai-Shi, 41(11) : 1306-14 (1972'). 



separation of austenite or ferrite from the melt. In certain cases after 

ferrite forms austenite can envelop the ferrite and thus interrupt its 

growth. 

Our purpose was to examine in detail the solidification behavior of 

austenitic stainless steels of compositions on either side of the triangle 

of three-phase equilibrium in Fig. 1 and to establish the origin of 

.ferrite in the duplex structure of austenitic stainless steel weld metal. 

We designed thermal analysis and interrupted solidification experiments to 

correlate the observed dcrostructural features and solute dist'ribution 

with solidification behavior. 

EXPERIMENTAL PROCEDURE 

DTA and Interrupted Solidification 

Differential Thermal Analysis (DTA) was carried out in argon in a 

Mettler Thermoanalyzer. A sample weighing 7 to'8 g was heated to about 

50°C above the presumed liquidus temperature of the sample and then cooled 

at a constant rate of about 6OC/min. Compositions of the alloys investi- 

gated are given in Table 1. During cooling a 12-channel compensated 

recorder traced the DTA curves. 

We conducted interrupted solidification experiments by heating the 

sample in argon to a temperature above its liquidus in a vertical tube 

furnace, slowly cooling the sample LV a predetermined temperature below 

the liquidus, and quenching the sample in an ice bath. The progress of 

Table 1. Austenitic Stainless Steel Filler 

Metal ~om~ositions~ 

Composition, wt % 
Alloy 

C .  Mn S i P S Cr Ni 

a~alance iron. 



solidification was followed by metallographically analyzing the samples 

quenched from a series of temperatures within the freezing range of the 

alloy. To compare the results of the interrupted solidification experi- 

ments with those of typical welds, gas tungstec-arc (GTA) bead-on-plate 

welds were made with the same filler metals used for the above 

investigations. 

We used standard metallographic techniques for austenitic stainless 

steels for microstructural analysis. The samples were etched with a 

solutioll containing five parts concentrated H C 1  t o  one part concentrated 

HNO 3 r 

Microanalysis 

A few secondary dendrite arms in the samples.were traversed by 

microprobe analysis. We plotted ratios of the intensity at different 

points to the intensity of the pure element as a function of distance. 

A scanning transmission electron microscope (STEM) with an energy- 

dispersive x-ray spectrometer was used to analyze for microsegregation 

of the constituent element6 within the ferrite  nctwork. 13'14 Foiis oi 

type 308 stainless steel specimens were ~lectrspolichcd with a dual jet 

pulis.hing apparatuc and a soluLlon of 10 vol X perchloric acid in 

methanol. The samples were polished at -lO°C with 55 V dc. Composition 

profiles were determined by manually traversing the foil in steps of 

either 0.2 or 0.1 um and collecting x-ray spectra at each point for 

60 s. The weight fractions of the major alloying elements iron, 

chromium, and nickel were determined by using the background-corrected 

integrated intensities of their respective Ka lines, a Fel.h.l7% Cr- 

16.5% Ni foil standard, and the fol.lowing equations from Cliff and 

Lorimer: 15 



and 

where CCr, CFe, and C N ~  a r e  weight f r a c t i o n s  of t he  elements;  Icr,  IF^, 

and INi a r e  t h e  background-corrected K a  peak i n t e n s i t i e s ;  Kc-F~ and K N ~ F ~  

a r e  cons t an t s  determined from the  s tandard ;  and R i s  the  weight f r a c t i o n  

of t he  remaining a l l o y  elements. Er ror  bars  de f in ing  95% confidence 

i n t e r v a l s  by Student t - t e s t s  f o r  t he  t r u e  average percent  of t he  element 

were determined from set ' s  of measurements made on the  s tandard  sample. 

