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ABSTRACT 

The emergence of high energy density welding, laser surface modification and 
rapid solidification as commonly used metallurgical processing techniques has greatl> 
increased the range of cooling rates that can be accessed during the solidification of 
metals and alloys The mierostructurcs which develop during these rapid cooling 
conditions ma> be significantly different from those which develop during low 
cooling rate conditions as the result of access to new metastable phases with the 
additional kinetic limitations that accompany rapid solidification. 

This investigation explores the influence of cooling rate on a scries of seven 
ternary alloys which span the line of two-fold saturation in the Fe-Ni-Cr system. 
High speed electron beam surface melting was used to resolidify these alloys at scan 
speeds up to 5 m s. The resulting cooling rates were estimated from dendrite arm 
spacing measurements and were confirmed by heat flow modeling to vary from 7x10° 
°C s to 8x 10° °C s. The microstructures that developed from each solidification 
condition were examined using optical metallography, electron mieroprobe analysis. 
scanning electron microscopy and a vibrating sample magnetometer. These results 
were used to create diagrams to predict the primary mode of solidification, the ferrile 
content and the complex microstructural morphologies which develop as a function of 
interface velocity and composition. 

Changes in the primary mode of solidification with increasing cooling rate 
were observed in alloys that lie close to the line of two-fold saturation. The 
thermodynamics and kinetics of solidification were used to explain these changes by 
showing how cpitaxially grown mctastablc phases can dominate solidification at high 
cooling rates, without the necessity of postulating the nucleation of mctastablc phases 
within the melt. The influence of cooling rate on interface stability and 
solidification segregation was evaluated by calculating the solutal diffusional 
characteristics at the tip of columnar dendrites growing under steady state 
conditions. These calculations were used to predict the dendrite tip undercooling for 
each solidification condition and the results were used to evaluate the influence of 
cooling rate on the amount of second phase formation, the ferrite content, and the 
absence of second phases at high cooling rates. 

The solid state transformation of fcrritc during the cooling of the resolidified 
Fc-Ni-Cr alloys was shown to be analogous to the decomposition of austenite in l-'e-C 
alloys. Parallels were drawn between these two systems whun allowed a wealth of 
analysis performed on the Fc-C system to be applied to the Fc-Ni-Cr system. The 
influence of cooling rate on the nuelcation and growth kinetics of austenitc was then 
used to explain the conditions which arc responsible for the formation of grain 
boundary allotriomorphs. Widmanstattcn platelets. Widmanstattcn needles and massive 
austcnitc grains in the resolidified electron beam melts. 

Thesis Supervisor Dr. Thomas W. Eagar. Professor of Materials Engineering 

Thesis Co-Supervisor : Dr. Samuel M. Allen . Assoc, frilessor of Physical Metallurgy 
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m i c ros t ruc tu ra l morpholog ies tha t resul t f rom so l id i f i ca t i on 
and solid s ta te t r a n s f o r m a t i o n ol" s ta in less steel a!" >\s 

l o c a t i o n of the s c \ e n Fc-N'i-Cr a ' lo>s w i th respect to the 151 
I c r r i t c s o h u s . a u s t e n i t e s o l \ u s and the l ine of two-fo ld 
s a t u r a t i o n , a f t e r Riv i l in ct al . 11 .3- | 

l o c a t i o n of the seven F e - \ i - ( ' r a l loys on the Schae f f l e r 154 
d i a g r a m . 

Percent res idual f e r r i t c as a f unc t i on of Cr Ni ra t io in ! 5ft 
a r c -we lds of t \ pica I i04 type s ta inless steel al lo>s. 

Res idua l f c r r i t e on the seven arc-cas t a l loys c o m p a r e d to the 15" 
res idua l f c r r i t c p r e d i c i e d by the Schae f f l c r d i a g r a m for 59 
\\t"»i Fc al loys. T h e so l id i f i ca t ion modes , as d e t e r m i n e d from 
the cast a l loys , a re ind ica ted . 

The measured f c r r i t c con ten t of -\ and AF sol id i f ied a l loys 1. 161 
c. and 3 as a func t ion of e lec t ron beam scan speed. 

The e s t ima ted t r e n d of fe r r i t c con t en t in A and AF so l id i f i ed 161 
al loys as a func t ion of so l id i f i ca t ion ra te . The a m o u n t ol" 
f c r r i t c tha t so l id i f ies and the res idua l f c r r i t e . a f te r solid siarc 
t r a n s f o r m a t i o n , a rc ind ica ted . 

The measured f c r r i t c con ten t ol" Alloy 4 which changes its 163 
mode of so l id i f i ca t ion from FA to AF to A as the scan speed 
is increased . 

The e s t ima ted t rend ol" fc r r i t e con ten t for the FA so l id i f ica - 16^ 
tion mode as a func t ion of so l id i f i ca t ion ra te The a m o u n t of 
f c r r i t c that so l id i f ies and the res idual l e r r i t c . a f t e r solid s ta te 
t r a n s f o r m a t i o n , a rc ind ica ted . 
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Figure 6.9 The measured fcrritc content of Alloy 5 as a function of 166 
electron beam speed. Scan speeds where massive and Wid-
manstattcn austcnite form in the fully ferritic solidified 
regions are indicated. 

Figure 6.!>> Fhc estimated trend of fcrrite content in Alloy 5 as a 166 
function .>;" scan speed. The amounts of ferritc that solidify 
and the residual fcrritc. after solid state transformation, are 
indicated 

Figure 6 II The measured ferine contents of the fully ferritic solidified I6S 
Alloys 6 and as a function of electron beam scan speed. 

Figure 6.1? The estimated trend of fcrritc content in fully '"erritic 16S 
solidified alloys as a function of solidification rate. The 
amount of fcrritc trnt solidifies and the residual ferritc. after 
solid state transformation, is indicated. 

Figure 6.13 Summary of the estimated trends ol" the amount ol" fcrrite 170 
that solidifies for each of the seven alloys, as a function of 
cooling rate. 

Figure 6.14 Summary of the measured residual fcrritc contents in the 1~1 
sc\cn alloys as a function of electron beam scan speed. 

Figure 7.1 Thcrmody namically calculated isothermal section through the 1~6 
Fe-Ni-Cr ternary system at I4I3°C showing the orientation of 
tic-lines in the two-phase regions at temperatures close to the 
solidification range of the seven alloys. 

Figure 7.? Solidification paths for Alloys 1 and 7 estimated from the 177 
linear extrapolation of the tie lines shown in Figure 7.1. 

Figure 7.3 Solidification paths for Alloys 1 and 7 calculated by 1̂ 8 
solidification segregation modeling. 

Figure 7.4 Pseudobinary diagram along the solidification path of Alloy ISO 
I, based on thermodynamic calculations. The solidification 
behavior ol" primary austcnitc solidified alloys is represented 
for chromium contents up to 31.5 wt%. 

Figure 7.5 Pscudobinary diagram along the solidification path of Alloy 181 
7, based on Thermodynamic calculations. The solidification 
behavior of primary fcrritc solidified alloys is represented for 
Ni contents up to 16.3 wt.%. 

Figure 7 .6 The estimated solidification paths and the intersection of 183 
these paths with the line of two-fold saturation, for the seven 
Fe-Ni-Cr alloys. 

Figure 7.7 Schematic representation of a surface melt showing the 187 
relationship between the travel speed. S, melt geometry and 
the intcrfacial velocity, R. 
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Figure 7.8 Average t e m p e r a t u r e g rad i en t on the melt pool s u r f a c e . -. and 190 
the e s t ima ted t e m p e r a t u r e g r a d i e n t s in the l i qu id . " . and 
sol id. ~. . at the L S in te r face . F F M t e m p e r a t u r e g r a d i e n t 
c a l cu l a t i ons a rc p lo t ted for compar i son . 

F igure 7.9 Pcclet n u m b e r versus in te r face velocity c a l cu l a t i ons for ai I Oh 
Alloy ! and bl Alloy 7. 

Tigurc 7.10 D e n d r i t e r ad iu s \ c r s u s in te r face \ e l o c i t y c a l c u l a t i o n s for a) 19" 
Allo> 1 and b) Alloy 7. 

F igure " I I D e n d r i t e t ip t e m p e r a t u r e \ c r s u s i n t e r f a c e velocity for a) 198 
Alloy 1 a n d b) Alloy 7. 

f i g u r e " 1 2 T e m p e r a t u r e g r a d i e n t versus i n t e r f a c e ve loc i ty c o m p a r i n g the 200 
ca lcu la t ed and measu red t r a n s i t i o n s for p l a n a r , ce l lu la r and 
d e n d r i t i c g rowth cond i t ions . 

F igure "I ." ' Schema t i c d r a w i n g showing the solute r e d i s t r i b u t i o n p r e d i c t e d 209 
by the Scheil e q u a t i o n . 

F'igure ".1-1 [Tie f rac t ion f c r r i t c tha t so l id i f ies f rom the cu t cc t i c l iquid as 217: 
a func t ion of t e m p e r a t u r e a long the line of two- fo ld 
s a t u r a t i o n , based on t h e r m o d y n a m i c ca l cu la t ions . 

I - inure " 1? Resul t s of the Schcil c a l cu l a t i ons s h o w i n g the r e l a t i ve 21." 
a m o u n t s of p r i m a r y a n d second phase f c r r i t c a n d p r i m a r y and 
second phase a u s i c n i t c that so l id i f ies f rom each of the s c \ c n 
al loys. 

F igure " I o Schemat i c b inary al loy phase d i a g r a m s h o w i n g the shif t in 217 
c u t c c t i c compos i t ion with u n d e r c o o l i n g below- the c u t c c t i c 
t e m p e r a t u r e . 

F igure " 1 " Resul t s of the so l id i f i ca t ion segrega t ion model showing the 2IS 
re l a t ive a m o u n t ; of f c r r i t c and a u s t c n i t e tha t sol id i fy for the 
slow cool ing r a t e cast cond i t ion . T h e so l id i f i ca t ion mode 
changes from p r i m a r y aus t cn i t c to p r i m a r y f c r r i t c be tween 
Alloys 3 and 4. 

F igu re 7.18 Resul t s of the so l id i f i ca t ion segrega t ion model showing the 219 
re l a t ive a m o u n t s of fc r r i t c and a u s t c n i t c tha t solidify at 
i n t e r m e d i a t e cool ing rates in E-beam melt No. 4. 1 he-
ca l cu l a t i ons were made for both p r imary phases in Alloy 4. 

F igure 7.19 Resu l t s of the so l id i f i ca t ion segrega t ion model s h o w i n g the 219 
re la t ive a m o u n t s of f c r r i t c and a u s t c n i t c tha t so l id i fy at high 
cool ing ra tes in e lec t ron beam melt No. 6. The p r imary mode 
of so l id i f i ca t ion changes from pr imary a u s t c n i t c to p r imary 
fe r r i t c be tween Alloys 4 and 5 

F igure 8.1 I l lus t ra t ion of a model to predic t the p e r c e n t a g e of f c r r i t c in 229 
the m i c r o s t r u c t u r c that t r ans fo rms for a given c h a r a c t e r i s t i c 
d i f fus ion d i s t ance . L. 
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Figure 8.2 Color mctallographic technique used to distinguish between 
the austcnitc which forms during solidification and the 
austcnitc which forms during transformation of ferritc. a) 
shows feni te dendrites and b) shows ferrite cells, both from 
Alloy 4. 

Figure 8.3 Comparison of a) single phase fcrritc microstructure and b) 
massive austcnite which transformed from single phase fcrritc 
in Alloy 5. 

Figure 8.4 Electron microprobc scan across an untransformed ferrite 
region, surrounded by massive austenite in Alloy 5. The 
results indicate the composition invariance of the massive 
transformation. 

Figure 8.5 Thcrmodynaically calculated vertical section through the 
Fe-Ni-Cr diagram along a path that represents partitioning in 
the F+A two-phase field. Equivalent compositions of the 
seven alloys are indicated and the T 0 line in the F + A region 
was calculated at 1575 and 1650 K. 

Figure 8.6 Gibbs free energy versus composition plots along the 58 wi% 
Fc isopleth. a) at I300°C, b) at 1375°C. 

Figure 8.7 Gibbs free energy versus composition plot along the 53 wt.% 
Fc isoplcth showing the volume free energy change for fcrritc 
transforming to austcnitc in Alloy 5. 

Figure 8.8 The influence of scan speed on the percentage of the melt 
which undergoes the massive transformation in Alloy 5. 
Massively transformed areas appear as white regions, the 
remainder of the melt transforms by Widmanstattcn austenitc 
formation, a) 6.3 mm's. b) 15 mm s. c) 100 mm/s and d) 500 
mm s. 

Figure 8.9 al Widmanstattcn austcnitc sidcplatcs growing from grain 
boundary allotriomorphs at intermediate cooling rates, b) 
Widmanstatten sidcplatcs at low cooling rates and c) intra-
granular Widmanstatten plates in Alloy 7. 

Figure 8.10 a) Primary Widmanstattcn sidcnecdles growing from grain 
boundary allotriomorphs and b) intragranular Widmanstattcn 
needles in the heat affected zone of Alloy 7. 

Figure 8.11 Degenerate forms of Widmanstattcn sidcplatcs. a) faceting, b) 
and c) sympathetically nucleated sidcplatcs and d) branching. 

Figure 8.12 Comparison of the isothermal transformation kinetics of 
Alloys 6 and Alloy 7. 

Figure 8.13 Johnson-Mchl-Avrami analysis of the transformatk n kinetics 
of a) Allov 6 and b) Allov 7. 
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CHAPTER 1 

Introduction And Background 

The in t eg r i ty of s ta in less steel cas t ings a n d we lds is k n o w n to d e p e n d on the 

presence of del ta f c r r i t c in the m i c r o s t r u c t u r e . T r a d i t i o n a l s tud ies [1.1-1.12] h a v e 

shown tha t f c r r i t c c o n t e n t s on t h e o rde r of 5 vo lume % will r e d u c e suscep t ib i l i t y to 

so l i d i f i ca t i on c r a c k i n g , improve hot w o r k a b i l i t y , and lower the a m o u n t of 

n o n - m c ' a l l i c inc lus ions in the al loy. Masumoto | l ? ] has shown tha t these e f fec t s 

p r e d o m i n a t e when f e r r i t c is the f irs t solid to form f rom the l iqu id , a n d Brooks [1.1?] 

has s u m m a r i z e d the reasons for th i s behav io r . T w o benef i c i a l p r o p e r t i e s of f e r r i t e in 

s ta in less steels arc the h igher so lub i l i ty of su l fur and p h o s p h o r u s in f e r r i t e t h a n in 

a u s t e n i t c . and the i r r egu la r , c r ack - rc s i s t an t . g ra in b o u n d a r i e s t ha t f o rm d u r i n g 

mu l t i - p h ase so l id i f i ca t ion . T h e r e f o r e , p r imary f c r r i t c so l i d i f i ca t i on reduces the 

a m o u n t of low mel t ing-po in t l i qu ids , by d i spe r s ing S and P. and increases the c rack 

p r o p a g a t i o n res i s tance of the m i e r o s t r u c t u r c . 

Despi te such de s i r ab l e p rope r t i e s , f c r r i t c is not a l w a y s bene f i c i a l to the 

m i c r o s t r u c t u r e of s ta in less steel al loys. For e x a m p l e , in a u s t c n i t i c s ta in less steels, 

d u r i n g p ro longed exposure to high t e m p e r a t u r e s , f c r r i t c can t r a n s f o r m to sigma phase 

wh ich is b r i t t l e |1.13], T h e sever i ty of the c m b r i t t l c m e n t d e p e n d s on the degree of 

t r a n s f o r m a t i o n and the a m o u n t of f c r r i t c in the m i c r o s t r u c t u r e . For th is reason 

a lone , f e r r i t c c o n t e n t s are of ten min imized , but t he re a rc even f u r t h e r d i s a d v a n t a g e s . 

Fc r r i t e can reduce the cor ros ion res i s tance . [1.14.1.15] and it can reduce the 

low - t e m p e r a t u r e f r a c t u r e toughness of a u s t c n i t i c s ta in less steels [1.16-1.18], 

The benef ic ia l e f f f ec t s of f e r r i t c in some a p p l i c a t i o n s and the de l e t e r i ous e f fec ts 

in o thers r equ i r e s a good u n d e r s t a n d i n g of the c o n d i t i o n s which lead to the fo rma t ion 

of f c r r i t c in the m i c r o s t r u c t u r e . N u m e r o u s i nves t i ga t i ons of the r e l a t i o n s h i p be tween 

chemica l compos i t ion and f c r r i t c content h a \ e been made and are s u m m a r i z e d by 

Olson [1.1')|- I hese s tud ies h a \ c led to the d e v e l o p m e n t of me thods and d i a g r a m s to 

p red ic t I 'errite content [1.20-1.24], fe r r i t e morphology [ l .25 . l .2o j . and the pr imary 

so l id i f i ca t ion mode | l .27.1 .28] . However , these resul ts a rc only val id for c o n v e n t i o n a l 

cas t ings and welds which solidify at low cooling rates . 
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Advances in rapid solidification processing and the use of high energy density 

welding for an increasing number of applications have emphasized the importance of 

cooling rate in the evolution of stainless steel microstructures. Recent investigations 

have concluded that the amount of ferrite and the primary mode of solidification can 

be significantly altered in pulsed laser beam welds, in electron beam welds, and in 

atomized droplets. These microstructural modifications cannot be predicted using the 

conventional methods and there have only been a few studies of the microstructure of 

stainless steels solidified at high cooling rates. This chapter begins with a re\ icw of 

the literature concerning the constitution of Fe-Ni-Cr alloys for low cooling rate and 

high cooling rate processes which revealed many areas that required further 

investigation and helped to direct the research efforts presented in this thesis. 

1.1 Previous Investigations 

1.1.1 Constitution and Microstructure of Stainless Steel Alloys 

Austenitic stainless steels of the A1SI 300 scries designation have two primary 

constituent phases: austcnitc and fcrritc. A third phase, martcnsite. can be induced to 

form in these alloys by low temperature mechanical deformation However, the 

martensitic transformation will not be studied here, since this investigation is only-

concerned with the phases which develop during solidification. The austcnitc phase 

has a face-centered cubic structure and is paramagnetic. Austcnitc can form during 

solidification, or during the solid-state transformation of fcrritc. Nickel, manganese, 

carbon, and nitrogen promote the formation of austcnite during solidification, and 

the majority of the AIS1 300 scries stainless steels contain austcnitc in excess of 80 

vol%. 

The f err it ic phase, delta ferritc. has a body-centered cubic structure and is 

ferromagnetic. Ferrite forms only during solidification and transforms to austcnitc at 

lower temperatures. Frequently the transformation is incomplete, leaving residual 

fcrritc in the microstructurc. This residual fcrritc can be present in several different 

morphologies, depending on the chromium-to-nickcl ratio of the alloy 

(1.25,1.26,1.29-1.31]. Chromium, silicon, molybdenum, and niobium prnmotc the 
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formation of ferritc during solidification and provide it with stability at lower 

temperatures. The residual ferritc present in the microstructurc is therefore a result 

of the ferrite which solidifies minus the amount that transforms as the alloy cools. 

The single most important factor in the development of the microstructurc i>l a 

given stainless steel alloy is the primary mode of solidification it'MSi 1 he PMS can 

cither be austenite or fcrritc and is primarily a function of composition. 1 he I'MS 

defines the primary phase to solidify from the meli and it also defines the 

solidification morphology which determines the conditions for the subsequent solid 

state transformation. Chromium rich alloys tend to solidify as primaiv I'crritc while 

nickel rich alloys tend to solidify as primary austcnitc. The compositional range for 

each mode can be predicted by the line of two-fold saturation in the I c-Ni-("r system. 

Figure 1.1 shows that the line of two-fold saturation extends from the le-Ni 

peritcctic at 4.7"n Ni to the Cr-Ni cutectic at 49% Ni and has a melting point 

minimum at 49",> Cr. 43% Ni [1.32]. Solidification of compositions that lie on the line 

of two-fold saturation occurs by a pcritectic mechanism at high iron contents and by 

an cutectic mechanism at low iron contents. The ternary composition where the 

pcritectic behavior changes to cutcctie behavior has been reported by Schurmann 

[1.33] to be 9% Ni. 16% Cr. and 75% Fc. This transition from cutectic to peritcctic 

behavior lies close to the composition of many of the 18-8 stainless steel alloys. 

Thermodynamic calculations of the Fc-Ni-Cr system have been performed (sec 

Appendix C) to determine the location of the tic lines in the two-phase fields. Figure 

1.2 shows an isothermal section at I400°C and indicates that the segregation ratios for 

Ni and Cr in Fc vary considerably in the fcrritc-liquid. austcnite-liquid and 

fcrritc-austcnite phase fields. These rcsulis will be discussed in detail in the chapteis 

to come. 

Vertical sections through the Fc-Ni-Cr ternary system can he determined by 

experimental measurements or by thermodynamic calculations. I hese diagrams are 

useful in describing the solidification and solid state transformation behavior of 

stainless steels. The experimentally determined liquidus. solidus. and isothermal 

sections reported by Ri\lin and Raynor [1.32] were used to construct a vertical section 

through the le-Ni-Cr system at a constant iron content of 60"'.. Figure 1.3 shows this 

constant iron diagram which has been reported by many inv cstigaloi s to represent the 



so l id i f i ca t ion behavior of stainless steels. By compar ing [he tie-l ines presented in [ ig. 

1.2 w i th a constant Fe isopleth. one sees that al though the ver t ica l section presented 

in Fig. 1.3 has an appearance s imi lar to a binar> phase d iagram, the t ie-l ines in the 

two-phase f ie lds do not necessarily lie in the plane of the \ e r t i ca l section I his is 

par t i cu la r ly true for the the l iqu id-so l id f ie lds that determine the so l id i f i ca t ion 

segregation ratios. A more accurate representation of the so l i d i f i ca t i on behavior can 

be determined by tak ing the ver t ica l sections along a path that contains the tie-l ines 

of interest. Chapter 7 presents the results of thermodynamic calculat ions which were 

used to determine the pscudobinary diagrams for p r imary fe r r i te and primary, 

aust-.'nitc so l id i f i ca t ion . These mod i f ied ver t ica l sections arc useful in determin ing 

the so l i d i f i ca t ion parameters and the segregation of solute du r ing so l id i f i ca t ion . 

NICKH W.1%1 

I igure I.I 1 iquidus project ion shoe ing the I c- \ ' i pe i i lec t ic . C i - \ i eutectic 
and melt ing point m in imum along the l ine of t « o - l o l d salural iort . 
af ter Riv i l i n et a l . 11.32). 
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The line of two-fold saturation crosses the 60"n Fc plane at a composition of -S.5'V 

Cr and 14.5"u Ni. which is a Cr Ni ratio of 1.76. The maximum separation between 

the liquidus and solidus lines is about 50°C. and the slope of the liquidus is steeper 

for primary fcrruc solidification than for the solidification of primary austenite. 

Under equilibrium conditions. fi\c modes of solidification are possible depending on 

the composition of the alloy with respect to the line of two-fold saturation: 

F : Single-phase fcrritic solidification. Ferrilc solidifies as the primary and 

only solid phase. Austcnite may nucleate and grow from grain boundaries 

or interdendritic boundaries at subsolidus temperatures. 

FA : Fcrritic-austenitic solidification. Fcrrite solidifies as the primary phase 

in a dendritic or cellular mode with second phase austenitc forming at the 

cell nails. The second-phase austcnite provides growth sites for the 

subsolidus austcnitc to fcrritc transformation. 

H : Eutectic solidification. Fcrritc and austcnite both solidify from the 

cutcctic liquid as conjugate solid phases This reaction generally takes 

place after some primary solid phase has formed. The spacing of the 

cutcctic mierostructure is smaller than the primary phase spacing which 

makes the cutcctic fcrritc particularly susceptible to the solid state 

transformation. 

AF : Austcnitic-fcrritic solidification. Austenitc solidifies as the primary 

phase in a dendritic or cellular mode with second-phase fcrritc forming at 

the cell walls. The second-phase fcrritc partially transforms to austcnite 

at subsolidus temperatures. 

A : Single-phase austcnitc solidification. Austcnitc solidifies in n dendritic 01 

cellular mode as the primary and only solid phase, segregation occurs to 

the cell walls but no ferritc is present in the microstrueture. 

L'ndcr the noncquilibirum conditions which occur during solidification, the same 

modes of solidification exist but some compositions may change mode with cooling 



r a te . D e v i a t i o n s f r o m the e q u i l i b r i u m b e h a v i o r become m o r e p r o n o u n c e d as the 

c o o l i n g r a l e i.-> i n c r e a s e d a n d the c o o l i n g ra te w i l l he s h o w n to have a s i g n i f i c a n t 

e f f e c t on the s o l i d i f i c a t i o n mode . 

The a m o u n t o f f e r r i t e w h i c h s o l i d i f i e s f r o m the me l t is h i g h e r t h a n t he a m o u n t 

w h i c h is p resen t at r o o m t e m p e r a t u r e because f e n i t e t r a n s f o r m - to a u - t e n i t e a- the 

m e l t coo ls . b i g I ? shows t h a t the f e r r i i c a n d a u s t c n i t c t w o - p h a s e f i e l d s h i f t s t o w a r d -

h i g h c r c h r o m i u m c o n t e n t s at l o w e r t e m p e r a t u r e s w h i c h r e d u c e s t he s t a b i l i l v o f f e r i n e 

a- the t e m p e r a t u r e decreases. T h e a m o u n t o f f e r r i t e w h i c h t r a n s f o r m s d e p e n d - on the 

c o m p o s i t i o n a n d the c o o l i n g ra te . S ince i s o t h e r m a l sec t i ons t h r o u g h the I e -S i -C ' r 

- v - t c m are not a v a i l a b l e at r o o m t e m p e r a t u r e a n d s ince w e l d s coo l under 

n o n - e q u i l i b r i u m c o n d i t i o n s , o t h e r means have been d e v e l o p e d f o r p r e d i c t i n g t he 

a m o u n t o f f e r r i t e in s ta in less steels. 

1 i g u r e 1.4 - h o w - the S c h a c f f l e r d i a g r a m w h i c h was p u b l i s h e d in I 'M 1 ) [ l . : < ) . l . ; i | 

to p r e d i c t t he n i i c r o s t r u e l u r c o f c o n v e n t i o n a l a r c w e l d s . T h i s d i a g r a m is used to 

p r e d i c t the a m o u n t o f f e r r i t e in s ta in less s tee l w e l d s b a - e d on t h e i r n o m i n a l 

c o m p o s i t i o n bu t does not i n c o r p o r a t e c o o l i n g - r a t e e f f e c t s . I he c h r o m i u m a n d n i c k e l 

e q u i v a l e n t s we re d e v e l o p e d bv S c h a e l ' f l c r to a c c o u n t f o i the f e r t i l e or a u s t e n i t e 

s t a b i l i z i n g e f f e c t s o f the a l l o w i n g e l e m e n t s t h a t a re p resen t in c o m m e r c i a l s ta in less 

steels. I he-e e q u i v a l e n t s w e r e r e v i s e d in 1956 bv D c b o n g | 1 . " ] to i n c o r p o r a t e the 

a u s t e n i t m n g e f f e c t s o f n i t r o g e n , a n d a rc d e f i n e d as f o l l o w s . 

\ : ' - ' | u , \ ;i I on t -•• % v , - ;^o ( % i - "«'.'-.) - ' i . 1 • - . ' ! o ' , 

' I l i i \ .1 l o l l I ' * , ! ] | " ' * ' . ' . | c ; * i . ' . " : . 1 • ' . ' ' ' • • ' . '. ' ! . . 

M o d i f i c a t i o n s o f the m u l t i p l i c a t i o n c o e f f i c i e n t s a n d the i n c l u - i o r . o f .• i h c i e l e m e n t s 

i n t o Ihc c h r o m i u m a n d n i c k e l - e q u i v a l e n t e q u a t i o n s have been - u u g e - t e d bv o t l i e i 

a u t h o r s [ 1,2~. 1 ..v4-1 ,.v6j. h i o v e v c r . the D e l ong e q u i v a l e n t s a re s t i l l i he ni'»-t f r e q u e n t l v 

used e q u a t i o n s . 

C o m p a r i n g the p r i m a r v mode o f s o l i d i f i c a t i o n p r e d i c t e d b\ the pha -e d i a g r a m 

w i t h the r e s i d u a l f c r r i t e c o n t e n t p r e d i c t e d bv the S c h a e f l ' l e r d i ae - i am i u - J u l and 

can be d o n e bv s u p e r i m p o s i n g the l c - \ i - ( " r l i n e o f t w o - f o l d v i u i t . i t i o n on the 



Schaeff ler d iagram. This l ine separates p r imary f c r r i t c so l i d i f i ca t ion l i o m pi i iti.i i v 

austenitc so l id i f i ca t ion for equ i l i b r i um condit ions, I igure 1.4 shows that i l ta i ies 

around the 10"n f c r r i t c l ine, depending on the i ron content of the al loy. Suutaia 

[ l . ; 7 , l . ; 8 ] has proposed that the pr imary so l id i f i ca t ion phase can be p icd ic ted in 

welds by a Cr N i rat io ol" about 1.5; al loys w i th a higher C'l N i rat io than I 5 w i l l 

so l id i f y as pr imary f c r r i t e . whi le those lower than 1.5 w i l l so l i d i f \ as p i i m a i \ 

austenite. Suutaia's Cr, N i = 1.5 l ine is also shown on b ig. 1.4 and indicates that i l is 

close to the l ine of two- fo ld saturat ion. 

0 10 20 30 40 50 

Chromium equivalent 

f i g u r e I I I he I c - N i - C r line of two- fo ld saturat ion and f'r Ni n u m nl I 5 
superimposed on the Schacl f ler diagram. 
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Therefore, the primary mode of solidification and the amount of residual fcrritc 

in stainless steel alloys can be predicted reasonably well a low cooling rates. 

However, at high cooling rates the empirically derived Jiagran.s can not be used to 

predict fcrritc contents, fcrritc morphology or even the primary mode of 

solidification. The relatively recent emergence of rapid soilidification processing and 

high energy density welding requires that a better understanding of the influence of 

cooling rate be developed in order to predict the effects of these processes on the 

microstructurc of stainless steels. 

1.1.2 The Effect of Rapid Solidification on the Microstructure 

The influence of cooling rate on the microslructure of stainless steel alloys has 

been observed at low. medium and high cooling rates. However, the most dramatic 

effects occur at the high cooling rates produced by rapid solidification processing and 

high-energy density welding. The inherent variations in the cooling rate for different 

solidification processes arc summarized in Table 1.1 and arc shown to cover about 9 

orders of magnitude. 

fable 1.1: Estimated cooling-rate ranges for various 

solidification processing techniques. 

Process Cool ing Rate 

(K. s) 

Di rect ional so l id i f i ca t ion 10-1 - 10' 

Casting 10" - 102 

Arc welding to1 - KP 

Electron beam welding 102 - 101 

Laser beam welding 102 - l(i« 

Rapid so l id i f i ca t ion processing 10 3 - H>7 

EB or I B surface modi f icat ion I0 r ' - I ()' 

Single laser pulse 10 7 - 10* 
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At the lowest cooling rates ( I O 1 to I0 l o C s) which occur in directional 

solidification or in large ingots, only small changes in the microstrueture occur with 

variations in the cooling rate. Pcrcira [i.3~] has shown that cooling-rate variations 

over the range of 2-40°C s will produce changes in the fcrritc content: with increasing 

cooling rate, primary ferritc-solidificd compositions will increase in ferrite content 

from 13 to 16"'". while primary austenitc-solidificd compositions will decrease from 

1.5 to 1.0%. Fredrikkson (1.38] has also investigated the role of cooling rate on 

solidification mode and concludes that a cooling rate increase in the range of 10° to 

l0 3 o C s favors the primary formation of fcrritc. 

Moderate cooling rates ( I0 1 to 10 3 oC s). which are produced in arc wclu„. show 

only small changes in the microstructurc as the cooling rate is increased. Suutala 

[1..8.1.39] has observed a gradual decrease in ferrite content as the weld travel speed 

is increased, and concludes that an increase in travel speed (which increases the 

cooling rate), favors the primary formation of austcnitc for dendritic solidification. 

DcLong [1.4] has also recognized the ability of the cooling rate to modify the 

microstructure of stainless steel welds and castings. He states that hrjt input has an 

effect on the ferritc number, but that this effect is only a minor consideration. 

The high cooling rates which can occur in electron beam and laser beam welds 

significantly alter the microstructurc. Vitck and David [1.40-1.42] have reported the 

changes in ferritc content associated with high cooling rates in a comparison of 

arc-welded and laser beam welded AISI 308 stainless steel. They reported a decrease 

in ferritc content from 10% to less than 1%. with a change from GTAW (low cooling 

rate) to LBW (high cooling rate) welding processes respectively. They believe that this 

behavior occurs because of a change in primary solidification mode from fcrritc to 

austcnitc. 

Katayama and Matsunawa [1.43] have also investigated the high cooling rate (10 5 

to 10 6 o C's) behavior of laser beam welded mierostructurcs for about thirty different 

commercial AISI 300 series and high purity stainless steels. They conclude that the 

Schacfflcr diagram requires modifications at high cooling rates, and thcv recommend 

a compression of the austcnitc-fcrritc two-phase field as shown in Fig. 1.5. For high 

cooling rates their observations indicate that the fcrritc content of low-fcrrite welds 

is reduced while the ferritc content of high-fcrritc welds is increased. Katavama and 



M a t s u n a w a a t t r i b u t e these two d is t inc t b e h a \ i o r s to a c h a n c e in pt im. i ry 

s o l i d i f i c a t i o n mode ( f rom p r i m a r y f c r r i l c to p r imary a u s t c n i t c ) in low f e r t i l e con ten t 

we lds , a n d to a supp re s s ion of the so l id-s ta te t r a n s f o r m a t i o n of f e r t i t e in h igh t et r i te 

c o n t e n t welds . 

C h a n g e s in the s o l i d i f i c a t i o n mode hayc also been o h s c r \ e d at hi.ih cool ing ra les 

wh ich can be i n d u c e d in e l ec t ron beam welds. L ippo ld [1.4-1] has evan i ined the 

s o l i d i f i c a t i o n c o n d i t i o n s for a d e e p - p e n e t r a t i o n e l ec t ron beam weld in 3041. s ta in less 

steel and has shown tha t for c e r t a i n c o n d i t i o n s a c h a n g e in the p r imary s o l i d i f i c a t i o n 

mode occurs . L ippo ld c o n c l u d e s tha t welds w h i c h normal ly sol idify as p r imary 

f e r r i t e can so l id i fy as p r i m a r y a u s t c n i t c in the d e e p p e n e t r a t i n g por t ion i^f the weld 

pool wh ich has the h ighes t coo l ing ra te . These resu l t s suppo r t the oh ,er \ ati- f u . f 

re fs . 1.40-1.43 for laser beam we lded s ta inless steel. 
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F i g u r e 1.5 S h i f t i n g of the 0% and 100% fc r r i t e b o u n d a r i e s of the Sehnc. I'ler 
d i a g r a m at high cool ing rates. I 'ulscd laser welds at lf) r"<". a l t e r 
Ka tay a ma et al, [ 1.43], 



31 

Changes in the primary solidification mode have been observed for rapidly 

solidified stainless steels. Kelly [1.45] has investigated microstructural and composi­

tional variations that occur in atomized droplets of A1S1 303 stainless steel, droplets 

which normally solidify with the formation of primary austcnite. Such droplets 

achieve cooling rates on the order of 105"C s. Kelh 's results show that, since the 

smallest droplets receive the largest thermal undercooling, fcrritc preferentially 

nucleates in favor of austcnitc. He provides thermodynamic data and a kinetic 

model, which confirm the change in solidification mode for highly undercoolcd 

droplets. This work shows a preference for primary fcrritc at high cooling rates 

while references 1.40-1.44 show a preference for primary austenitc ar high cooling 

rates. The apparent inconsistency is due to the difference in the nuclcation behavior 

between homogeneously nucleated atomized droplets and hcterogencously nucleated 

vv elds. 

In summarv. the cooling rate plays a significant role in the evolution of stainless 

steel microstructurc. Its influence can not be generalized and one must consider both 

the chemical composition and the solidification conditions of a given alloy. These 

two factors combine together in a complex way to influence I) the primary 

solidification mode. 2) the amount of solidification segregation and 3) the nuclcation 

and growth behavior of the ferritc to austcnite solid-state transformation. These 

effects alter the fcrritc content and fcrritc morphology. However, a systematic 

investigation of the relative importance of these three effects in determining the 

microstructurc has not been performed. 

1.2 Present Investigation 

1.2.1 Objectives 

The purpose of this investigation was to study the microstructurcs which develop 

in Fe-Ni-Cr ternary alloys under rapid solidification conditions, with several 

objectives in mind. Firstly, the results of this study were to provide a basic 

understanding of the complex solidification and transformation behavior which 

occurs during the r..pij rcsolidification of stainless steel alloys. Explaining this 



behavior required solidification experiments to be performed on Fe-Ni-Cr ternary 

alloys and confirmation with rapid solidification theory. This type of analysis was 

used 10 predict the influence of cooling rate on the microstructure of stainless steel 

alloys and the basic concepts developed here can also be applied to other alloy systems 

that involve solidification and subsequent solid state transformation events. 

Secondly, the experimental results will be used to create diagrams that can be 

used to predict the primary mode of solidification, the ferritc content and the fcrrite 

morphology of stainless steels solidified over a large range of cooling rates. These 

diagrams can also be used to decouple the separate contributions of solidification 

mode, solidification segregation and the solid state transformation of ferritc on the 

resulting microstructurc. These diagrams have practical significance in that they can 

predict the microstructures of stainless steel alloys which have been cast, welded or 

rapidly solidified at different cooling rates. 

Thirdly, recent investigations [1.42,1.43] of high energy density welds and rapidly 

solidified melts have shown large differences between the microstructurcs which 

develop at high cooling rates and those which develop at low cooling rates. Howes er. 

the theories that have been postulated to describe these differences have not yet been 

substantiated by a thorough scientific study. In particular, one author [1.40.1.42] 

believes that a change in the primary mode of solidification occurs by nuclcation of 

metastablc austcnitc in pulsed laser welds. A similar change in solidification mode is 

observed in electron beam surface melts, however, in the electron beam melts the 

amount of undercooling was shown to be 30°C or less. This undercooling is not large 

enough to explain the nuclcation of metastable phases from within the melt and it 

was shown that the change in solidification mode can be explained by the 

preferential growth kinetics of the austcnitc phase at the melt periphery. Therefore, 

another objective of this study was to errphasizc the importance of growth kinetics in 

rapidly solidified surface melts and to illustrate that the PMS may change at high 

cooling rates without necessity of postulating nuclcation of mctastablc phases from 

the melt. 



1.2.2 Approach 

A scries of Ke-Ni-Cr tcnarv alloys was made with systematic \ariations in 

composition. Seven alloys were cast from high purity elements, all ha\ ing 0.59 % Fc 

but with different Cr Ni ratios that ranged from 1.2 to 2.2. This variation in Cr Ni 

ratio is representative of the general behavior of a wide range of stainless steel alloys. 

High purity alloys were selected in favor of commercial stainless steels so that the 

composition could be controlled in order to eliminate the effects of interstitial and 

other alloying clement segregation. 

Variations in the cooling rate were produced by an electron beam surface melting 

technique. The power le\el of the electron beam was held constant for all of the 

melts but the travel speed was varied from 6 mm s to 5000 mm s. This resulted in 

different cooling rates in the surface melted regions that varied from 4.7xl0 : °C s for 

the slowest travel speed to 7.5.\106 °C/s for the highest travel speed. All of the melts 

were compared to the arc-cast buttons which cooled at a rate of 7 °C s. Electron 

beam surface melting was selected because the power input to the substrate can easily 

be characterized and because it can produce controlled speed surface melts at high 

velocities. A more detailed description of the materials, solidification experiments 

and other experimental procedures is presented in Chapter 2. 