RESULTS AND DISCUSSION 

D i f f e r e n t i a l  Thermal Analys i s  

Resu l t s  of DTA on the types 308 and 310 s t a i n l e s s  s t e e l  f i l l e r  metal 

samples (Fig.  2 )  e s t a b l i s h e d  t h e  f r eez ing  range f o r  t h e  a l l o y s  i n v e s t i -  

gated.  From the  hea t ing  and cool ing  DTA thermograms f o r  t he  type 308 

s t a i n l e s s  s t e e l  s a m ~ l e  t h r ee  temperatures  were i d e n t i f i e d .  For convenience 

t h e  temperatures  a r e  shown on the  cool ing  thermogram. 

1. t h e  primary c r y s t a l l i z a t i o n  of 6 - f e r r i t e  a t  approximately 1435OC, 

2. t he  s t a r t  of a u s t e n i t e  formation and envelopment of 6 - f e r r i t e  a t  

1387OC, &d 

3. t h e  s o l i d u s  temperature a t  about 1355°C. 

The above tempera tures ,  except f o r  t he  l i q u i d u s ,  a r e  s l i g h t l y  d i f f e r e n t  

from' t he  va lues  i n  .a previous paper ,4  which used a higher  cool lug  iate 

(20°C/min) t o  ob t a in  t he  thermogram. The temperatl.lres of t he se  multi- 

phase r e a c t i o n s  were reproducib le  wi th in  +2OC. The DTA r e s u l t s  a l s o  

i n d i c a t e  t h a t  f o r  type 308 s t a i n l e s s  s t e e l  f i l l e r  metal t he  a l l o y  l i n e  

p o s i t i o n  based on n i c k e l  and chromium con ten t s  a lone  (shown i n  Fig. 1 )  

does not  r ep re sen t  t he  a c t u a l  ' s o l i d i f i c a t i o n  sequences of the  f i l l e r  

metal.  The presence of o ther  a l l o y i n g  elements and the  nonequi l lb r iuu .  

c o o l i n g  r a t e s  employed have cons iderab ly  changed the  a l l o y  l i n e  p o s i t i o n  

r e l a t i v e  t o  t h e  phase diagram such t h a t  t h e  l i n e  now p a r t l y  t r a v e r s e s  t he  

t r i a n g l e  of three-phase equi l ibr ium. This.  is  f u r t h e r  confirmed by t he  

i n t e r r u p t e d  s o l i d f f l c a t i o n  expe r iu rn t s  d i scussed  l a t e r .  
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(a) 
TlMC ( b )  TIME 

Fig. 2. DTA Curves a t  Cooling Rate of 6OCImin. ( a )  Type 308 
a u s t e n i t i c  s t a i n l e s s  s t e e l  f i l l e r  metal,  (b) Type 310 f i l l e r  metal. 

Two temperatures  were i d e n t i f i e d  from t h e  DTA curves  f o r  type 310 

s t a i n l e s s  s t e e l  f i l l e r  metal :  

1. t h e  primary c r y s t a l l i z a t i o n  o f  a u s t e n i t e  (Y) a t  1395OC and 

2. t h e  s o l i d u s  temperature  a t  about 1304°C. 

T h e  a l l o y  l i n e  p o s i t i o n  desc r ib ing  the  s o l i d i f i c a t i o n  pa th  f o r  type 310 

s t a i n l e s s  s t e e l  f i l l e r  meta l  would be l oca t ed  t o  t he  l e f t  of t he  t r i a n g l e  

of  three-phase equ i l i b r ium (Fig. 1 )  but i n  a  d i f f e r e n t  v e r t i c a l  s e c t i o n  of 

t h e  t e r n a r y  diagram. 



Solidification Microstructure of Type 308 Stainless 
Steel Filler Metal 

As described earlier, solidification sequences in type 308 stainless 

steel filler metal include primary crystallization of +ferrite with sub- 

sequent envelopment by austenite. 

Figure 3 shows samples quenched from various temperatures below the 

liquidus. Primary 6-ferrite forms on cooling the sample to a temperature 

just below the liquidus (a). Here the dark-etching blocky phase is the 

primary +ferrite. The fine structure surrounding the primary phase 

indicates that the rest of the area was liquid at the moment of quenching. 