Chapter 3 describes a fcrritc measurement technique that can be used to measure 

the fcrritc content of rapidly solidified stainless steel alloys. This method is new and 

was developed as part of this investigation because the ferritc content of the rapidly 

cooled specimens could not be measured by conventional techniques. This method 

utilizes a Vibrating Sample Magnetometer to measure the saturation magnetization of 

an unknown specimen and by knowing the saturation magnetization of ferrite, the 

volume percent fcrritc can be calculated. Since the fcrritc content is related to the 

saturation magnetization of the specimen, this technique does not depend on the size, 

geometry or orientation of the specimen and can easily measure the fcrritc content in 

the small volumes of material that are produced in rapid solidification processes. 

However, since the saturation magnetization of fcrritc depends on the ferrile 

composition, a separate study was required to determine the composition of residual 

ferritc from the nominal alloy composition and to develop an empirical equation to 
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calculate th» >aturation magnetization of ferrite from its composition. The results ol 

this study allow the Vibrating Sample Magnetometer to be calibrated so that the 

fcrritc content of a wide range of stainless steel alloys can be measured. 

Chapter 4 summarizes the methods used to estimate the cooling rate in the 

electron beam melts. Since the electron beam melts were small and were moving at 

high rates of speed, the temperature and cooling rates in these melts could not be 

measured by conventional techniques. Therefore, the cooling rates were estimated by 

1) dendrite arm spacing measurements. 2) an analytic solution to the heat flow 

equation which was used to estimate the highest cooling rate in the surface melts and 

31 a finite clement model which was used to calculate thermal gradients and cooling 

rates at the liquid solid interface for a few selected conditions. The three techniques 

agreed well with each other and showed that the cooling rates varied over 5 orders of 

magnitude. From the cooling rate measurements and the interface velocity, the 

average temperature gradient was also calculated in each melt. These temperature 

gradient calculations were confirmed using the FEM program and the results were 

used in later chapters to calculate interface stability and solute redistribution in the 

electron beam melts. 

Chapter 5 summarizes the effects of cooling rate on the primary mode of 

solidification and the residual fcrritc morphology for each of the seven alloys. The 

results of this chapter are based on the optical metallographie examination of the 

electron beam melts and are summarized in two diagrams. One diagram presents llie 

primary mode of solidification as a function of cooling rate and composition while 

the second diagram presents the microslructural features which form from each mode 

of solidification The first diagram describes the solidification behavior of stainless 

steel alloys while the second diagram describes the solid state transformation behavior 

as the melt cools to room temperature. From these diagrams, the mode of 

solidification and the fcrritc morphology can be determined for a wide range of 

stainless stcei alloys and for a wide range of solidification conditions. In addition to 

the predictive diagrams, the surface melts were studied to determine the method bv 

which the primary solidification mode develops. These observations show that ferrite 

and austcnitc both grow cpitaxiallv from the melt periphery. Miciostructut.il 

examination of the high speed melts also showed that changes in solidification mode 

http://Miciostructut.il


which occur wi th inc reas ing cool ing rate are a result of the f avo rab l e g r o w t h k ine t ics 

of mc tas t ab le a u s t e n i t e r a the r than the nuc lea t ion of m e t a s t a t i c a u s t c n i t e f rom wi th in 

the melt pool. 

C h a p t e r 0 inves t iga tes the in f luence of cool ing ra te on the f c r r i t c con t en t of the 

s ta inless steel al loys. The resul ts of this c h a p t e r show tha t the f e r r i t e con t en t changes 

s ign i f iean t ly wi th cool ing ra te and that the a m o u n t of r e s idua l f c r r i t c in the 

m i c r o s t r u c t u r e d e p e n d s on the p r i m a r y mode of so l i d i f i c a t i on , the Cr Ni r a t i o of the 

alloy and the cool ing ra te . These obse rva t ions c o n f i r m the ea r l i e r resul t s [1.4^-1.-4-1] 

on laser beam and e lec t ron beam welded s ta inless steels at high cool ing rates . In 

a d d i t i o n , these resul ts show tha t the fc r r i t c con ten t dec reases (or increases) in a 

c o n t i n u o u s m a n n e r wi th cool ing ra te by s t u d y i n g i n t e r m e d i a t e coo l ing ra tes which 

had not been previously inves t iga ted . 

C h a p t e r " models solute r ed i s t r i bu t i on and the a m o u n t of f c r r i t c tha t forms 

d u r i n g so l id i f i ca t ion as a func t ion of in t e r face velocity in the e l ec t ron beam su r face 

melts. This c h a p t e r is of cen t ra l impor t ance to this i nves t i ga t i on in tha t it exp l a in s 

the resul ts of the p rev ious c h a p t e r s , which arc largely emp i r i ca l in n a t u r e , based on a 

q u a n t i t a t i v e model of the so l id i f i ca t ion behav io r . As par t of th i s s t u d y , the 

so l id i f i ca t ion pa ths for each al loy were d e t e r m i n e d in the Fe-Ni -Cr system. These 

p a t h s , a long wi th the rmody namieal ly ca l cu la t ed phase d i a g r a m i n f o r m a t i o n , were 

used to c r ea t e pseudob ina ry d i a g r a m s to r ep resen t the so l id i f i ca t ion b e h a v i o r for each 

ol the al loys, f r o m these d i a g r a m s , the so l id i f i ca t ion p a r a m e t e r s were d e t e r m i n e d 

and were used in the i n t e r f ace s tabi l i ty and solute r e d i s t r i b u t i o n ca l cu la t ions . 

D e n d r i t e t ip ca l cu l a t i ons were pe r fo rmed for c o n s t r a i n e d c o l u m n a r g r o w t h behav io r 

for each alloy and for each so l id i f i ca t ion cond i t ion . These ca l cu l a t i ons were used to 

make predic t inns of the ce l lu lar to d e n d r i t i c t r a n s i t i o n and were used to c a l c u l a t e the 

unde rcoo l i ng at the d e n d r i t e t ip. A solute r e d i s t r i b u t i o n model tha t i nco rpo ra t e s t ip 

unde rcoo l i ng was then employed to ca lcu la te the a m o u n t of p r imary and secondary 

phases that solidify from the melt as a func t ion of cool ing ra te and these resul ts were 

used to exp la in the high cool ing rate behavior observed in the a c t u a l e lect ron beam 

melts. 
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Chap te r 8 inves t iga tes the solid s ta te t r a n s f o r m a t i o n ol" I 'errite tha t occurs as the 

melt cools to room t e m p e r a t u r e . Several t r a n s f o r m a t i o n m e c h a n i s m s were observed in 

the a . loss d e p e n d i n g on the pr imarv mode o( so l id i f i ca t ion and cool ing ra te . Tor 

al lovs that solidify wi th both fe r r i t e and aus t en i t e present in the m i c r o s i r u c t u r c . the 

t r a n s f o r m a t i o n takes p lace In the g rowth of p r imarv or second phase aus t cn i t e . Th i s 

t r a n s f o r m a t i o n is con t ro l l ed by the d i f fus ion of a l loy ing e l emen t s from the 

fe r r i t e a u s t c n i t c i n t e r f ace and can be modeled to p red ic t the in f luence of cool ing ra te 

on the ex ten t of the t r a n s f o r m a t i o n . For al lovs tha t solidify in the fully f e r r i t i c 

mode, nuc l ea t ion of a u s t e n i t c is r equ i r ed be fo re the t r a n s f o r m a t i o n can proceed . The 

c o m p o s i t i o n - d e p e n d e n t s t ab i l i t y of the fe r r i t c and the cool ing ra te each c o n t r i b u t e to 

the nuc lea t ion and g rowth cha rac t e r i s t i c s of the a u s t e n i t e to p r o d u c e t h r e e d i f f e r e n t 

morpholog ies : \v i d m a n s t a t t e n a u s t c n i t e p la te le t s . \\ i d m a n s t a t t c n a u s t e n i t e needics and 

massive a u s t c n i t e g ra ins . This c h a p t e r discusses the compos i t ion and cool ing ra te 

reg imes where each morphology exists and e x p l a i n s the solid s ta te t r a n s f o r m a t i o n 

m e c h a n i s m s by t a k i n g in to accoun t the t h e r m o d y n a m i c and k ine t i c f ac to r s which a re 

respons ib le for the nuc l ca t ion and g rowth behav io r . F u r t h e r m o r e , many para l l e l s can 

be d r a w n be tween the phase t r a n s f o r m a t i o n behav io r of the Fe-C system and the 

Fe-Ni-Cr system. The a u s t c n i t c morpho log ies which deve lop d u r i n g the decompos i t ion 

of del ta f e r r i t e in the Fe-Ni-Cr system are iden t i ca l to many of the f e r r i t e 

morphologies which deve lop d u r i n g the decompos i t ion of a u s t e n i t e in the Fc-C system. 

The analogv be tween these two systems is p resen ted as a useful s t a r t i n g point for 

u n d e r s t a n d i n g the solid s ta te t r a n s f o r m a t i o n of f e r r i t e . 

C h a p t e r 9 in tegra tes the empi r i ca l f i nd ings of C h a p t e r s -4. 5 and 6 with the 

theo re t i ca l resul ts of C h a p t e r s 7 and 8 as a summary of the concep t s which were 

deve loped d u r i n g this inves t iga t ion . "I hese concep t s represent the genera l f r a m e w o r k 

of the in f luence that cool ing ra te has on the m i c r o s t r u c t u r e of s ta in less steel a l lovs 

f rom the in i t ia l stages of so l id i f i ca t ion t h rough the f inal s tages of the solid s ta te 

t r a n s f o r m a t i o n . Eiecausc of the m a n v - l a c c t e d n a t u r e of the aspects involved d u r i n g 

the so l id i f i ca t ion of s ta inless steel a l lovs. t he re weie several a reas that were 

iden t i f i ed where a d d i t i o n a l research needs to he p e r f o r m e d . I hese a reas are also 

s u m m a r i z e d in C h a p t e r c) a long with a summary nl' the major conc lus ions of this 

thesis. 



CHAPTER 2 

Materials And Experimental Procedures 

2.1 Mater ia ls 

2.1.1 Fabrication of'thc High Purity Alloys 

The se lect ion ol' the s ta inless steel a l loys used in this study was based on two 

pi ima r \ cons ide ra t i ons . The al loys had to be of high puri ty to f ac i l i t a t e 

m ic rochcmica l ana lys i s so that solute r e d i s t r i b u t i o n could be modeled and the al loys 

had to span a large compos i t ion range so tha t the e f fec ts of both p r imary aus t en i t e 

and p r imary f e r r i t c so l i d i f i ca t i on could be inves t iga ted . 

Seven high pur i ty t e - N i - C r t e r n a r y a l loys » e r e p r o d u c e d tha t c o n t a i n e d >4'\> I :e 

but had d i f f e r e n t Cr S'i ra t ios , which var ied from 1.1 to 2.2. These compos i t i ons span 

the line of two-fo ld s a t u r a t i o n as shown on the cons t an t - i r on ve r t i ca l sect ion in big. 

2.1. S ta in less steel a l loys c o n t a i n i n g 59% iron were selected in f avor of the more 

common 70"-' iron a l loys (AIS1 30-1. 31b) for two reasons : I) The lower iron con ten t is 

clearly s epa ra t ed from the pe r i t ec t i c to e u t e c t i c t r a n s i t i o n , thus in su r ing e u t c c t i c 

so l id i f i ca t ion b e h a v i o r for all of the al loys and 2) The lower iron con ten t increased 

the p robab i l i t y tha t the selected chemica l compos i t i ons would yield the des i red 

so l id i f i ca t ion mode s ince the th ree -phase 1. + I +-\ region spans a la rger compos i t ion 

range at lower iron con ten t s . 

The a l loys were mel ted and hot worked at AMA.X Mate r i a l s Research Cen te r in 

Ann Arbor . Michigan . Ml heats were vacuum a r g o n - i n d u c t i o n n iched from ^V.^.V • 

pu re e l ec t ro ly t i c i ron. 'W.:>(/'» pu re e lec t ro ly t i c c h r o m i u m , and ' I ' I 'M". pu re c a r h o i n l 

n ickel powder . Two a l loys were p roduced per 6S lb melt by a sp in heal t e c h n i q u e . 

•\fiei me l t ing \t\' the ini t ia l cha rge ami d c o x i d a l i o n wi th a l u m i n u m , the melt was 

cooled to ihe f reez ing point three l imes and then r ehea ted , ovci a Is minu te t ime 

in te rva l , in c i d e r lo float off a l u m i n u m oxide mclusiui is d e i i v e d f iom Ihe high 

oxygen con ten t s of e l ec t ro ly t i c iron and c h r o m i u m After the I 'n . i ingi'i had been 

poured and the a l loying a d d i t i o n had been made I'm the second sp in , a s m inu t e 
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Chemical analysis was performed by AMAX on a chill cast button which was 

removed from the bottom of the ingot. The concentrat ions of Mn. Si. Cr. Ni and I1 

were determined In wet chemical methods; Al was analyzed In optical emission 

spectroscopy; C. Nj . 0> and S vvere analyzed by gas fusion techniques. 1 he results of 

the chemical analysis arc shown in Table : . l and indicate that the al iens are at least 

99.9 wt. percent be + Ni + Cr. All of the alloys were intended to h a \ e identical iron 

contents and the chemical analysis shows that the iron content varies In no more than 

0.5 percent from the nean \ a l u c of 58.7 wt. percent. 

Table : . l Composit ions of the s e \ e n al loys (wt. percent) 

Element ! ; 3 4 5 6 7 

Cr 22.36 :4 . : s 24.99 : 5 . s : 26.43 27.62 2S.05 

Si 0.051 0.05b 0.04: 0.0.3: 0.04S 0.042 0.044 

A l o . o : : 0.0:9 0.0: 0.031 0.0:7 0.0: 0.044 

Ni 19,3: 17.3: 16.49 15.77 14.29 1 3.66 1 2.66 

Mn o.oo: 0.001 0.003 0.008 0.002 0.004 0.002 

N o.oo:s 0.003: 0.0026 0.00: s 0.003S 0.0026 0.0035 

C 0.00:3 0 .00 : : 0.0019 0.00:6 0.01 1 0 0019 0.0039 

O 0.00-47 0.0053 O.OIO: 0.0034 0.0026 0.0075 0.0026 

s 0.00! 8 0.0016 0.003 0 .00 : : 0.0013 0.003 0.0012 

1' 0.001 0.001 0.001 0.00: 0.001 0.00! 0.001 

( I ' d 58.23 58.33 58.44 5S.63 59.2 5K.64 59.19 

re+Ni i -Cr 99.91 99.9 99.9: 99.92 99.9 99.9: 99.9 

Cr cc|. :: .- i- i 2-4.33 :5.05 25.57 26.5 2~.(>S : 8 . i : 

N i c q. 19.48 17.48 16.63 15.44 14.44 13 8 i : .ss 

(Cr N i l eq 1.15 1.39 1.51 1.60 1 84 : 01 : , x | 

I he main p o i u o n of each i n g i t wa-- mach ined (•• a d i a m e t e r of .1 ppi o \ 1 m a u h So 

mm and hammei - I orecd at 1 2 5>() ••(' p . d c \ c i " P a >' mm round-o>i ne i . d- , q a a i ; . ' " , 

sect ion No c iacC- d e \ e l o p e d at this s i a - c and the ! i l i c ( , weie I'l o id-i • -lie.I !•• i l o u l 

15" mm. niea HH cd p c r p c n d i c u l a ) to Hie o iKin . i l i:u-ot ;i \ j [ lu- I 1'j.a -.-.ci. ih.-i: 
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long-rol led para l le l to the o r ig ina l ingot axis . I h e r educ t i ons were 10' •• per pass, and 

t s p i c a l U from three to six passes were made per r ehea t , d e p e n d i n g on the svorkahil i tv 

of the steel. I our of the a l loys 11.2.3.4) were rol led to the des i red 10 mm th ickness 

w i thou t c r a c k i n g . S l i gh t - t o - s c \ e r e c r a c k i n g , h o i t c u t . o c c u r r e d in a l loys 5.<i and 7 

Whenever c r a c k i n g was observed the plates were cooled and the c r a c k e d regions were 

cut a was before r e suming rol l ing. The f inal ho t - ro l led p la tes measu red 150 mm w i d e . 

10 mm thick and the lengths var ied from a p p r o x i m a t e d 100 mm to 400 mm. 

2.1.2 Arc Cast liuttons 

The slowest cool ing ra le cond i t i on was to be r ep resen ted h> the o r ig ina l cast ingot 

m i c r o s t r u c t u r e . however , the or ig ina l ingot m i c r o s t r u c t u r e was a l t e r ed d u r i n g 

h i g h - t e m p e r a t u r e h o m o g e n i / n t i o n and hot w o r k i n g of the ingots . I h e r e f o r e . a new 

cas t ing was m a d e on each alios to represent the slow coo l ing - ra t e m i c r o s i r u c t u r e . 

A p p r o x i m a t e l y 200 g of ma te r i a l svas r emoved from each hot - ro l led pla te and 

descaled bv m a c h i n i n g off the su r f ace l a se r . Par t of his spec imen was s u b m i t t e d for 

chemica l ana lys i s and the r e m a i n d e r was recast in an a r c - m e l t i n g f u r n a c e which was 

back f i l l ed wi th a rgon gas to a p p r o x i m a t e l y 0.5 a tm . I.ach al ios was mel ted in a 

wa te r -coo led copper h e a r t h wh ich p r o d u c e d a bu t t on 80 mm long. 40 mm wide and 20 

mm th ick . 

C h e m i c a l ana lys i s was p e r f o r m e d on each a r c cast bu t t on and on the o r ig ina l hot 

rol led p la te to s e r i f y the c lean l iness of the a r c ca s t i ng process I hesc resul ts which 

arc shown in Table 2.2 i nd i ca t e tha t the Ni and Cr c o n t e n t s vary bv less than 0 5 

percen t from the s tar t 'lg compos i t ion . The c h e m i c a l analvsr - also showed th.u the 

total wt. pe rcen t C + N was be tween O.UI and 0.0.> wt p e i c e n ! which i- l igh ' ly hi ; hei 

than the Mar l ing ma te r i a l . I his slight c o n t a m i n a t i o n w i- !i"t c-n • •! _• i c • I !•• he 

s ign i f i can t in this inves t iga t ion . 
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Tab le : . : : Chemica l compos i t ion at d i f f e r e n t process ing s tages iwt . %) 

Allen Element in got Plate But ton 

1 

Cr 2 1 3 6 22.35 22.53 

1 \ ' i 19.32 1S.73 18.56 1 

Fc 5 8 . : 3 58.7 58." 

; 
Cr 24.25 24.45 24.48 

; Ni 17.32 17.2 l".03 ; 

Fe 58.33 58.1 58 . . 

3 

Cr 24.99 24.99 25.05 

3 Ni 16.49 16.3S 16.16 3 

Fc 58.44 58.4 57.3 

4 

Cr 25.52 25.56 25.5 

4 Ni 15.77 16.04 15.54 4 

Fc 58.63 57.9 5S.7 

5 

Cr 26.43 26.54 26.66 

5 Ni 14.29 14.87 14.67 5 

Fc 59.2 58.4 58.4 

6 

Cr 27.62 27.78 2" 46 

6 Ni 13.66 13.73 l i 57 6 

Fc 58.64 58.3 58 

Cr 28.05 28.28 28.3 1 

Ni 12.66 13.26 ! 3.08 

Fe­ 59.19 57.^0 5.X 4 

2.1.3 Melt S p u n R i b b o n s 

Meb spun r ibbons wi th cool ing ra tes of about li.' r"'C s were p roduced '>n a special 

' . e s 1.1' l e - N i - C r t e r n a r y al loys. The purpose was to rapidly solidil"\ the al loy- so 

'". :' the m i c r o s t r u c t u r c consis ted solel\ of s ing le -phase mct : r - t a l !c l e i r i t e Ihc 

— •i/neiiw p r o p e r t i e s of the f c r r i t c was then measu red us ing a ' . i b i i i i n i - ' a m p l e 
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m a g n e t o m e t e r and the resul ts were used as the m a g n e t i c c a l i b r a t i o n - aanda rds Tor 

c a l c u l a t i n g the f e r r i t c con ten t oi~ aus t en i t i c t 'er r i t ic s ta in less steels. 1 he compos i t ion 

of these al lovs is s u m m a r i z e d in C h a p t e r 3. 

The al lovs were made In a two-s tep p rocedure , f i r s t , a 25 g ingot was i nduc t ion 

melted ami second, this ingot was rcmel ted and melt spun in to r ibbon The ini t ia l 

ingot u a s made from 99.9+ pur i tv i ron, nickel and c h r o m i u m and mel ted in a 15 mm 

q u a r t z c ruc ib le . The c h a m b e r u a s first c \ a c u a t e d to 30 ••••••• Hg and back f i l l ed wi th a 

pa r t i a l p res su re of argon gas. The charge was i n d u c t i o n mel ted us ing a g r a p h i t e 

sun ' cp io i and 20 ktt of power . The total mel t ing t ime was less than ISOs pr ior to 

s h u t t i n g off the power and a l lowing the ingot to cool. 

1 he ingot u a s removed from the fu rnace and because of the high oxvgcn conten t 

of the e l c c t r o l v n c iron, an ox ide scale had fo rmed on its su r face . The scale u a s 

removed In u i r e b rush ing and the ingot was cut into two equa l pa r t s . One half (12.5 

pi u a s used for melt s p i n n i n g , the o the r for c h a r a c t e r i z a t i o n of the cast s t r u c t u r e . 

The 1-5 e c h a r g e was placed into a 16 mm d i a m e t e r q u a r t z c r u c i b l e for me! ' 

-•pinning in a commerc ia l uni t , m a n u f a c t u r e d by Marko Mate r i a l s . 1 he c ruc ib le u a s 

m a n u f a c t u r e d u ith a 25 . . - d i a m e t e r hole at its base to allow the mol ten c h a r g e to 

flow onto the wa te r cooled copper chi l l . The c h a m b e r u a s p u m p e d d o w n to 30 ••••• Hg. 

back f i l l ed with a rgon , and the i nduc t ion mel t ing was p e r f o r m e d using a g r a p h i t e 

susceptoi and 20 k\\ power . The cha rge was a l lowed to melt and was hea ted for 180s 

plus an a d d i t i o n a l 60s to s u p e r h e a t the l iquid. The copper subs t r a t e was revo lv ing at 

1500 rpm and the s u p e r h e a t e d l iqu id was a l lowed to flow on to it f rom a d i s t a n c e of 3 

mm above us su r face . The r ibbons measured 1 mm wide and abou t 38.1 . - thick and 

cooled at ra tes of abou t 10 f'"C s [2.1], The r ibbons were ver i f ied to he s ingle phase 

fe r r i t e bv \ - r a v d i f f r a c t i o n . 

2.2 Surface Melting and Resolidification 

2.2.1 Welti Coupon Preparation 

! ; ; c ' ' • ' • I p l . i : e ••• . c u t i : ; I -1 3 8 m m u i . l e t n p - a c p - - ' •• :• • ' u .• 

. . • ' . " • L. i : n ; . . ' u p ' > n s w h i c h m e a - u r c d i l ' > m m l '>n< j . "• s •. !•_• •' ; ' 1 
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mm th ick . The m i c r o s t r u c t u r e of these coupons revea led a very large p r i m a r \ 

d e n d r i t e a rm spac ing and a s econda ry d e n d r i t e a rm spac ing of abou t To This 

m i c r o s t r u c t u r e was cons idered to be too coarse for the high speed e lec t ron beam 

su r face mel ts which p e n e t r a t e less than 100 .•••. 

The m i c r o s t r u c t u r e of the coupon was r e f ined by mel t ing the su r f ace wi th 

o v e r l a p p i n g e l ec t ron -beam passes d o w n the length of the coupon . I h i s s u r f a c e 

h o m o g e n i z a t i o n t e c h n i q u e consis ted of app rox ima te ly 15 passes at 100 k \ . .iX ma and 

2s.4 mm s. A dcl 'ocuscd beam was used and a p p r o x i m a t e l y 150s was a l lowed be tween 

passes for cool down . T h e su r f ace of the pla te was homogen ized to a d e p t h of about 

1.5 mm wi th a p r imary d e n d r i t e a rm spac ing of less than 10 . . bach coupon was 

hea ted to 500 C for ISOOs and hot pressed in a 300 ton forge to remove the d i s to r t ion 

caused by the su r f ace h o m o g e n i z a t i o n . The s u r f a c e of the pla tes were lapped to an 8 

..-• rms f inish in f inal p r e p a r a t i o n for the e lec t ron beam welds. 

2.2.2 E l e c t i o n Beam Surface Mel t ing 

It w a s d e s i r e d t o p r o d u c e a s c r i e s o f m e l t s o n e a c h a l l o y w i t h i n c r e a s i n g c o o l i n g 

r a t e s f r o m a b o u t 1 0 0 " C s to a b o u t 10 6 , ' 'C s. T h e t e c h n i q u e c h o s e n w a s s i m i l a r t o t h a t 

u s e d by B o e t t i n g c r et a l . | 2 . 2 ] w h o k e p t t h e e l e c t r o n b e a m p o w e r l e v e l c o n s t a n t a n d 

v a r i e d t h e t r a v e l s p e e d . P r e l i m i n a r y m e l t s o n s t a i n l e s s s t e e l a l l o y s s h o w e d t h a t a 2 

k\V p o w e r l e v e l 1100 k Y . 2 0 m A ) w a s s u l I ' i c i c n t t o p r o d u c e m e l t i n g a t t r a v e l s p e e d s a s 

h i g h a s 5 m s. c o n s e q u e n t l y , t h i s p o w e r l e v e l w a s u s e d t h r o u g h o u t t h e s t u d y . 

S i n g l e p a s s , a n d o v e r l a p p i n g m u l t i p l e p a s s m e l t s w e r e m a d e a c r o s s t h e .<S m m 

w i d t h of t h e c o u p o n All m c ' i - 'Acre m a d e w i t h a s h a r p f o c u s s c d e l e c t r o n b e a m 

e x c e p t f o r t w o m e l t m a d e a l t h e i .vest t r a v e l s p e e d s "I hc-.c m e l t s w e r e m a d e w i t h 

.in e l e c t r o n K i m K • o c u s s e d r t l - 'v - . r ' . e s u r f a c e of t h e p l a t e I " p r e v e n t b u i r i thr.iii .-l- , 

!!-,_• . • n i p i e l c el "1 m e l t p a r a m e t e r - a t e l i s t e d in I . i l ' l e 2."' S ix s i n e ' c - p a - m e " w . -

'i! i • a! : r : i l . 1 s ,v ] s w h i c h -, i r i e i f r o m d i m m • p , s . o r o m : 1 1 ,, J , : ! ; ^ 

V-.' i p p . - i c r i u d t i ; j p a s s m e l t » i : e a l s o m a d e ,,n e a c h .-, i i | n n it t i i v : ! p . , ! 

K i •'• . n i • • ; m - i iu l 5 . 0 0 0 m m I he m u l t i p l e p a ' - c - w e i e m a d e w i t h a "" ;-- . i>. 

http://thr.iii.-l-
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overlap and approximately 120s was allowed between each pass for cooling down. 

The number of passes was selected to produce a 6 mm wide strip and required 

between 9 and 20 passes at each travel speed setting. 

The cross sectional shape of the surface melts varied considerably as the travel 

speed was increased. Melts I and 2 had deep penetrations and were formed by a 

key-hole mode. Melt 3 was nearly semicircular in cross section and approximately 1 

mm deep. Melt -1 had a double-humped appearance which was presumably caused by 

the non-uniform electron-beam force pushing the molten metal to the edge of the 

melt. Melts 5 and 6 had shallow and uniform penetrations of approximately 25 . •• 

and 5 .••••. respectively. 

Table 2A summarizes the average width and depth of the surface melts as 

measured from the mctallographic cross sections. The average length of each melt was 

optically measured on the surface of melts 1. 2. and 3 and metallographically 

measured on longitudinal sections for melts 4 and 5. Melt 6 was too shallow to 

examine and its length was assumed to be equal to the radius of the electron beam 

spot. Fig. ; . ; plots the melt dimensions versus travel speed and shows ihat the width 

approaches a limiting value at high speeds. This limiting value corresponds to the 

size of the electron-beam focal spot. At low speeds, the longer time for heat diffusion 

widens the fusion zone beyond the focal spot size. The length is approximately 

constant for melts 1, 2, and 3. However, the length of melts 4. 5. and 6 decrease and 

appear to approach the radius of the electron-beam spot. Melts 4. 5. and 6 arc all 

characterized by depths which arc shallow compared to their width and therefore 

solidification is controlled by heat flow through the depth rather than through the 

width of the fusion zone. 
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Figure 2.2 Melt pool width, length and depth as a function of electron beam 
scan speed. All melts made at 100KV, 20mA, sharp focus. 
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Table 2.3: Electron beam melt summary. All melts at 100 k\ and 20 m \ . 

Scan No. Trave l Speed 
(mm s) 

No. of Passes Over l If1 

1 6.3 1 -

If1 

; 25 1 -
3 100 1 -
4 500 1 

5 2.000 1 

6 5.000 1 

r 100 9 S , i 

4' 500 10 Si ' 

5' 2.000 12 "M 1 

6' 5.000 20 V ' 

Table 2.4: Average w i d t h , dep th and length of the 

six s ingle-pass su r f ace mel ts in mm. 

m e l t 1 2 3 4 5 (> 

d e p t h 5.33 3.10 1.07 0.178 0.025 0 0(15 

rt , • 11 h 5.08 2.89 1.55 1.24 1.1" ,.,, 

len.-th ! s 4 4 
1 

5.80 5.10 2.00 0 86 i l ' V 

2.3 Microstructural Characterization 

2..1.1 Optical Metallography 

C h a r a c t e r i z i n g the pr imary mode uf so l id i f i ca t ion and the f e r r i t e mm pholoi", is 

an essential factor in d e t e r m i n i n g the sequence at so l id i f i ca t ion and solid tate 
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t r a n s f o r m a t i o n effects which c o n t r i b u t e to the final m i c r o s t r u c t u r e The fe r t i l e and 

aus l cn i t e are d i ss imi la r in crysta l s t ruc tu re and in compos i t ion , t he re fo re t he \ are 

easily d i s t i ngu i shed In opt ical me ta l lograph ic t echn iques . 

The me ta l log raph ic specimens were polished In conven t iona l methods and were 

e tched In one of two techn iques . The majority of the spec imens were clcctrolv tically 

e tched in a sa tu ra t ed oxal ic acid or 10 percen t sod ium h y d r o x i d e solut ion. An 

app l i ed po ten t ia l of approx imate ly 1 \o l t was used at a cu r r en t densi ty o\' about (1.5 

Amp cm-. These cond i t ions p re fe ren t i a l ly dissolved the fe r r i t e phase , g iv ing the 

fe r r i t e a dark a p p e a r a n c e and leaving the aus t en i t e re f lec t ive and shiny in the bright 

field microscope. 

For a few specimens, a second and more d i s c r i m i n a t i n g color e t ch ing t echn ique 

was used. Rcrnha 's color etch No. 14 |2.3] (20 g a m m o n i u m b i f l u o r i d e . 0.5 g potass ium 

metab i su l f i t e and 100 ml dis t i l led water ) was p repa red fresh and the specimen was 

immersed at room t e m p e r a t u r e for approximate ly 30s unt i l the specimen had a 

hea t - t i n t ed a p p e a r a n c e . The specimen was removed from the c t chan t and rinsed in 

wa te r fol lowed In ace tone , reagent grade methanol and immcd ia t eK blown dry with 

compressed air . When etched proper ly , the fe r r i t c has a whi te a p p e a r a n c e and the 

etch can d i s t ingu i sh between the two types of aus t en i t e . The aus t en i t e that sol idif ied 

from the melt has a go lden-b rown color and the aus t cn i t c that t r a n s f o r m e d from the 

fe r r i t c phase has a dark brown color. This t e chn ique was va luab le for d e t e r m i n i n g 

the pr imary mode of so l id i f ica t ion and was most successful on the slow cool ing-ra te 

melts of al loys 3. 4. and 5 which sol idif ied as p r i m a r y f c r r i t c and con ta ined between 

10 and 25 percent fe r r i te . 

The resul ts of the mic ros t ruc tu ra l cha rac t e r i z a t i on a rc summar i zed in Chap te r 5 

where both the pr imary mode of so l id i f ica t ion and fc r r i t e morphology were 

d e t e r m i n e d as a funct ion of cooling rate . 

2.3.2 Dendrite Arm Spacing Measurements 

Dendr i t e arm spacing ( l)ASi measurements were made on the :".ell- in • i let ' 

e s t imate the cooling rates produced In the d i f f c c n t travel speed . I f . : - ••• 

speed melts hail a larger d e n d r i t e arm spacing and had cor i e--pond i p ; ; *. ! A . 
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rates than the high speed melts. The castings and melts 1. 2, 3. and 4 solidified in a 

cellular or dendritic mode with a primary spacing larger than the 1 . . These cell 

sizes were able to be measured by optical mctallographic methods. Melts 5 and b 

however, solidified at high cooling rates with a cell size smaller than 1 ..- and 

required a scanning electron microscope to resolve the microstructure. 

For the majority of the alloys, the low cooling rate microstructure consisted of 

primary dendrites with well defined secondary arms. However, as the cooling rate was 

increased, the microstructure refined in size and formed cells rather than dendrites. 

Since secondary arms were not always present in the higher cooling rate melts iVin. 

secondary arm spacings could not be used to estimate the cooling rate. Therefotc. 

primary DAS measurements were made on the alloys cooled at low rate* and cell -i/e 

measurements were made on the alloys cooled at high rates. 

Microstructural characterization (Chapter 5) revealed that the ca^t all >>s 1. I. v 

4, and 5 solidified in fully austcnitic or austcnitic fcrritic modes with well defined 

dendrites or cells. The DAS measurements were correspondingly, direct and ca-ily 

made. Alloys 6 and 7 however, solidified in a fully fcrritic mode and the 

solidification substructure was 'erased' during the solid-state transfoi malum of the 

ferrite. Therefore. DAS measurements were only able to be made on alloys 1 through 

5. 

The measurements were made by a line-intercept technique on the optical or S1A1 

micrographs. All measurements were made in the upper portion of the melt, at a 

location half way between the fusion line and the melt ccnterlinc. The results arc 

listed in Table 4.1 as the average value from the 5 alloys. >. and standard deviations. 

s These data will be used to calculate the cooling rate in chapter 4. 

2.3.3 l-i 11 ite McasuTunuMits 

1 '•• . v' : :.'n' • f the all' . -. and particul.i i ly the influence that ,,'ooling rate 

•it- • :, • • : ' i :e : intent of the a.loys is of extreme importance to this investigation 

i n •;. . ("hii'ie; i is dcvoicd to the calibtation of the ferine mcjsuiing device-

iiol ih le r '. o u i e meni result-. Measuring the l e in te content ol" the high speed 
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surface melts required the development of a new technique, using a vibrating sample 

magnetometer (VSM). This approach is discussed in detail in Chapter 3 and only the 

sample preparation techniques will be discussed here. 

Conventional fcrrite measuring techniques (Magne-Gage. ferrite meter, quantita­

tive metallography) could not be used to measure the fcrrite content of the high 

cooling rate melts because of the small physical dimensions of the rapidly cooled 

melts. However, the VSM technique could be used for small specimens which weighed 

as little as 10 mg. The specimens were increasingly difficult to extract as the cooling 

rate increased. The single-pass, slowest cooling rate melts 1 and 2 had deep enough 

penetrations and specimens were cut from the top center of the melt measuring 

approximately 6 mm x 3 mm x I mm. However, single pass melts 3. 4, 5 and 6 were 

too shallow for specimen removal. Therefore, multiple pass melts 3, 4. 5 and 6 were 

made (sec section 2.2.2), which were wide enough to produce suitable specimens. 

The specimens from shallow penetration melts were prepared by a hand lapping 

technique. A section of the plate was removed which contained a 6 mm wide by 10 

mm long strip of the surface melted material and this specimen was mounted to a 15 

mm thick brass block using organic resin. The base metal was then ground away 

from the surface melted region using 240 grit paper. By successively measuring the 

thickness of the block + resin + specimen between grinding steps, the thickness of the 

specimen (melt + base metal) could accurately be measured. Grinding was completed 

when the specimen thickness was smaller than the depth of penetration of the melt. 

Specimens were easily prepared with 10 i.m thickness or larger but the 5 wn thick 

melts from the 5 m s travel speeds were not successfully extracted without base metal 

contamination. 

2..3.4 Klcctron Probe Microanalysis 

1 he arc cast bu t tons had a coarse m i c r o s t r u c t u r e which a l lowed the compos i t ion of 

the f c r r i t c and aus t en i t e phases to be measured by e lec t ron probe mic roana lys i s 

i [ P M \ ) 1 he mic rop robc was focused in the cen te r of the f e r r i t e or aus t en i t e 

d e n d r i t e s and a q u a n t i t a t i v e ana lys i s was pe r fo rmed to d e t e r m i n e the f-'c, Cr and Ni 



c o n c e n t r a t i o n s in each phase . T h e mie rop robe was ca l i b r a t ed using pu re 1 e. Cr and 

Ni s t a n d a r d s . I he vol tage was held cons tan t at TO kY and a I il c rys ta l was used to 

anal> ic the \ - i ays. 

Spec imens were p r e p a r e d for the mic roprobe by c o n v e n t i o n a l m e t a l l o g r a p h i c 

t e c h n i q u e s and pol ished wi th an a l u m i n a slurry to a f inal 0.3 . ••• f in ish . These 

spec imens were scry lightly clcctrolv tically e tched in s a t u r a t e d o \ a l i c ac id to ou t l ine 

the phase b o u n d a r i e s and then r insed in wa te r , fo l lowed b> ace tone , reagent g rade 

me thano l and finally b lown d ry wi th compressed air . 

The mic rop robe was used to measure the a tomic percent 1 e. Ni and Cr in both the 

fe r r i t e and aus t en i t c phase for each of the s c \ c n cast al loys. Five m e a s u r e m e n t s were 

made in each phase and Tabic 2.5 gives the a v e r a g e compos i t ion in wi. pe rcen t . These 

values were c o n v e r t e d from a tomic percent us ing molecu la r we igh t s of 55.9 (g mole) 

for be. 58." (g mole) for Ni and 52.0 (g mole) for Cr. Sta t i s t ics p e r f o r m e d on each set 

of 5 da t a po in t s showed tha t the typ ica l s t a n d a r d d e l a t i o n was small a n d va r i ed 

be tween i IO 2 pe rcen t of the mean value for Fe. and I to 8 pe rcen t of the mean 

value for Cr and Ni. Total a tomie pc rccn t s iFc + Ni+C'r) va r ied be tween 94.0 and 

101.0. 

It is i n t e r e s t i ng to note that the compos i t ion of the f e r t i l e and a u s t e n i t c phases in 

the cas t ings docs not vary s ign i f i can t ly be tween the seven al loys. Only alloy 7 

a p p e a r e d to d e v i a t e f rom the i n v a r i a n t compos i t iona l t r end . It is bel ieved tha t th is is 

a result of i n a c c u r a t e EPMA m e a s u r e m e n t s because of the very f ine spac ing be tween 

the f e r r i t e and aus t en i t e "plates" in alloy 7. T h i s f ine spac ing (5 .••• ) is a result of the 

solid s tale t r a n s f o r m a t i o n of f e r r i t e and is u n i q u e to alloy 7. 