The ferrite appears dark mainly from the transformation of what was 

primary +ferrite to ~idmanstztten austenite. Fredrikssonl6 observed 

similar behavior in 18-8 stainless steel ingots. The volume fraction of 

the primary &-ferrite continues to increase as the temperature decreases 

below the liquidus. However, at 1387OC austenite envelops the primary 

&ferrite as seen in Fig. 3(b) for material quenched from 1365OC. The 

transformed ferrite enveloped by austenite is shown in Fig. 4. Magnetic 

etching identified the dark phase in the photomicrograph as 6-ferrite. 

The transformation of 6-f errite to ~idmanstgtten austenite clearly marks 

the boundary between primary ferrite and austenite at the time of 

quenching. From the point of complete envelopment further transfor- 

mations - L -t y and 6 .+ y - proceed at the Y-L and y-6 interfaces. As the 

sample cools to a temperature slightly below that of the solidus (1355OC), 

the transformation at the y-L interface goes to completion, leaving behind 

a skeletal network of untransformed 6-ferrite along the core of the 

primary and secondary dendrite arms [Fig, 3(c)]. This residual ferrite 

appears to be very stable on quenching. Interdendritic ferrite resulting 

fr& solute segregatiori was absent from the samples examined. Addition- 

ally , the amount of residual 6-ferrite decreased further when the sample 
was cooled slowly from solidus to room temperature, In view of the 

extensive solid-state diffusion called for in the abave discussion, we 

should point out that the sequences of solidification and solid-state 

transformations that occur in the interrupted solidification are more 

likely to occur in high-heat-input and high-deposition-rate welds. 



Fig. 3. Interrupted Solidification on Samples of Type 308 Stainless 
Steel Filler Metal Quenched from (a) 1430°C, (b) 136S°C, and ( c )  1335OC. 



Fig. 4. Interrupted Solidification Sample Quenched from 1365OC. 

Solute Distribution 

Figure 5 shows the distribution of Cr, Ni, Si, and Mn across secon- 

dary dendrite arms by electron microprobe analysis in the same area or the 

sample shown in Fig. 3(a). Point count technique showed that the primary 

6-ferrite regions contained approximately 2 wt % more chromium and 2 wt % 

less nickel than the austenite. The distributions of manganese and 

silicon were fairly uniform. Figure 6 shows the distribution of Cr, Ni, 

Si, and Mn across a ferrite arm in the same area of the sample as shown in 

Fig. 3(c). The ferrite regions contained approximately 5 wt X more 

chromium and 4 wt % less nickel than the austenite. Apparently, the level 

of chromium seems to have increased significantly in the ferrite while 

that of nickel decreased during the 6 -+ Y transf ormation. 



DISTANCE (rm) 

Fig. 5. Distribution of (a) Chromium, (b) Nickel, and ( c )  Si l icon 
and Manganese Across Secondary Dendrite Arms in  the Same Area of the 

Sample as Shown i n  Fig. 3(a).  
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DISTANCE (urn) 

Fig. 6. Distribution of (a) Chromium, (b) Nickel, and (c) Silicon 

and Manganese Across Secondary Dendrite Arms in the Same Area of the 

Sample as Shown in Fig. 3(c). 
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- Figure 7(a) shows a transmission electron microscope (TEM) micrograph 

of a typical region in an interrupted solidification sample [Fig. 3(c)] 

analyzed by a STEM microanalyzer. Figure 7(b) shows the solute profile 

across a ferrite network. We should point out that the observed solute 

profile is that quenched in during the 6 -+ ytransformation, at a tem- 

perature slightly below the solidus. The average chromium and nickel con- 

tents in the austenite are about 21 and 9.5 wt %, respectively, and in the 

ferrite are about 26 and 7 wt %, respectively. The quenched in-solute 

profile across the ferrite network also shows chromium peaks on either 

ferrite side o t  the 6 -y intertace. 'l'his peak in chromium level may be 

attributed to the chromium partitioning to the 6-side of the boundary by 

fast transport across the interface. l4 Compared with the level of chromium 

in the primary 6-ferrite from the microprobe results, the level of 

chromium In the residual ferrite is high. This high level can also be 

attributed to the transport of partitioned chromium in 6-ferrite, with 

further redistribution within the ferrite by volume diffusion during 6 + y 

transformation. This high level of chromium seems to stabilize the 

ferrite and thus prevent it from transforming to widmanstitten austenite 

during the quench, as discussed earlier. 