A t t empt s were made to use the U ' M A t e c h n i q u e to measure the compos i t ion of 

the fe r r i to and aus t cn i t c phase in the melts. However , the microsi i uc iu rc oi' the melts 

were , for the most pa r t , too closely spaced to give a c c u r a t e measu remen t s . 1 he few 

locat ions that were found to be su i tab le general ly gave what a p p e a r e d to be good 

resul ts for the ma t i iv phase but poor results for ihe second pi: i .' I he c few 

m e a s u r e m e n t s were va luab le however , in c h a r a c t e r i z i n g ihe s ing le -phase f c u i i i c 

so l id i f i ca t ion b e h a v i m of ihe melts in al loys (j and 
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Table 2.5: Average compos i t ions t u t . pe rcen t ) of the f c i r i t c 

and aus t en i t e phases in the a rc cast bu t tons 

Cas t ing K-r r i t e • \us ten i te Cas t ing 

Cr N'i Ke Cr Ni Cr Ni i e Cr t e 

1 - - - - - - - -
; 35.4 10.1 54.5 5.50 25.3 16.1 58.6 1.5" 

Ji 35.8 9.2 54.9 3.89 24.9 16.0 59.1 1.56 

4 36.2 8 . : 55.1 4.1b 25.7 16.6 5" . " 1 55 

S 35.0 9.3 55.7 3.76 25.9 16." 5" 4 1.55 

0 35.1 8.3 56.6 4.23 26.4 14 8 58." l."S 

- 5'). 9 6.3 55.8 6.33 27.1 15.1 5".S l."9 

2.3.5 \ - r a x UilTraction 

\ - r a \ d i f f r a c t i o n e x p e r i m e n t s were p e r f o r m e d to \ e r i f> tha t the melt spun 

r ibbons were fullv f e r r i t i c . The single phase n a t u r e of the r ibbons was of p a r t i c u l a r 

in teres t s ince the r ibbons were to be used as f e r r i t c s t a n d a r d s to c a l i b r a t e the 

v i b r a t i n g sample m a g n e t o m e t e r . 

I wo tvpe - of spec imens were p repa red for the \ - r a > e x p e r i m e n t s . Melt spun 

r i bbon - and powder spec imens made from the cast a l loxs. The r ibbons measured 

appi u \ miatelv 1 mm wide and were cut into 50 mm l e n g t h s 1 hese samples were 

d e n i e d :•.'. ace tone and then a t t ached to a "5 mm l.-ng b \ 25 mm wide glass slide 

'uMin' J. i;:-ic - t ick tape I'he r ibbon edge- ovci i . ippcd a p p i o x i m . n c l v d 7> mm and the 

c r . : nc wi.l'.'i ,.f the gla-s slide was covcicd w 11 h liic t i f h o n -

l'"w ' . i •pcciincns weie p r epa red b\ f i l ine ih C.I-I aih>vs wi th a f ine -p i t ched file 

I he P " " ' ! a was then mixed with an w ^ a n i c binder and a p o i l i o n . 7 s \ 2 5 mm. ol' the 

i . , ,r- slide w.i- covered with the n i ix tu ie 1 he p - w d c i nnen- c.' n -i -led o[" a kn.'.wn 

! t i l ! ' . -an- tcni t ic .ill.'', and a known duplex alio-, . 'uni.i. 'ii: ' .; appi o \ i in .uer . 2s pe icen t 

, c i i 1 1 . 

file://�/ustenite
file:///-rax


The X-ray d i l T r a c t o m e t e r was equ ipped with a c h r o m i u m tube and Cr • • r ad i a t i on 

was used, h a v i n g a wave leng th of 2.291 A. T h e d ive rgence slit and rece iv ing slit 

angles were set at 3 deg. and 0.1 deg. r e spec t ive ! ) . The scan speed was set at S 

deg. min and the specimen was scanned be tween 2-1 angles f rom 20 deg. to 160 deg. 

For the above d i f f r a c t i o n cond i t i ons , the fo l lowing planes appea r . HCC f e r r i t e : 

(110). COO). C l l l ; FCC aus t cn i t e : (111). (200). (220). The la t t i ce cons tan t of I 'crrite 

was t aken to be 2.87 1 A [2.4] and the 2d values for the f e r r i t e peaks were ca l cu la t ed 

from this la t t ice p a r a m e t e r to be 68.7. 105.8. and 155.6 deg. for the ( M 0 ) . (200). and 

(211) p lanes r e s p e c t i v e l y Tabic 2.6 compares the 2-' va lues which were ca l cu la t ed 

with those which were e x p e r i m e n t a l l y d e t e r m i n e d . T h e ca l cu l a t ed and e x p e r i m e n t a l l y 

d e t e r m i n e d values agree to w i th in 0.3 dcg. which ind ica t e s tha t the peaks a re properly 

indexed . The aus t cn i t c peaks were s imi la r ly indexed and from ilie expe r imen ta l l y 

d e t e r m i n e d peaks , the la t t ice p a r a m e t e r for a u s t c n i t c was d e t e r m i n e d to be 3.5~0 A. 

Fig. 2.3 i l lus t ra tes the d i f f r a c t o m e t c r cha r t r ecords for a fully f c r r i t i c . a fully 

a u s t e n i t i c and a duplex alloy s ta inless steel spec imen . With the peaks c h a r a c t e r i z e d , 

the melt spun r ibbons were shown to be fully f c r r i t i c and all of the r ibbons had 

X-ray c h a r t s c h a r a c t e r i s t i c of the type shown in Fig. 2.3 a. 

Table 2.6: S u m m a r y of X-ray d i f f r a c t i o n resul ts 

Phase P lane h2+k:+12 

d 

( A ) 

70 

c a l c u l a t e d 

( d c g ) 

e x p e r i m e n t a l 

( d c g ) 

h e m i c 

, 1 . 0 . ; 2.030 68.7 68.9 

h e m i c COO I 4 1.436 105.S 106.1 h e m i c 

(2111 6 1.1 "~2 155 6 1 53 9 

A u , t c n 11 e 

H I D 3 2 06 1 67 5 6 " 4 

A u , t c n 11 e (200) 4 1. 85 Ki X A u , t c n 11 e 

(220) 8 1 2e2 I 3 U 4 1 C ' » X ! 
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2.4 Density Mciisumiients 

Density m c a s i n c m c ' :•- wc ie u>-ed to c u n \ c i t m .unc t iv i: . . i-- . . ' . ;;K :ii • i • "i t he 

uiitt^ of emu g to Ciauss. These measu remen t s were n u d e on the -^ \cn h.i-e mct.ii 

a l loys which \ a r i e d from 0 to abou t 3>"<> f e r i n e and also on fully I ' e u i u c specimen*. 

Hase metal spec imens we igh ing a p p r o \ i m a t e l > ?g (20 mm \ 5 nun \ 5 mm» were 

removed from the hot - ro l led plate , bul ly f e r r u l e spec imens were p r o d u c e d on al loys d 

and " In e lec t ron beam mel t ing at -0 m.-\. 100 kV and 12 mm s. with a slightly 

del 'ocused beam. The fusion / o n e s measured a p p r o x i m a t e l y •) mm d e e p and 1.? mm 

wide at the h a l f - d e p t h pos i t ion . A t ime -consuming , but e f f e c t i v e , specimen r c m o \ a l 

t e c h n i q u e was used to ex t r ac t the a l l - u c l d - m c t a l spec imens . The t e c h n i q u e consis ted 

i>f c u t t i n g a 10 mm length of melt which was pol i shed and m a c r o c t c h c d on both cioss 

sec t iona l ends and on one long i tud ina l side of the melt . The l o n g i t u d i n a l side was 

then successively g round down and macroe t ched severa l t imes to repea l the dep th of 

the melt . At th is po in t , the specimen was s l iced, pa ra l l e l to the l o n g i t u d i n a l sect ion. 

on a d i a m o n d w a f e r i n g saw. Th i s p roduced a th in wafe r of a l l -we ld -me ta l l e i r i t e 

m e a s u r i n g abou t 3 mm \ 0.75 mm x 10 mm. C o n f i r m a t i o n of the fully f e i r i t i c 

s t r u c t u r e was made by obse rv ing the six m a c r o e t c h e d su r f aces of the spec imen . 

The densi ty m e a s u r e m e n t s were made by a s t a n d a r d buoyancy test . AS TNI ('(>o.i-"4 

[2.5] with to luene as the immers ion f luid. Density \ a l u c s of O.So" g o n 3 and 0.001 173 

g c m 3 were used for to luene and a i r respec t ive ly . The densi ty of the spec imen was 

ca l cu l a t ed from the e q u a t i o n : 

/> - I. , , . . - I, .p , / I. . I. • ( . ' . I ) 

where \S is the weight in g ;uu1 . is the d e n s i u in g cm'.. I he subsc r ip t s s, -\ ami I 

co r respond u> the spec imen , air and toluene respect i\ c l \ . Th ree density, m e a s u r e m e n t s 

u c r c made on each specimen and . in a c c o r d a n c e with the p rocedu re s , the 

m e a s u r e m e n t s were repea ted unt i l all da ta fell w i th in 0.01 g env' ol" ihe mean \ a l n c 

T;ihle 2.7 s u m m a r i z e s the measu remen t s and indicates, that the d e n s i t \ decreases 

Truni the fu l l \ au s t en i t i c aI lo\ i {^})t)22 ;J, cm : i» to the I'ulK 1'cniiic spec imens <vl and 

"-I ( a s e r a u c \ a l u e o\' 7.7661 v cm'-'). I hese data reflect the luwer densi tv nf the M< V 

t 'erri te phase ami are consis tent with the l i t e r a t u r e 
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l . ible 2.": DciT.it> measu remen t s made on the base metal all.<\*. 1-

and on l'ull> fc r r i t i c spec imens of allox b and 

' • 1 ; 3 4 5 6 (.-1 -1 

tg em 3) ".<)(><>: 7.9419 7.9198 7.9018 7.S6"! 7.8434 ".S 102 1 "."5«S 54 

2.5 Isothermal Studies of the Ferrite to Austenite Phase Transformation 

T h e k ine t i c s of the l 'crr i tc to aus t cn i t e phase t r a n s f o r m a t i o n were s tud ied In 

m e a s u r i n g the t r a c t i o n of f e r i n e lh.il t r a n s f o r m e d as a func t ion of t ime , unde r 

i so thermal cond i t i ons . The da ta were a n a h z e d using the Johnson -Mch l - \ \ rami 

a p p r o a c h and a t t e m p t s were m a d e to c o n f i r m d i f fu s ion coe f f i c i en t da ta in the 

F7e-N i-C'r s\ stem. 

The i so thermal heat t r e a t i n g was p e r f o r m e d in a mol ten salt ba th In immers ing 

the spec imen for the des i red t ime, fol lowed b \ a wa t e r q u e n c h . The spec imens were 

p laced in a wire basket made from ehromel t h e r m o c o u p l e wi re and to pro tec t the 

spec imen from the e o r r o s i \ e molten salts, each spec imen was w r a p p e d in 0 0 5 1 mm 

thick t>pe 304 s ta in less steel foil and doub le c r i m p e d shut on all edges. 

The s t a r t i n g ma te r i a l was single phase I 'erritc of allox 6 and allox 7 composition-* 

The single phase fc r r i t e spec imens were p r e p a r e d from the e lec t ron beam melted 

a l l o \ s using the same method of ex t rac t ion that was p resen ted in sect ion 7 4 I ach 

spec imen weighed a p p r o x i m a t e ! . 50 mg and was tested at 62_v'C and "20 <'. 

An in i t ia l magne t i c m e a s u r e m e n t was made on the specimen using the \ S M isce 

C h a p t e r 3) In con f i rm that it was l u l l , I c i i i n c . After heat H e a t i n g , the I 'eit i le 

con ten t « < aga in measured to d e t e r m i n e the a m o u n t of t r ans fm m a l u m I he 

h e a t - t r e a t i n g magne t i c measu remen t steps were r epea ted on each specimen In 

d o u b l i n g the total t r a n s f o r m a t i o n lime with each a d d i t i o n a l hc.il i i e a tnn .n i unt i l the 

majori ty of the phase t r ans fu rmal io i i had been comple ted 
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CHAPTER 3 

Measuring The Fenite Content Of 
Rapidly Solidifed Stainless Steel Alloys 

3.1 Review of Conventional Ferrite Measurement Techniques 

Many t e c h n i q u e s h a \ c been used to measure the de l ta f c r r i t c con t en t ol" s ta inless 

steel welds . C o n s t i t u t i o n - d i a g r a m s , such as the Schae f f l c r d i a g r a m [3.1.3.2] and the 

Dclong d i a g r a m [3.3], rely s t r i c t ly on compos i t ion to p red i c t the f e r r i t c con t en t of the 

r e su l t i ng weld m i c r o s t r u c t u r c . These d i a g r a m s only p r o v i d e a c c u r a t e co r r e l a t i ons 

be tween f e r r i t e con t en t and compos i t ion for "typical" s ta in less steel alloy compos i t ions 

[3.4.3.5]. and for a n a r r o w range of we ld ing c o n d i t i o n s t ha t h a \ c cool ing ra tes which 

a rc s imi l a r to those of gas t ungs t en a r c welds [3.6.3.7]. Pos t -weld f e r r i t e m e a s u r e m e n t s 

arc genera l ly p e r f o r m e d using magne t i c i n s t r u m e n t s such as the Magne-Ciagc or 

f e r r i t c meters [3.8. 3.9]. These i n s t r u m e n t s have been deve loped to measu re the 

a m o u n t of the f e r r o m a g n e t i c f c r r i t c in a u: iplex s ta in less steel alloy and are 

reasonably successful at m e a s u r i n g f e r r i t c in a r e -we lds and cas t ings for lyp ' ca l 

a u s t e n i t i c s ta in less steels c o n t a i n i n g abou t 70 pe rcen t i ron. Howeve r for a l loys which 

d e v i a t e f rom this iron c o n t e n t , the c o m p o s i t i o n - d e p e n d e n t m a g n e t i c p rope r t i e s of the 

f e r r i t e must be t aken in to accoun t [3.10,3.11] and these co r r ec t i ons a re not well 

e s tab l i shed . 

1 he c o n v e n t i o n a l magne t i c i n s t r u m e n t s have an a d d i t i o n a l l im i t a t i on which is 

caused b> the unce r t a in ty of the magne t i c f ie ld g e n e r a t e d by the m e a s u r i n g probe . 

I hese f ields arc n o n - u n i f o r m wi th in the volume of the ma te r i a l tested and do not 

un i formly s a t u r a t e the fc r r i t c . Consequen t ly , these i n s t r u m e n t s respond to the 

pe rmeab i l i ty which is not a ma te r i a l p rope r ty . As a resul t , these i n s t r u m e n t s arc 

sens i t ive to the o r i e n t a t i o n and shape of the f e r r i t c as well as to the geometry and 

volume of the specimen being tested. In o rde r to rel iably measure f e r r i t c with these 

i n s t r u m e n t s , the specimen must be large enough to ob ta in the m a x i m u m magne t i c 

a t t r a c t i o n hc iwccn the probe and the specimen, f o r these eases, c m p i i i c a l 

re la t ion ,hips have been deve loped to conver t the magne t i c reading 1 - i n t " an equ iva l en t 



l e r r i i e con tc iv 11-. • ,.>. c\ cr. these m e a s u r e m e n t s are on!> \ a l i d if the spec imen exceed^ 

some n i in imum p h \ - i c a l d imens ion , which is about 10 mm Tor a Magne-C»age and foi 

othci c o n v e n t i o n a l magne t i c i n s t rumen t s [3.s>|. 

The l im i t a t i on on the spec imen size presents p rob lems for high coo l ing - ra t e welds 

and r ap idK sol id i f ied al loys. The size of e lect ron beam welds ma> be less than I mm 

wide , pulsed laser welds may be only 0.25 mm deep and r ap id ly so l id i f ied a l loys have 

even smal ler physical d imens ions . It is impossible to measu re the f e r r i t e con ten t of 

these spec imens with c o n v e n t i o n a l magne t i c i n s t rumen t s . Only q u a n t i t a t i v e meta l log­

r a p h y (QTM) can be used to inspect the r ap id ly so l id i f ied m i c r o s t r u c t u r e s . H o w e v e r . 

Q T M is not a c c u r a t e for measu r ing fc r r i t c in a rc we lds and r a p i d K so l id i f ied al loys 

because of the small size of the f c r r i t c pa r t i c les . AW'S A4.2-S6 (>.8J discusses the 

^ r e p r o d u c i b i l i t y of q u a n t a t i v c me ta l l og raphy and conc ludes t ha t Q T M is only 

a c c u r a t e for m e a s u r i n g the I c r r i t c con ten t of cas t ings . T h e r e f o r e , a new t e c h n i q u e 

was inves t iga t ed which is not l imi t ed by a small spec imen size a n d wh ich can be used 

to measu re the fc r r i t c con ten t in r ap id ly sol id i f ied s ta in less steel a l lovs . 

3.2 The Vibrating Sample Magnetometer Method 

The v i b r a t i n g sample m a g n e t o m e t e r (VSM) measures the magne t i c moment of a 

spec imen when it is p laced in a magne t i c f ield. F igu re 5.1a i l lus t r a t e s the YSM 

method which is based on the change in flux when the spec imen is v i b r a t e d w i th in a 

d e t e c t i o n coil . The spec imen is a t t a c h e d to the end of a rod which is f ixed lo a 

m e c h a n i c a l v i b r a t o r and the rod v ib ra t e s at ahou t 80 hz in a d i r ec t i on which is at 

r ight angles to an appl ied magne t i c field. Also a t t a c h e d to the rod is a small 

p e r m a n e n t magne t which acts as a r e fe rence spec imen. Both the r e f e r ence specimen 

and the u n k n o w n specimen induce an cmf in the i r respec t ive coils and [he d i f f e r e n c e 

be tween the two s ignals is p r o p o r t i o n a l to the magne t i c moment of the u n k n o w n 

spec imen . Since the re fe rence spec imen and u n k n o w n spec imen \ i b r a l c at the same 

a m p l i t u d e and f r equency , the method is insens i t ive to v ib ra t ion a m p l i t u d e and 

f r equency . T h e VSM is ca l i b r a t ed with a specimen of known s a t u r a t i o n magne t iza ­

tion and when the VSM is p roper ly a l igned and c a l i b r a t e d , it can detect changes in 

the m a g n e t i z a t i o n of less than I0--* emu. The high sensi t iv i ty of the VSM is a p p a r e n t 
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since a s ingle g ram of I 'errite in s ta in less steel :t 111• \ *- has a s a t u r a t i o n m a g n e t i z a t i o n 

of about 100 emu. The n o m e n c l a t u r e used to desc r ibe m a g n e t i c m e a s u r e m e n t s is 

s u m m a r i z e d in Table 3.1. 

Table 3.1 : N o m e n c l a t u r e used to descibe the magne t i c m e a s u r e m e n t s 

Sv mbol Descr ip t ion Uni t s Value 

! II \l s a t u r a t i o n m a g n e t i z a t i o n Gauss -
speci f ic ( s a t u r a t i o n ) 

m a g n e t i z a t i o n of I 'erritc 
emu g -

o speci f ic ( s a t u r a t i o n ) m a g n e t i z a t i o n 
of the specimen 

emu g -

weight f rac t ion f c r r i t c - -
>>: mass dens i ty of f c r r i t c g c m 3 7 . " 

II s a t u r i z a t i o n momen t per a tom Bohr MagDftons -
H app l i ed magne t i c field Oe -

M < 11) field d e p e n d e n t m a g n e t i z a t i o n Gauss -

T h e \ SM measures the m a g n e t i z a t i o n of a spec imen . • or M. in response to t 

known magne t i c f ie ld. II. From these d a t a , an \1-H c u r v e is cons t ruc t ed hv 

p e r f o r m i n g a scries of m e a s u r e m e n t s with inc reas ing m a g n e t i c f ie lds which were 

var ied from -10 kOc to +10 kOe in this inves t iga t ion . At high 11 f ie lds , the fe r r i i e 

s a t u r a t e s and the s a t u r a t i o n m a g n e t i z a t i o n . M B . of the spec imen can be measured . 1 he 

M f va lue is a func t ion of the weight f rac t ion f c r r i t c . . in the spec imen and the 

c o m p o s i t i o n - d e p e n d e n t magne t i c p roper t i e s of the fc r r i t c : 

I :i \! ' I iris , . ( , ( ) , [ (. mi ','•; | . . - . . , i 

where the spec i f ic s a tu r a t i on magne t i za t i on of the I 'erri tc. . is measured in emu g 

and . is ihc dens i ty of the fc r r i l e in g cm'''. Therefore , if and the densiiv of 

f e r r i t e are k n o w n , then the volume f rac t ion f c r r i t c is easily ca l cu la t ed bv a simile, 

r i i o m - t e m p c r a l u r c . M-ll measu remen t . The densitv of f e r r i l c w;is measured in be 

g cm'-'' un a fullv f e r r i t i c fe-Ni-C'r specimen c o n t a i n i n g 59 w i ' . , l e :ind since the 

densi tv cf fc r r i t c docs not change s ignif icant!v with compos i t ion , this value w;is used 
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for all of the alloys in this study. However. •-. is a strong function of composition and 

methods to predict tlie saturation magnetization of ferritc from its composition will 

be discussed in the following sections. 

In austenitic-fcrritic stainless steel allocs, the ferrite phase has no significant 

cocrcivity and the M-H curve passes through the origin with no hysteresis, l igure 

3.1b shows a typical M-H curve to illustrate how MB is determined. At high H fields, 

the ferrite saturates and the M-U belnnior becomes linear. I he spontaneous 

magnetization is graphically determined by extrapolating the high field susceptibility 

to zero applied field. The resulting value of MB corresponds to the magnetization 

required to saturate the fcrritc and is a material property. In this paper M„ will be 

used to represent the saturation magnetization of fcrritc. 

REFERENCE 
SPECIMEN LOUDSPEAKER 

1 
, 1 , n* IT 1 "1 
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N fi/ V I s 
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Z3 
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•15.6 
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(a) 
H (Oersteds) 

(b) 

I i g L i r e 3.1 a) Schematic drawing of the vibialing sample magnetometer, 
after C'ullity p.21] and b) a typical M-ll cur\e from a d u p l e 
stainless steel alloy. 
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The saturation magnetization tests were performed by calibrating I . SM with a 

pure nickel standard of known emu. Specimens from the welds were ' ; red as thin 

wafers (- 0.5 \ 3 x 3 mm) weighing between 10 and 50 rag. Th . 5 mples were 

attached to a quartz holder using teflon tape and the M-H curves were generated in 

-00 Oc increments. M s values were determined for each specimen and these 

measurements were converted into percent fcrrite using equation 3.1. 

3.3 The Saturation Magnetization of Ferrite 

3.3.1 Background 

The volume percent ferritc is easily calculated using equation 3.1 if the saturation 

magnetization of fcrritc is known. However. <•. is a function of composition and this 

presents two problems. First, in duplex alloy stainless steels, the fcrrite phase has a 

different composition than the nominal alloy composition. Therefore, the composition 

of the fcrritc phase is not known a prion. Measuring the composition by 

microchcmical analysis techniques is only practical for careful laboratory experiments 

while estimating the composition of fcrrite is not a standard calculation. One 

objective of this investigation was to develop a method to predict the fcrrite 

composition as a function of nominal alloy composition, through the use of 

thcrmodynamically calculated phase diagrams. 

A second problem occurs because magnetic theory can only predict •. from 

compositional data in certain single-phase binary-alloy solid-solutions. One method 

for estimating the saturation magnetization uses the Slater-Pauling curves which can 

predict the magnetic moment of an alloy as a function of composition [3.12]. This 

relationship assumes that the saturation magnetization of the alloy is related to the 

number, n, of (3d+4s) electrons per atom, according to the rigid band theory. For n 

values greater than about 8.3. there is good agreement with experiments and theory as 

long as the binary alloy consists of adjacent elements on the periodic table. For 

non-adjacent elements and for n values less than about S.3, there is disagreement 

between simple rigid band theory and experiment. 

Figure 3.2 shows the Slater-Pauling curves for a number of binary alloy systems. 

Additions of Cr. to Fe-Cr alloys lowers the saturation magnetization in proportion to 
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the amount of Cr added while additions of Ni to Fc-Ni alloys initiall- has little 

effect on the saturation magnetization. For nickel additions greater than appro.i-

matcly 15 atomic %, the saturation magnetization decreases in proportion to the 

amount of Ni in the alloy. For the addition of nontransition cU-mctils such as Si, -.1. 

and Cu to iron rich alloys, the rate of decrease in magnetization is initially about the 

same for any element that is added. These elements correspond to typical alloying 

elements in commercial stainless steel alloys and tend to reduce the magnetization as 

if the Fe atoms were being replaced by atoms of zero magnetic moment. This 

behavior can not be explained by rigid band theory. 

For ternary alloys or higher alloy systems, theory is c\cn less capable of 

explaining the saturation magnetization as a function of composition One attempt at 

deriving an equation to predict magnetization in the Fe-Ni-Cr ternary system was 

developed by Curtis and Shcrwin [3.13J. Their model is based on a "rule of mixtures" 

approach, which predicts the saturation magnetization as follows: 

0 f »-N,(1) 
_i N i - C u 
•7 r j . - j 
• f l i - C r 
a N i - M n 
0 F e - N i ( _ ) 
o Pure r,. era Is 

Cu 

II 

Figure 3.2 Slater-Pauling curves showing the saturation magnetization for 
various binary alloy combinations, after Cullity [3.2 11. 
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where A, refers to the a tomic weight of c lement i. N is - \ \ o g a d r o ' s n u m b e r and • is 

the dens i ty . Th i s e q u a t i o n p red ic t s a s a t u r a t i o n m a g n e t i z a t i o n for pu re Fc of 21.910 

Gauss and p red ic t s a h igher decrease in .•. for Cr than for Ni add i t i ons . 

I ' n l ' o r t u n a t c l y , the re is not good ag reemen t be tween th i s e q u a t i o n and e x p e r i m e n t a l 

resul ts . T h e r e f o r e , empi r i ca l r e l a t i onsh ips have been de r ived to p red i c t the s a t u r a t i o n 

m a g n e t i z a t i o n of f e r r i t c as a func t ion of compos i t ion . 

The emp i r i ca l r e l a t ionsh ips be tween compos i t ion and •. h a \ e been de r ived by 

m e a s u r i n g • for a large n u m b e r of al loys and m e a s u r i n g the f c r r i t c con t en t of these 

al loys by q u a n t a t i \ c m e t a l l o g r a p h y . The s a t u r a t i o n m a g n e t i z a t i o n can then be 

c a l c u l a t e d for each alloy by the r a t io of -> to the vo lume f rac t ion f c r r i t c a n d these 

da ta can be fit b> regression ana lys i s . One such r e l a t i o n s h i p was d e r i v e d by Merino^ 

et al. [.VI0.3.1 1] : 

1 7i W = . ' ! . t . 0 0 - :.'/;> ( % C r ) - 3 3 0 ( % \t)~ : » B 0 ( % \ln) - 6 I 0 ( % . S ' ( ) 

- - . ' (» ' ) (% l / < 0 - 6 / 0 ( % 7 ' 0 - ( > 3 0 ( % 1/) | C(i(/.•;.'; ] ( 3 . 3 ) 

This r e l a t i o n s h i p be tween compos i t ion and s a t u r a t i o n m a g n e t i z a t i o n c o n f i r m s the 

genera l t r end p red i c t ed by the S l a t e r -Pau l i ng cu rves a n d shows tha t c is r educed by 

all ol" the typ ica l a l loy ing e lements in s ta inless steel. T h e h igher m u l t i p l i c a t i o n 

fac to r s assoc ia ted wi th the lower dens i ty e lements suggest tha t th is equa t ion is 

wr i t t en in t e rms of wt.% a l t hough the uni ts are not spec i f ica l ly s ta ted in Merinov" 

paper . 

The major a l loy ing e lements in s t a n d a r d 300 scries s ta inless steels a rc Cr and Ni. 

For these e l emen t s . Mcr inov ' s e q u a t i o n reduces to: K « - . : " " • • - <<•.••«, \i and 

can be app l i ed to Fc-Ni-Cr t e r n a r y al loys. The m u l t i p l y i n g fac tors for c h r o m i u m and 

nickel arc s imi la r and suggest that the iron con ten t of the fc r r i t e is the p r inc ipa l 

fac tor in d e t e r m i n i n g -. in the t e r n a r y system, i.e.. for a g i \ e n l e con ten t , •.. onlv 

changes a few percent for large d i f f e r e n c e s in the C'r Ni ra t io . 
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A c o m p a r i s o n o f e q u a t i o n 3.2 w i t h e q u a t i o n 3.3. f o r a c h r o m i u m a n d n i c k e l 

c o n t e n t r e p r e s e n t a t i v e o f f e r r i t e (35.5 " " C r . 9.1 " u N i . 55.4 "n l ' e ) . g i ves va lues o f I 3.t)00 

a n d 8.300 Gauss r e s p e c t i v e l y f o r •• . T h i s l a r g e d i f f e r e n c e c o u l d no t be r e c o n c i l e d 

f r o m the da ta p r o v i d e d I n the i n v e s t i g a t o r s a n d a sepa ra te s t u d y was i n i t i a t e d to 

d e t e r m i n e as a f u n c t i o n o f c h e m i c a l c o m p o s i t i o n . T h e resu l t s o f t h i s s tudy shows 

tha t the e q u a t i o n d e r i v e d by C u r t i s a n d S h c r w i n is not a c c u r a t e b u t t h a t the e q u a t i o n 

d e r i v e d b> M c r i n o v s a t i s f a c t o r i l y r ep resen ts t h e s a t u r a t i o n m a g n e t i z a t i o n o f f e r r i t e i n 

s ta in lesss steel a l l o y s . 

.V.3.2 KulK Ferritic Specimens 

A ser ies o f 100"" f e r r i t e s p e c i m e n s o f d i f f e r e n t n o m i n a l i r o n c o n t e n t s w e r e 

p r o d u c e d a n d the s p e c i f i c s a t u r a t i o n m a g n e t i z a t i o n o f each a l l oy was m e a s u r e d hv the 

V S M m e t h o d . I hese a l l o y s each have a C r N i r a t i o w h i c h is s i m i l a r to the Cr \ i 

t . i i i o f o u n d i n second phase f e r r i t c . t h e r e f o r e , by m e a s u r i n g t he s a t u r a t i o n 

m a g n e t i / a t ion ol" these a l l o y s , the e f f e c t o f i r o n c o n t e n t t in • c o u l d be d e t e r m i n e d . 

I he c o m p o s i t i o n o f r e s i d u a l f c r r i t e in a r c - w e l d e d s ta in less steels has been 

m e a s u r e d u s i n g LP M A a n d S T E M t e c h n i q u e s [3 .14-3 .18] a n d t he resu l t s o f these 

s tud ies w e r e used to p l o t the c o m p o s i t i o n o f f c r r i t e on the F e - N i - C r t e r n a r y d i a g r a m 

in I ig 3 3 This f i g u r e s h o w s t h a t the e x p e r i m e n t a l l y d e t e r m i n e d c o m p o s i t i o n o f 

r e s i d u a l f e r r i t e has a C r N i r a t i o w h i c h v a r i e s b e t w e e n 3.5 a n d 10 f o r 55 a n d 7 0 " " be 

a l l o y s r e s p e c t i v e l y . Th is t r e n d in t he f e r r i t c c o m p o s i t i o n is r e l a t e d to the f e r r i t e 

so l vus a l e l e v a t e d t e m p e r a t u r e s . 

I i g u r c 3.4 s l u m s an i s o t h e r m a l sec t i on t h r o u g h the l ; c - N i - C r t e r n a r y sys tem [ 3 . - 2 ] 

w h i c h w a . t r e d to d e t e r m i n e the e q u i l i b r i u m b e t w e e n f e r r i t e a n d a u s t e n i t e at 1 500 "C 

'I he f e r r i t e s. . |vus is i n d i c a t e d a n d p r e d i c t s the e q u i l i b r i u m c o m p o s i t i o n o f f e r r i t e jus t 

be low the s o l i d i f i c a t i o n t e m p e r a t u r e . T h e r e is a c o r r e l a t i o n b e t w e e n the a c t u a l 

c o m p u s i t h - n o f the r e s i d u a l d e l t a f c r r i t e p r e s e n t e d in b i g . 3.3 a n d t he I h c r m o d v n a m i -

c. i l lv c a l c u l a t e d ( e q u i l i b r i u m ) p r e d i c t i o n . T h i s r e l a t i o n s h i p suggests t ha t the 

c m p o s i t i i . n o f f e r r i t e in the s l o w c o o l i n g r a l e w e l d s is s t r o n g l y i n f l u e n c e d by the 

f e r i n e a u s t c n i t c e q u i l i b r i u m a n d t h a t the t h e r m o d y n a m i c c a l c u l a t i o n s can be used as 

a means i . , p i c d L t the c o m p o s i t i o n o f r e s i d u a l f e r i n e . 
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From these data, a series of alloys was prepared to meet the following criteria: 1) 

since these a lkns were being selected to represent residual I'crrite. their composition 

had to be close to that of residual ferrite in typical stainless steels and 2) the alkns 

had to be rich enough in chromium to allow them to solidify in the single phase 

ferrite mode. It was determined that a lkns which meet the first criteria will also 

meet the second criteria, but only when the alloys arc solidified at high rates. 

Therefore, to avoid the formation of austenitc during the solidification, the a lkns 

were solidified by a rapid solidification melt-spinning technique to suppress the solid 

state transformation of ferritc. The resulting ribbons were shown to be single phase 

ferrite by \ - ray diffraction. 

The composition of the alloys varied from 50 to SO wt.% Fe and the Cr \ i ratio 

o( each alkn was maintained constant at -1.0. A 15g ingot of each alloy was induction 

melted from high purity elements for the compositions specified in Table 3.2 and then 

each ingot was melt spun into ribbons to solidify the alloys in the fully ferritic 

condition. Each ribbon measured about 2 mm wide and about -5 ..••: thick which 

resulted in cooling rates of about I0 4 to 105 °C s [3.19]. 

Table 3.2 : Compositions of the fully fcrritic. melt spun, alloys 

Alloy Fc Ni Cr Cr Ni 

A 80.0 4.00 16.0 4 

B 75.0 5.00 20.0 4 

C 70.0 6.00 24.0 4 

D 65.0 7.00 28.0 4 

E 60.0 8.00 32.0 4 

I- 55.0 <>.00 36.0 4 

G 50.0 10.0 40.0 4 
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3.3.3 Saturation Magnetization Results 

Three specimens, each weighing approximate!) 5 nig. ucic ;. 'iii"UJ lUmi each 

ribbon and the saturation magnetization was measured uMiig the \ SM. I hese 

measured \alucs of the saturation magnetization arc identical t> the -; ccit'ic 

saturation magnetization ol" ferrite since t 1 '• specimens are full;, t 'emtic table >3 

summarizes the data and indicates that the -. decreases from 169 emu g to ~~ emu g 

as the iron content of the alloy decreases from 80 nt % to 50 »t 'v rcspecmcl>. 

Table 3.3 : Spontaneous magnetization of full> ferrinc specimens 

AIlov Specimen Mat 10 kOc 
(emu, g) 

(emu g) 

17/ U * 

(Gaussl 
-V 1 

A\g. 

168 
171 
176 
172 

165 
168 
17; 
169 

16.100 
16.400 
16.800 
16.500 

B 1 

Avg. 

154 
158 
164 
159 

151 
155 
161 
156 

14.700 
15.100 
15.700 
15.200 

C 1 

A\g. 

141 
145 
147 
144 

138 
142 
144 
141 

13.500 
13.900 
14.100 
13.800 

D 1 

A\g. 

119 
119 
124 
i : : 

1 17 
1 17 
i:: 
119 

1 1.400 
1 1.400 
1 1.900 
1 1.600 

i: 1 

A\ g. 

106 
107 
110 
108 

104 
104 
108 
106 

10.200 
10.200 
10.500 
10.3<X) 

r 1 

A\g. 

94 
98 
101 
98 

91 
95 
9S 
95 

8.890 
9.280 
9.570 
9.2S0 

Ci 1 

A\g. 

77 
80 
81 
79 

7 5 
78 
79 

".320 
".620 
""."10 
".520 
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The composition of the melt spun alloys can be represented by the formula 

Fe(]. x)Cr( 4 x/5)Ni( x /5) where .v represents the sum of the Ni and Cr. l Tsing this 

notation, o, is plotted versus x in Tig. 3.5 and the results show a decrease in .-. with x 

Linear regression analysis of the 21 data points gi*es the following relationship 

between a, and the wt. fraction of Cr + Ni. x : 

of = - 3 0 8 ( A ) + 2 3 \ \pmu/q] ( 3 . 1 ) 

Extrapolating this data to pure iron. i.e. \ = 0. shows that equation 3.4 would predict 

the specific saturation magnetization of pure iron to be 231 emu g. This \aluc is 

higher than that reported for pure iron of 218 emu g [3.20) and suggests that a slight 

nonlincarity may exist between o, and composition. 

2 5 0 

2 0 0 

3 
E 

£ 100 

50 

Pure Iron Fe Cr Ni 
(1-X) ( 4 X / 5 ) (X/51 

M s - 231 - 308 (X) 

I i I i I I L 
0.1 0.2 0.3 0.4 0 5 

X = wt. fraction Cr + Ni 
0.6 

- 20 

16 O 

12 W 
(fl 
3 
TO 

0.7 

Figure 3.5 Saturation magnetization of the fully fcrritic melt spun ribbons 
as a function of Cr + Ni content. 

file:///aluc


OS 

The speci f ic s a t u r a t i o n magne t i za t i on of f e r r i t e . . was c o m e r l e d from the uni ts 

of emu g to Gauss using e q u a t i o n 3.1 and . - . . - The s a t u r a t i o n 

m a g n e t i z a t i o n in the un i t s of Gauss for the s c \ c n al loys a re also r epor t ed in Table 3.3 

and the a \ e r a g e nrv va lues for each alloy a re p lo t ted in Fig. 3.5 as an a l t e r n a t e 

y-axis . A regress ion ana lys i s of the da ta shows the fo l lowing r e l a t i o n s h i p be tween 

••<: \: and the weight f rac t ion C r + N i . .v : 

i n n = - ;«».ir.'.0( v) *;>','. w.'o \ ( ; t u i - , - , \ (.<.'.>') 
E x t r a p o l a t i n g e q u a t i o n 3.5 to .v = 0 shows the s a t u r a t i o n m a g n e t i z a t i o n of p u r e iron to 

be 22.520 Gauss which is 4"» h igher than the measu red \ a l u e of 21.580 Gauss |3.20]. 

The resul ts of this study a re s u m m a r i z e d in eq. 3.5 and can be c o m p a r e d to 

Mer inox ' s resul ts which are summar i zed in eq. 3.3. For Fc-Ni-Cr a l loys , wi th a Cr Ni 

ra t io of 4.0. eq. 3.5 p r ed i c t s a dec rease in .'. of 300.2 Gauss for each percen t Fe that is 

rep laced by Cr and Ni. Mcr inov ' s equa t ion p red i c t s a dec rease in • ol" 275 Gauss for 

each percent C'r and 330 Gauss for each pe rcen t Ni . T h e r e f o r e , for a Cr Ni ra t io of 

4.0. Mcr inovs e q u a t i o n would p red i c t a dec rease in • of 286 Gauss for each percen t 

Fe tha t is r ep laced by Cr and Ni in this ra t io . These two p r e d i c t i o n s a re su rp r i s ing ly 

s imi la r when c o n s i d e r i n g the d i f f e r e n c e s in a l loys s tud ied and the d i f f e r e n c e s in 

e x p e r i m e n t a l t e chn iques . 