The sample quenched from 1365OC [Fig. 3(b)] which contains a network 

of Widmanot&tcn au~tcnitc and fcrritc (Fig. 41, m a  analyncd by ocnnning 

transmission electron microscopy. This revealed another mode by which 

the structure retains 6-ferrite. The micromorphology of the ferrite 

is acicular, which differs from the structure described earlier, and 

the ferrite is much finer. Since primary &ferrite transformed to 

widmans tgt ten aus tenite during the quench, the cooling rate encountered 

by the sample would be close to that of the weld metal. Hence, the 

network of austenite and ferrite would be typical of weld metal; in fact, 

it has been observed in welds. A transmission electron micrograph of a 

typical region analyzed by the STEM x-ray method is shown in Fig. 8(a). 

Figure 8(b) shows the solute profile across ferrite in the network. The 

average chromium and nickel contents in the austenite are 20 and 10 wt %, 

respectively, and in the ferrite 28 and 5 wt %, respectively. The 

observed modulation in structure and composition observed throughout the 

transformed primary pferrite is a result of nucleation of austenite pre- 

cipitate at the 6 -y boundary and further growth into the ferrite. 
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Fig. 8. Scanning Transmission Electron Microanalysis of 6-Ferrite 
in an Interrupted Solidification Sample. (a) Transmission electron 
micrograph. (b) Solute profile across the ferrite. 



To c o r r e l a t e  the  r e s u l t s  of the  in te r rup ted  s o l i d i f i c a t i o n  experi- 

0 ments with welds, we made a GTA bead-on-plate weld with type 308 s t a i n -  

less s t e e l  f i l l e r  metal. The sample was both n i c r o s t r u c t u r a l l y  and STEM 
J 

microanalyzed. An o p t i c a l  micrograph of a t y p i c a l  s ~ c t i o a  of the  weld is 

shown i n  Fig.  9. The microstructure shows regions t y p i c a l  of the  s k e l e t a l  

,network and a c i c u l a r  f e r r i t e  morphologies found i n  the  in te r rup ted  s o l i d i -  

f i c a t i o n  samples. Such va r i a r i ans  i n  ferrlce mrpbology within the  weld 

depend on the  v a r i a t i o n s  in  l o c a l  s o l i d i f i c a t i o n  conditions. A transmis- 

s i o n  e lec t ron  micrograph of a t yp ica l  regfon analyzed by a STEM micto- 

analyzer  is  shown i n  Fig. lQ(a). Figure lO(b) shows the  s o l u t e  p r o f i l e  

ac ross  f e r r i t e  i n  the  weld sample. Here again t h e  observed f e r r i t e  is 

f i n e r .  The average chromium and n icke l  coneents i n  t h e  a u s t e n i t e  of the  

*weld a r e  20 and 10 w t  %, respect ive ly ,  and i n  t he  f e r r i t e  28 and 4 wt %. 

The s o l u t e  p r o f i l e  within the  f e r r i t e  and the  composition of the  f e r r i t e  

i n  the  weld appear s i m i l a r  t o  those of the  in te r rup ted  s o l i d i f i c a t i o n  

sample shown i n  Fig. 8. As i n  the  in te r rup ted  s o l i d i f i c a t i o n  samples, 

d i f f u s i o n  seems t o  play an important r o l e  i n  t h e  formation of the  duplex 
* 

s t r u c t u r e  i n  the  weld. 

p ig. 9 A ah- & F w i h b  +fd~' *t&+p&p 3b4. siefi66g. gjaBi 
L ; . a ' tq - ,  . 