3.4 Predicting the Composition of Residual Ferrite 

Using "Thermoca lc" s o f t w a r e [3.21], a scries of i so thermal sec t ions were c rea ted 

t h r o u g h the Fc-Ni-Cr t e r n a r y system [3.22]. These d i a g r a m s were used to d e t e r m i n e 

the e q u i l i b r i u m compos t ion of f c r r i t c as a func t ion of t e m p e r a t u r e and the resul ts of 

these c a l c u l a t i o n s a re s u m m a r i z e d in F igures 3.6 t h r o u g h 3.8. These plots show the 

%C'r. %N'i and the Cr . 'Ni r a t io of fc r r i t c at t e m p e r a t u r e s be tween 1400 C and ')50"C 

for 50. 60, 70 and 80 wt.% iron in the fc r r i t c . 

The c h r o m i u m con ten t of the fc r r i t c increases and the nickel con ten t of ihe 

I 'crritc decreases as the t e m p e r a t u r e decreases to '/5(J"C. This resul ts in h igher (T Ni 

ra t ios at lower t e m p e r a t u r e s . F igure 3.8 shows that the (T Ni ra t ios of l e r r i i e 

c o n t a i n i n g 50. 60 and 70 wt.% iron are s imi lar at all t e m p e r a t u r e s . h o \ . : ' \ c r . for 

f e r r i t c c o n t a i n i n g more than 70''i> I c. the C'r Ni ra t io increases sij'n if ica ntl \ ninic 

with dccrcasc in t e m p e r a t u r e . 
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In fo rma t ion beyond what was provided in the proceeding f igures is required in 

order to predict the composit ion of f e r r i t c f rom the nominal allov composit ion 

Isothermal sections, such as the one presented in b ig. 3.4. can be used to determine the 

exact compostion of f e r r i l e at a given temperature. However, mans such diagiams 

would be needed to represent a large range of temperatures. Since the most important 

parameter in determin ing o, is the i ion content of the fe r r i t e . a method was 

developed to estimate the i ron content of f c r r i t e by summar iz ing the results of many 

isothermal sections into a single diagram. 

In stainless steel al loys, tic lines in the fer r i te+austcn i tc two-phase f i e ld show 

that the i ron content of the fe r r i t c is lower than the i ron content of the nominal 

al loy. By tak ing the r a l w of iron in the fe r r i te to iron in the austenite at the t ie- l ine 

endpoints. one can place an upper l ; mi t on the d i f fe rence in the F-c content of the 

fe r r i t c and the I c content of the nominal al loys because al l of the alloys that lie on a 

given l ine have the same fe r r i te and austcnitc composit ion. 

IOOO 1100 1200 1300 1400 
TEMPERATURE (°C) 

l i g u r e 3.6 I h e m o d y n a m i c calculat ions of the chromium content in fe r r i l e 
as a func t ion I.I temperature and iron content ol the le r r i te . 
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F igure 3.9 shows the ra t io of the Fc in the I 'errite to Ke in the a u s t e n i t c Tor 

I 'erritc c o n t a i n i n g 50. 60. ~0 and 80 wt.'V Fc. This f igure wa' d e r h e d from the 

t ic- l ines gene ra t ed by t h e r m o d y n a m i c ca l cu la t ions and the resul ts are p lo t ted for 

t e m p e r a t u r e s be tween I J 0 0 J C and 950°C. To use this d i a g r a m , one must recall that : 

1) a Fc f c r r i t c Fe aus t cn i t e ra t io of 1.0 co r r e sponds to the nomina l alloy compos i t ion 

be ing iden t ica l u> the fc r r i t c compos i t ion , i.e.. 1.0 co r r e sponds to a fully f e r r i t i c 

specimen wi th compos i t ion at the t ic- l ine end point and 2) an alloy tha t has the same 

compos i t ion as the aus t cn i t e t ic- l ine end point will h a \ e an Fe f e r r i t c Fe aus t en i t e 

ra t io equal to that p resen ted in Fig. 3.9. T h e r e f o r e , to p red ic t the iron compos i t ion 

of f e r r i t c . select the des i red t e m p e r a t u r e and select the % iron in f c r r i t c l ine that is 

the same as the nomina l Fe con ten t of the a l loy. Th i s r equ i r e s i n t e r p o l a t i o n since 

only 50. 60. "0 and 80 % iron in f c r r r i t e t r ends arc shown. The a c t u a l iron con ten t of 

the f c r r i t e lies be tween the Fc f c r r i t c Fe a u s t e n i t c r a t io of the nomina l alloy and 

and 1.0. 

At high t e m p e r a t u r e s (>1300°C) and for low al loy s ta in less steels (>"0"« Fe). the 

iron con ten t of the f c r r i t c is w i th in 2% of the n o m i n a l al loy compos t ion . At lower 

t e m p e r a t u r e s ( < i ; 0 0 ° C ) . the r ange of possible Fc con t en t s in the I 'erritc is la rger . The 

t e m p e r a t u r e s at which the f c r r i t c forms can be p r e d i c t e d by the e f f e c t h e quench 

t e m p e r a t u r e [3.23]. Th i s t e m p e r a t u r e co r r e sponds to the t e m p e r a t u r e where e q u i l i b r i ­

um can no longer be m a i n t a i n e d d u r i n g so l id i f i ca t ion and is a func t ion of the cool ing 

ra te . The h igher the cool ing ra te , the h igher will be the c f f c c t i \ c q u e n c h t e m p e r a t u r e 

since less t ime is a v a i l a b l e for d i f f u s i o n . 

C o m p a r i n g the e q u i l i b r i u m fc r r i t c compos i t ion at I300"C wi th the measured 

f c r r i t e compos i t ion in the 59wl.% arc-cast b u t t o n s showed a good c o r r e l a t i o n , i.e.. the 

1300-C t e m p e r a t u r e a p p e a r s to be close lo the e f fec t ive q u e n c h t e m p e r a t u r e for the 

arc-cas t cond i t i on . Welds, which cool at h igher ra tes , will have m e n h igher e f f c c l i \ e 

q u e n c h t e m p e r a t u r e s and the ra t io of the iron con ten t of the fe r r i t e lo the iron 

con ten t of the a u s t e n i t c that forms under these c o n d i t i o n s will be e \ c n closer in 

uni ty . 
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Figure 3.9 Thermodynamic calculat ions of the rat io between the Fc content 
of f c r r i t c and the Fe content of austcnitc as a func t ion of 
temperature and iron content of the f c r r i t c . 

For stainless steels conta in ing 60% F." or greater and h a \ i n g e f fec t i ve quench 

temperatures of 1300°C or greater, the Fe content of the f c r r i t c can accurately be 

estimated f rom the nominal al loy composit ion. Figure 3.9 shows that the range of 

possible i ron contents in the fe r r i t e is small at high temperatures, l o r example, fer r i tc 

that forms f rom a typ ica l 70wt.% Fe al loy at 1300"O has possible Fc contents that 

range f r o m 68.8% (0.983 x 70%) to 70.0%. Therefore, by knowing the nominal al loy 

composit ion and the e f fec t ive quench temperature (wh ich can he taken to be 1300"C 

for castings and welds) the amount of iron in the f c r r i t c can be predicted f rom Fig. 

3.9. Th is i n fo rma t i on can then be used to calculate the saturat ion magnetizat ion of 

the fe r r i l e using the relat ionship between », and atomic % i ion in the f c r i i t c which 

w i l l be discussed in the fo l l ow ing section. 



3.5 Verification and Application of the VSM Method 

3.5.1 Fcrrile Content or the Arc Cast Alloy s 

To verify the accuracy of the v i b r a t i n g sample m a g n e t o m e t e r m e t h o d , the YSM 

was c o m p a r e d wi th the Magnc-Gagc (MG) and q u a n t i t a t i v e te lev is ion microscopy 

(QTM). Each t e c h n i q u e was used to measure the I 'crritc con ten t on a series ol" 

h i g h - p u r i t y cast a l loys and the resul ts were compared . The compos i t ion of the east 

a l loys is shown in Tab le 2.2 and the m i c r o s t r u c t u r e of the a l lovs is shown in l"ig. 3.10. 

Mlov I has no I 'crrite and the r e m a i n i n g a l loys increase in I 'crrite con t en t f rom Alloy 

1 (()'") to Allov "" (32. I'M. Resul t s of this compar i son arc p resen ted below and show 

that the VSM is as a c c u r a t e as the o the r I 'crrite d e t e r m i n a t i o n me thods . The s a tu r a t i on 

m a g n e t i z a t i o n ol" I 'crrite can also be used to conver t the f c r r i t c n u m b e r , measured bv 

the M a g n c - G a e e . d i rec t ly into percen t f c r r i t c for a wide range of s ta inless steel 

compos i t ions . 

Q u a n t i t a t i v e Meta l lography 

The cast a l loys were mc ta l log raph ica l lv p r e p a r e d for QTM ana lys i s a c c o r d i n g to 

r e f e r ence 3.19 using a KOH e lec t ro ly t i c e tch . T h e f c r r i t c which is present in the 

m i c r o s t r u c t u r e is the da rk e t ch ing phase and because of the re la t ive ly coarse 

m i c r o s t r u c t u r c of the cas t ings , the QTM m e a s u r e m e n t s were easily pe r fo rmed . S i \ 

m i c r o g r a p h s were ana lyzed from each alloy and the resul ts a rc p resen ted in Tab le 3.4. 

The n u m b e r of m i c r o g r a p h s a n a l y z e d , n. and the s t a n d a r d d e v i a t i o n , s. of the 

r ead ings are i nd i ca t ed and the fc r r i t c con ten t s measured by this method are shown to 

vary from 0 to .37.2 %. 

Tab le 3.4 : QTM I'crritc m e a s u r e m e n t s 

Cast 
Alloy 

n s l-'crritc 
CM 

1 0 0 
2 6 074 5 3 5 
3 6 2.7 1 1.0 
4 6 1.') 14.2 
5 r> 2,1 22.X 

f) 6 2.') 32.4 
7 ft 5.1 3"1.2 
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Figure .1.10 Figures a through f show the microstructurcs of the arc-cast alloys 2 
through 7 respectively. The ferrite content increases from Alloy 2 [5'/, ) to 
Alloy 7 (.15%). The pr imary mode of solidification changes from primary 
auslenite to pr imary lerrite between alloys .Kb) and 4(c respectively. 



\ibjJLLL"l£ SampIc Magnetometer 

I he VSM measurements were made on three samples f rom each cast al lov. bach 

specimen weighed approximate!) 50 nig and the room temperature magnetic properties 

were measured to determine the saturat ion magnet izat ion. I he M-H curves for the 

seven allovs are summarized in F i g . V l l . As the Cr Ni rat io of the alios is increased 

f rom a l k n I to allo> 7, the spontaneous f c r r i t e magnet izat ion varies f r om 0 to 30 

emu g. The M- l l behavior indicates that al l of the alloys saturate at an applied 

magnetic f i e l d of about 4 kOc. The in i t i a l M- l l behavior of a fu l lv f c r r i t i c specimen. 

1 . wh ich has a saturat ion magnet izat ion of 101 emu g, is also shown on this f igure 

I or comparison. 

35 

30 — 

O) 20 

E 
CD 15 — 

10 

I i iunc V I I M- l l curves at room temperature for the seven arc-cast allnvs are 
compared w i th M- l l behavior of a fu l lv f c r r i t i c melt-spun l ihbon 
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Table 3.5 summarizes the saturation magnetization results and reports the average 

of the three measurements for each alloy. The specific saturation magnetization of 

fcrritc in the castings was estimated from its composition so that the M, data could be 

converted into percent fcrritc. To do this, the composition of the fcrritc was 

measured in each alloy by electron microprobc analysis. These results are shown in 

Table 2.5 and indicate that the fcrritc composition is similar for each ol" the alloys. 

The average fcrritc composition is 35.5% Cr. 9.12% Ni and 55.4% Fc. Therefore, the 

Cr Ni ratio of the fcrritc is significantly higher than the nominal alloy composition 

but the l e content of the fcrritc is only slightly lower than the nominal alloy 

composition. I 'sing the measured I'crritc composition, the saturation magnetization 

was determined to be 93.6 cmu.'g (9,125 Gauss) as determined by equation 3.4. 

Table 3.5 shows the percent fcrritc in each of the alloys as calculated from the 

saturation magnetization of the castings and the above value for •!.. The fcrritc 

contents are shown to range from 0 to 32.1 percent and these values compare 

favorably to the quantitative mctallographic measurements. 

Table 3.5 : VSM measurements ol" •• and fcrritc. 

Cast 
Mlov 

o (emu g) 

1 2 3 Avg. 
Fc r r i t c 

(%) 

1 0.01 0.00 0.00 0 0 

; 4.77 4.02 4.13 4.31 4.6 

-' 9.08 9.01 9.45 9,18 9 8 

4 15.0 14.6 14 7 14.8 15.8 

s :o.s 21,0 21.4 21.8 23.2 

6 24.9 24.4 24 9 24.7 26.4 

- 30 2 28.7 31.2 30.0 32 1 
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Magnc-Gagc measurements were also made to determine the ferrite number. 1 V 

of the cast alloys. The fcrritc number is defined by the force of attraction [?S] 

between the magnetic probe and the specimen. Higher fcrritc number-. correspond to 

higher fcrritc contents, however, since the saturation magnetization is a function of 

ferrite composition, the fcrrite number does not uniquely define the amount of 

fcrritc in the specimen. Therefore, correlations between FN and fertile content can 

only be made for alloys of similar composition unless the fertile cnmp.'-ition cm be 

taken into account. 

The effect of fcrritc composition on the FN is oftentimes neglected However, 

the saturation magnetization of fcrritc can easily be accounted for when con\e::: : i" 

from FN to % ferrite. To do this, a relationship will be derived t • predict the 

ferrite from the FN at a given fcrritc composition. Then, for alloy s that deviate ; r. m 

this composition, the saturation magnetization effects can be used n modil'v thi-

equation. 

Kotccki [,v25] measured the FN and the extended fcrritc number. 1.1 V f-i a 

scries of 15 cast alloys of CF8 and CF8M composition. The fcrritc content of these 

allovs varied from 0.2 to 48.6% as determined from a point counting technique A 

linear regression analysis on these data shows that the EFN can be related to the 

percent fcrritc as follows: 

% / = ()./(/• f-\ ) + 0 . l > i ( : < / , ) 

The iron content of each alloy was reported and has an average value of 66.8"'> with a 

standard deviation of 2.1%. Therefore, since the composition of these allovs are 

similar, the composition of the residual fcrrite in each alloy can be assumed to be the 

same. From Fig. 3.9, the iron content of the ferritc in the CF8M alloys will be ')8 

percent of the iron content in the alloy based on an effective quench temperature of 

nf)OuC I 'si ng this ratio, the saturation magnetization of the fcrrite in these allovs 

was calculated using equation T5 to be 12.200 Gauss based on a Cr + Ni content <>f 100 

">•( e 
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In order to convert from EFN to % I'errite for alloys that have a different 

nominal composition, the EFN must be multiplied by the ratio of .-. in the CFS alloys 

to • in the allo\ being measured: 

i,' .','00 A 
%/• - 0./\l- h'\) <* O . l i 1 (3./') 

V ".' 

where • can be determined from equation 3.5. For fcrritc contents less than about 

30"" (alloys 1-5). the FN can be directly measured with a Magnc-Gagc and substituted 

for the FFN with no loss in accuracy. However. Alloys 6 and 7 contain more than 

30'" ferrite and the Magne-Gagc was calibrated to directly measure the EFN. 

l'he re content of the ferrite in the arc-cast buttons is lower than the iron 

content in the CFS alloys. Therefore, the saturation magnetization of fcrritc in the 

arc-cast buttons is lower than that in CFS alloys and was shown to be 9.125 Gauss. 

I "sing this \aluc of v. the fcrritc number was converted to % fcrritc using equation 

3." and the results are shown in Table 3.6. These results show that the ferrite content 

measured b> this method compares favorably to the other two techniques. 

Table 3.6 : Magne-Gagc measurements and ca'culatcd fcrritc contents. 

Cast 
Alloy 

WD Reading 
1 2 3 Avg. FN 

Fcrr i te 

(%) 
1 1 OP 110 no 110 0 0 

; 90 90 89 90 4.9 4.5 

3 "6 ^6 7 3 75 8.3 8.0 

4 S2 49 51 51 14.4 1.3.5 

5 14 13 12 13 23.6 21.8 

6' 63 67 69 66.3 29.7 27.4 

-• 26 :s 24 26 39.6 36.5 

i FN measurements 

file:///aluc
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Comparison of the Three Methods 

A summary of the results of the three measurement methods is plotted in Fig. ?.\2 

as % fcrritc versus Cr./Ni ratio along the 59% Fe isopleth. The ferrite content appears 

to increase linearly with increasing chromium content and there is a good correlation 

between the average ferrite trend and each of the three measurement techniques. The 

deviation between the measurements is small at low fcrritc contents but increase 

with increasing ferrite content. Each technique measures ferrite contents that lie 

above and below the average trend and it appears as though the three measurement 

techniques are showing the same trend. Therefore, the dirfcren, s in fen itc contents 

between the techniques are most likely the result of the small population size used to 

calculate the statistics. 

50 

401-

5 30 
UJ 

cr 20 
a: 
UJ 

u. 

10 

59% Fe Alloy 

o VSM 
• QTM 
o MG 

0.6 0.8 

Cr/Ni (Wt %) 

Figure 3.12 Comparison of the fcrrite measurements made on the arc-cast 
alloys by the vibrating sample magnetometer, Magnc-CJagc and 
Quantitative Metallographic techniques. 
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3.5.2 Extending the VSM Method to Commercial SST Alloys 

Commercial stainless steel alloys contain alloying elements other than Fe, Ni or Cr 

and the effect of the additional elements must be taken into account when calculating 

the saturation magnetization of fcrrite. Tlr" most common additional elements are 

Mn, Si. Mo, Nb. N. C, S. and P. These elements are not ferromagnetic and do not 

contribute significant magnetic moment to the ferrite. Therefore, the iron content of 

the fcrrite is still the most important (actor in determining J.. 

Equation 3.5 can be rewritten to predict o. in terms of atomic % Fe in the fcrrite: 

d . 0 K . i t . % Fe) - 7 1.0 [orjiu/i)\ ( o V i ) 

or. 

, i . - : ' M c H . i t . % l-'o) - 6 . 9 1 0 | C ( i u s s | ( 3 . H b ) 

Assuming t.'iat the allowing elements segregate to the ferritc and the austenitc in equal 

amounts during solidification, then the atomic % Fe in the ferritc can be predicted 

from the atomic % Fe in the alloy using the methods in section 3.-4. 

Finally, the weight fraction ferrite can be calculated using equation 3.1. Onh a 

small percentage correction is required to convert from weight fraction fcrrite to 

\olume fraction ferrite because the density of ferrite (7.77 g cm 3) is close to the 

density of austcnitc (7.96 g cm'l, . 

http://0K.it
file:///olume
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3.6 Conclusions 

1. The amount of ferritc in stainless steel alloys can be determined by 

measuring the saturation magnetization of a small stainless steel specimen 

with a vibrating sample magnetometer. This t". 'niquc is not limited by 

sample size and can be used to measure the fcrritc content of rapidh 

solidified stainless steel alloys. 

2. The saturation magnetization of fully fcrritic specimens was experimentally 

determined on a scries of rapidly-solidified Fc-Ni-Cr alloys which had 

compositions similar to that of residual fcrritc in stainless steel alloys. The 

results of these measurements can be used to predict the saturation 

magnetization of residual fcrrite from its composition. 

3. Methods were presented to show how the composition of fcrritc can be 

predicted from the nominal alloy composition using thermodynamic 

calculations. In particular, a range of possible iron contents in the ferritc 

can be estima' from the nominal alloy composition and the concept of the 

effective quench temperature. By knowing the iron content of the fertile, 

its saturation magnetization can be used to calibrate the VSM to measure the 

f"i rite content of a wide range of stainless steel alloys. 