Filler PeetaS. 
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S o l i d i f i c a t i o n  Microstructure of Type 310 S ta in less  
S t e e l  F i l l e r  Metal 

A s  described e a r l i e r ,  s o l i d i f i c a t i o n  of type 310 s t a i n l e s s  steel 

f i l l e r  metal takes place with the  primary formation of aus teni te .  

Figure 11 shows samples quenched from two temperatures below the  l iquidus.  

Primary a u s t e n i t e  p r e c i p i t a t e s  on cooling the  sample to a temperature jus t  
1 

below the  l iquidus  [Fig. l l ( a ) ] .  The f i n e  s t r u c t u r e  surrounding the  pri- 

mary phase ind ica tes  t h a t  the  rest of the area was l i q u i d  a t  the  moment of 

quenching. The volume f r a c t i o n  of the p r i aa ry  a u s t e n i t e  continues to  

increase  as  the  temperature decreases below the l iquidus ,  leading to  about 

100% s o l i d  a t  a temperature of 1300°C [Fig. l l (b) ] .  During the above 

transformation of l i q u i d  t o  a u s t e n i t e  the  l i q u i d  is continuously enriched 

( p a r t i t i o n  r a t i o *  xXiL < 1) i n  chromium. As s o l i d i f i c a t i o n  approaches 

completion, the l a s t  chromium-enriched l i q u i d  may s o l i d i f y  as 6-f  errite 

The 6 - f e r r i t e  would be located 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 k  

region. However, during t h i s  inves t iga t ion  no res idua l  f e r r i t e  r e su l t ing  

from so lu te  segregation at the  i n t e r c e l l u l a r  or i n t e r d e n d r i t i c  regions was 

revealed by magnetic etching. The above observation compares w e l l  with 

a t y p i c a l  type 310 s t a i n l e s s  steel weld, which, as shown i n  F2g- 12, is 

f u l l y  aus ten i t i c .  

CONCLUSIONS 

Interrupted s o l i d i f i c a t i o n  s tud ies  and d i f f e r e n t i a l  rhermal ana lys i s  

a i d  i n  understanding weld metal microstructures. 

The type 308 s t a i n l e s s  steel f i l l e r  metal inves t igated  s o l i d i f i e s  

by the  primary c r y s t a l l i z a t i o n  of 6 - f e r r i t e  followed by a u s t e n i t e  envel- 

oping the  f e r r i t e .  Depending on the  cooling r a t e  two modes of primary 

& - f e r r i t e  transformation could take place, leading t o  the observed 

morphologies of the duplex s t ructure .  Thus, the f e r r i t e  i n  the duplex 

Y L " ~ ~ u i l i b r i u m  p a r t i t i o n  r a t i o  g;zL = c&/gr, &ere CCr a d  cCr are 

the chromium contents  of aus ten i t e  and l i q u i d  given by the t ie Une a t  
a p a r t i c u l a r  temperature. 



Fig* 11+ Interrupted Solidification Samples of Type 310 Stainlcee 

@geg$ Filler Metal . . Quenched from (a) 1390°C and (b) 1300°C. 
, . 



Fig* 12, A GTA 3ha-dlo.n-flake Weld with Qpe 310 BtaPalesa Steel 
Filler &tag. 

structure of the weld may be identified as (1) residual primary ferrite 

resulting from incomplete 6 + y transformation or (2) residual ferrite 

after ~idmanstgtten austenite precipitation. During the above transf or- 

mations solute redistributes extensively, leading to enrichment. of ferrite 

in chromium and to depletion in nickel. This high level of chromium seems 

to stahi li ze the ferrite. 

The type 310 stainless steel filler metal investigated solidifies by 

the primary crystallization of austenite with the transformation going to 

completion at the solidus temperature. In the samples residual ferrite 

was absent at the intercellular or interdendritic regions. This agrees 

with our observations on the type 310 stainless steel weld as well. 
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