4. The results of the saturation magnetization study can also be used as a basis 

to calibrate the Magnc-Gagc for non-standard stainless steel alloys. By 

considering the saturation magnetization of residual fcrritc. the fcrritc 

number can be converted directly into % fcrritc for a wide range ol" 

nominal alloy compositions. 
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CHAPTER 4 

The Cooling Rate Of Electron Beam Surface Melts 

Variations in cooling rate were produced by controlling the travel speed of 

electron-beam surface melts. Each melt was made at a constant power level cf 2 k\V 

and the travel speed ranged from 6.3 to 5000 mm, s. The cooling rate could not be 

dircctk measured on the melts because they were too small to instrument with 

thermocouples or to monitor with optical temperature measurement devices. 

Therefore, the cooling rate was estimated, rather than measured, using the following 

techniques: 11 the dendrite arm spacing method. 2) an expression that was derived 

from Rosenthal's heat flow analysis for quasi-stationary conditions and 3) a 

numerical approach using the finite clement method to calculate the cooling rate and 

temperature gradient at the melt interface. The heat flow calculations confirm the 

dendrite arm spacing estimations of the cooling rate and show that the alloys 

solidified at rates between 7°C/s and 8 x 10««C;s. 

The cooling rate is an easy concept to define in single phase materials as it is 

simph the change in temperature. .)/, with respect to a cha i . t " in time, .it, at a given 

point. However, during the solidification of an alloy the physical meaning of the 

term cooling rate is not as easily defined. The presence of at least two phases at the 

liquid-solid interface having different physical properties, the fact that the interface 

is moving and releasing a latent heat of fusion, and the possibilities of a non-planar 

solidification front all contribute to the complexity of the tcmpcraturc-timc 

relationship for a fixed point in space being overtaken by a liquid-solid interface. 

In this chapter, two types of cooling rates will be discussed and will be assumed to 

be equivalent measures of the solidification rate. The first method predicts the 

cooling rate by dendrite arm spacing measurements. This method represents an 

'average' cooling rate from the inception to completion of solidification. Here, !', is 

the change in temperature between the dendrite tip where solidification initiates and 

the dendrite 'base' where the last liquid solidifies. The change in time required to 

produce this change in temperature is the time ncscssary for the L.'S interface to 

move the distance corresponding to the length of protrusion of the dendrite in front 
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of the interface and is consequently related to the interface velocity. The second 

method calculates the 'instantaneous' cooling rate at a given point. This method can 

be app'icd to the L/S interface to calculate the cooling rate at the solidification 

temperature but neglects the details of the interface by assuming plane-front rather 

than dendritic behavior. Here, the temperature gradient. G. and the interface 

velocity, R, arc combined to represent the cooling rate during solidification. This 

method will be discussed in detail in the following sections. 

In welds and surface melts, the travel speed. S, is held constant but the velocity of 

the L, S interface varies from zero to a maximum value of S on the melt interface. 

Variations in the temperature gradient are also present around the surface of the 

melt, therefore, neither the interface velocity nor the temperature gradient can be 

uniquely specified by the welding parameters. Consequently, the cooling rate, • , and 

the dendrite arm spacing, J , vary throughoui the cross section of the weld. This 

chapter discusses methods that enable the cooling rate to be calculated and also 

presents results to show the variations of G, R, • , and * within a given weld. 

4.1 The Geometric Shape of Electron Beam Melts 

The geometric shape of the molten zone influences the depth of penetration, the 

width of the fusion zone and the cooling rate in the melt. These factors arc of 

essential importance to welding and surface modification applications and a study 

was performed to determine the influence of electron beam parameters on the melt 

pool shape. The results of this separate study arc presented in Appendix G and were 

used to select the electron beam melting parameters used throughout this study. In 

addition, by using dimcnsionlcss quantatics to represent the weld pool shape, the 

results of this study can be used to predict the width, depth and length of the 

resolidified zone for a wide range of operating parameters. 

4.2 Dendrite Arm Spacing Calculations 

Two factors contribute to the dendrite arm spacing (DAS) (4.1). Firstly, during 

solidification, the dendrites optimize their spacing to optimize both constitutional 

supercooling and intcrfacial suifacc energy effects. The free energy associated with 

constitutional supercooling is minimized by a small DAS while that of the surface 
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energy interface is minimized by a large DAS. Therefore, the actual spacing is a 

balance between these factors and each factor is influenced by the cooling rate. 

Secondly, after the solidification spacing has been established, coarsening of the 

dendrite arms can occur as the melt cools. The driving force for coarsening is a 

reduction in the total surface energy [4.2] and only the highest order arms are 

affected. For example, secondary arms, but not primary arms, will coarsen when 

secondary arms are present, while primary arms (or cells) will coarsen when no 

secondary arms are present. 

Relationships between DAS and cooling rate (.) have been developed and show-

that a linear relationship exists between log DAS and log . [4.1. 4.2]. These relations 

have the following form : 

A = . ! ( ( ) " " ( L I ) 

where a and n are material-dependent constants and ' represents the dendrite arm 

spacing. The cooling-rate exponent, n, is known to be close to 0.5 for primary 

dendrite arms and varies between 0.25 and 0.33 for secondary dendrite arms [4.1]. 

The lower value for secondary arms is a result of coarsening. If secondary arms arc 

not present, the primary DAS may have an n value close to 0.3. 

Microstructural examination of the electron-beam melts made in this investigation 

showed that the DAS was not uniform within the melt. Cross-sectional views of the 

deep penetrating, slow speed melts (1,2,3) showed that the spacing was typically small 

at the fusion line and increased towards the center line. Along the center line, there 

was a slight decrease in spacing at the top of the melt. Cross-scctional views of the 

shallow penetrating, higher speed melts (4.5,6) showed that the DAS was small at the 

fusion line and increased to a larger spacing within a few dendrite spacings of the 

boundary. The DAS then remained approximately constant to the top of the melt. 

Figure 4.1 a and b compare the microstrueiurc at the fusion line with that at the 

center for melt 3. to illustrate the range of dendrite arm spacings observed within the 

same melt. 

The DAS measurements show that the cooling rate is not constant throughout the 

melt. The variation in DAS is approximately a '"actor of three, which corresponds to 

a variation in cooling rate of appro> matcly ten. 
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Figure 4.1 Variations in the dendrite arm spacing. Figures a and b compare the varia­
tion for a given set of surface melting parameters (100 mm/s), at the fusion 
boundary and at the center of the melt respectively. Figures c and d com­
pare the largest dendrite arm spacings in the casting with the smallest 
spacings in the highest speed melt. 
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However, a large percentage of the change in the DAS occurs close to the fusion line 

and the major i ty of the melt sol idi f ies w i th a cool ing rate var ia t ion of only a factor 

of f ive or less. 

The DAS measurements were made in a location which is representative of the 

average behavior of the melt and where the specimens would later be extracted fn i 

fe r r i tc content measurements (see section 2.3.2). The results of the d e n d n ' arm 

spacing measurements are listed in Table 4.1 where » represent the pr imary dendri te 

arm spacing for melts 1. 2 and the arc cast but ton, and cell spacings for melts 3. 4. 5 

and 6. The secondary dendri te arm spacing is represented by • and was able to be 

measured on the low speed melts that so l id i f ied in a dendr i t ic mode. These data show 

that the pr imary DAS decreases f rom a value of 42 <.m for the ca tig to 0.43 for 

the highest travel speed. These two mierostructures are compared in Tig. 4.1 c and d. 

A plot of log * versus log S is shown in Fig 4.2 for the six melts, where S refers to 

the travel speed. The best-f i t l inear relat ionship between * and S has a slope of -0.49 

and indicates the ref inement in DAS wi th increasing travel speed. 

Table 4.1 : Cool ing rates calculated f r o m pr imary and secondary dendr i te 

arm spacing measurements. 

Melt 

Travel 

Speed 

(mm s) 

A, 

\ s 

(K s) 

k 

(K s) 

cast - 42 3.9 -7.0 1 8.0 .v3 -3.2 

1 6.3 10.5 1.5 -4 .7x l0 2 4.7 1.2 -3.9x 10-

; 25 6.6 1.8 -1.9x103 3.0 0.54 -1.9x103 

3 100 3.2 0.9 -1.7x10" - - -

4 500 1.1 0.4 -4.4x105 - -

5 2.000 0.73 0.05 - l .5x 10« - -

6 5.000 0.43 0.07 -7.5vl() r> -
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Katayama ct al. [-1.5] experimentally determined values lor the constant, a, and the 

cooling rate exponent, n, for type 310 stainless steel. They give the following 

relationship between dendrite arm spacing and cooling rate : 

A, = 8 0 ( ( )"° '" ( I. I ; ,) 

A ? = 2 l > ( ( ) - ° ' B ( I . l b ) 

These values were used to calculate the cooling rate based on equation -1.1 and should 

apply to the alloys used in this investigation for two reasons. Firstly, type 310 

stainless steel has a high alloy content and contains approximately 55 wt percent iron 

which is close to the 58 wt percent iron of the alloys used in this study. Secondly, the 

cooling rate exponent of 0.33 for the primary dendrite spacing suggests that the 

structure has possibly coarsened during solidification. Coarsening of the primary 

structure might also be expected in this study since the higher cooling rate melts 

solidified in a cellular manner with no secondary arms. 

1 8 ' 

< 
a 

10' -

ie" -

ie" 

10" 

59%Fe-Ni-Cr alloys 

i i mini—i i i nun—i i i mm—i i i nun—i i i mm i i i mm 
10° 10' 10 Z 1 8 J 

E-B Scan Speed ( mm/s) 
1 0 ' 10° 

figure A.2 Primary and secondary dendrite arm spacing as a function of 
electron beam scan speed +/- one standard deviation error bats 
arc indicated. 
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A plot o f the cool ing rate versus travel speed is shown in Fig -1..1 l o r the electron 

beam melts and the casting. Since the travel speed could not be control led lo r the 

casting, an e f fec t ive inter face veloci ty of 0.7 mm, s was calculated using a DAS of 42 

i.m and an ex t r apo la t i on of Fig 4.2. The pr imary DAS results predict a cool ing rate 

var ia t ion of oscr 6 orders in magnitude, f r om 7°C/s for the casting to 7.5 x l ( ) f o f ' s 

for the highest speed melt. The secondary DAS predic t ion of the cool ing rate 

conf i rms these values for the low cooling rate melts. 

DC 
U) 
c 
"o o 
O 

"i i i nun—i i i nun i n Mini 
i e 8 la ' i e 2 i 0 3 

E-B Scan Speed (mm/s) 

Figure A3 Cool ing rate, based on dendr i te arm spacing measurements, 
plot ted versus the electron beam scan speed. 



89 

4.3 Analytic Solution to the Heat Flow Kquation 

4.3.1 The Temperature Distribution Surrounding a Melt 

I he lhcorv \>( heat flow due to a moving point souree was first e x a m i n e d and 

appl ied to welds b> Rosen tha l in 1946 [4.6], Since then , o the r in\ e s t iga to rs h a \ e 

. i n a l w c d the mo\ ing-souree heat-f low problem. In l ')65. Chr i s t ensen el al. [4.7) s o h e d 

the prob lem using d imens ion less var iab les which a l lowed a large spec t rum of 

s i t ua t i ons and ma te r i a l s to be compared . In I'JS.V Magar and Tsai [4.S] replaced the 

point source a s sumpt ion wi th a d i s t r i b u t e d heat source anil solved the prob lem In a 

n u m e r i c a 1 p rocedu re . In this sec t ion . Rosen tha l ' s a p p r o a c h will be used to ca lcu la te 

the t e m p e r a t u r e d i s t r i b u t i o n in the solid pla te s ince it a l lows an a n a l v t i c solut ion to 

be de r ived for the cool ing rate, r .xper imcnts have shown that the i so therms in the 

base meial which s u r r o u n d the heat source soon become cons tan t in the moving f rame 

o{' r e f e rence I his cond i t i on is called quas i - s t a t iona rv heat flow and the m a t h e m a t i ­

cal f o r m u l a t i o n used In Rosen tha l i ncorpora te s this a s sumpt ion . Several o ther 

.issiiiiipti.'.ns are r equ i red in o rde r to der ive the a n a l v t i c solut ion : 

I I he mate r i a l p roper t i e s are i ndependen t of t e m p e r a t u r e ami [he ma te r i a l is 

cons ide red homogeneous and isotropic . 

1 he heat source s t r eng th is cons tan t and is c o n c e n t r a t e d at a point , 

i 1 he t r ave l speed is cons tan t and there is no heat loss at the b o u n d a r i e s . 

I he e q u a t i o n s arc f o r m u l a t e d wi th the heat source moving at t rave l speed S in the 

posi t ive \ d i r ec t ion as i nd i ca t ed in Kig. 4.4. The heat flow e q u a t i o n is wr i t t en for 

quas i - s t a t i nna rv c o n d i t i o n s in three d imens ions wi th the source at the or ig in and by 

rep lac ing (he \ c o o r d i n a t e wi th •' = \ - v t to account for the moving source : 

' ^ • * J / • ' .' ' ' V k v .'.? [ 

1 he n o m e n c l a t u r e used in this chap te r is summar i7cd in Table 4 2. 

The solut ion to this d i f f e r e n t i a l equa t ion assumes that the base plate is 

s emi - in f in i t e and that the heat flow is three d imens iona l . These c o n d i t i o n s most 

accura te ly a p p r o x i m a t e the high t rave l speed su r face -me l t s because of the i r shal low 

d e p t h of p e n e t r a t i o n . 
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The b o u n d a r v c o n d i t i o n for this a s sumpt ion becomes .'•' ' ' a p p r o a c h e s 0 as i 

a p p r o a c h e s i •, whe re i = !, y and / and the heat I Iux a p p r o a c h e s its m a x i m u m value 

at the source ( !-.•• K.<: .>• > a p p r o a c h e s Q as r a p p r o a c h e s 0 ). I h e so lu t ion Tor the 

t e m p e r a t u r e d i s t r i b u t i o n in the solid then becomes |4.o] : 

A 
(.' ' n k i \ 

[ r • \ ) ( i . .n 

where : has been rep laced In \ in the e x p o n e n t i a l te rm and thus the t e m p e r a t u r e 

d i s t i i b u t i o n is a s sumed to be m a d e in the mov ing f r ame ol" r e f e r ence for an observer 

s i t ua t ed at the or ig in . I h e form of equa t ion 4.3 p r e d i c t s a skewed t e m p e r a t u r e 

d i s t r i b u t i o n which has an i n f i n i t e t e m p e r a t u r e at the source o r ig in . 1 he i so the rms 

are conipres• ed a h e a d ol the heat source and e x p a n d e d b e h i n d the Ileal source and 

t h e n d i s t r i b u t i o n is r e la ted lo the ma te r i a l p rope r t i e s as well as the heat source 

s t r e n g t h and t ravel speed. I h e size of the l iquid melt pool is of ten e s t i m a t e d hv 

Solving e q u a t i o n 4 1 for ihe locus of poin ts which represen t the me l t i ng t e m p e r a t u r e 

Ft I 7 ' " IHOtJ r , mm 
Br AM S ( - ' i - ) 

I-igure 4 4 C o o r d i n a t e sys tem used to r ep resen t the e lec t ron beam s u r f a c e 
melts . 
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of the a l lov. This a p p r o a e h p red ic t s a melt pool which is s emi -c i r cu l a r in shape with 

the d e p t h be ing equal to one hall ' the wid th . In real melts , th is "ideal" shape is 

a l t e red by convec t ion of the l iquid in the melt pool. 

Table A.2 : N o m e n c l a t u r e used in c h a p t e r -4 

S> mhoi Descr ip t ion M R S uni ts 

T .T 0 .T , . t e m p e r a t u r e , a m b i e n t , l i qu idus k 

- = iT- r . . i t e m p e r a t u r e r.se K 

„,=( !"[.. I'l t e m p e r a t u r e rise K 

cool ing ra te K s 

t. '.' t ime, t ime inc remen t s 

\ d e n d r i t e a rm spac ing ft in 

.1.11 DAS cons tan t s -
d e lect ron beam d i a m e ' e r m m 

\ \ c l o c i t y of the L S in t e r f ace -
r r ad ia l c o o r d i n a t e mm 

\ . > ./ or thogona l c o o r d i n a t e s m m 

V , r m 
coo rd ina t e s on melt i so the rm m m 

\ w. value of x at max. melt w i d t h m m 

r„ va lue of r at max. melt w i d t h mm 

' = \ - \ 1 \ - c o o r d i n a t e t r a n s f o r m a t i o n mm 

S velocitv of the heat s o u r - c m m s 

>i unit vector normal to weld oool • 
I unit vector in the x d i r e c t i o i -

>" densitv k g m : i 

C heat eapaei tv J kg-K 

k the rma l conduct iv ity W m-K 

k e f fec t ive the rmal c o n d u c t i v i t y W m-R 

a the rma l diff t is ivi tv m2/» 

0 ra te of heat input J s 

file:///clocity
file:///-coordinate
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•4..J.2 Derivation of an Analytic Expression for the Cooling Rate 

F q u a t i o n -I.? represen ts the i n s t an t aneous t e m p e r a t u r e d i s t r i b u t i o n in the plate 

wi th the souree at the or ig in . At the next ins tan t in t ime, the t e m p e r a t u r e at each 

point in the pla te changes because the source has m o \ e d an a m o u n t \ t. Th i s change 

in t e m p e r a t u r e causes a cool ing or a hea t ing ef fec t at each point in the plate, l o r a 

given ma te r i a l and heat source s t r eng th , the cool ing ra te is t he r e fo r e d e p e n d e n t on 

how rapidly the source moves across the su r face of the plate . In -Vppcndix \ . an 

a n a l y t i c express ion is de r ived which represen ts the cool ing ra te at an> point in the 

p la te . Th is express ion is desc r ibed in the fo l lowing p a r a g r a p h s and is used to 

ca l cu la t e iN? cool ing rate at the L S in te r face . 

fhe cool ing rate at any point in the base metal is de f i ned as the change in 

t e m p e r a t u r e with respect to t ime and is d imcns iona l ly equ iva l en t to the p roduc t of a 

t e m p e r a t u r e g rad i en t and a \ c loc i t> . For the heat source moving in the posi t ive x 

d i r ec t i on at a cons tan t speed. S. the cool ing ra te at a g iven poin t becomes : 

1 hc re fo re . the cool ing ra te can be ca l cu la t ed as the p roduc t of the t e m p e r a t u r e 

g rad i en t in the x d i r ec t ion and the t raxc i speed. 

S t a r t i n g with the equa t ion which represen ts the t e m p e r a t u r e d i s t r i b u t i o n in the 

p la te , cq. 4 3. an express ion for the cool ing ra te can be de r ived which is valid at anv 

point in the base pla te : 

' ! > > • • \ I ' d \ N 

i 1 1 • ~ v I . : . . n 
v . ' » • ' i t -

where is de f ined as the local t e m p e r a t u r e rise and v represen t s the velocity of the 

I S i n t e r f ace However , to make co r r e l a t i ons with the d e n d r i t e a rm spac ing 

m e a s u r e m e n t s , only the cool ing ra te at the l iquid solid i n t e r l a c e is of interest . The 

t e m p f r . i i u r e at the i n t e r l a c e is de f ined by the l i qu idus t e m p e r a t u r e of the a l loy. '\\. 

and at this loca t ion , ••. r and x are replaced by ••„,. r m and x m respec t ive ly . The 

express ion for the cooling ra te in the solid at the l iquid solid in te r face is t he r e fo r e : 



A p p l i c a t i o n o\' e q u a t i o n 4.5b to a g e n e r a l w e l d r e q u i r e s k n o w l e d g e a b o u t the p h v s i c a l 

p r o p e r t i e s o f the a l l ov i f r . . >). the t r a \ el speed , a m i the w e l d poo l shape i \ „ , . r , „ i 

I q u a t i o n 4 5b can be s i m p l i f i e d to r ep resen t the c o o l i n g ra te at one s p e c i f i c 

l o c a t i o n on the weld. p o o l . T h i s l o c a t i o n c o r r e s p o n d s to the t op back c e n t e r of the 

w e l d p o o l , i e . .• = 0, v -• 0. a n d x = x m . S ince the r a d i a l c o o r d i n a t e is a l w a v s p o s i t i v e 

a n d v is a l w a v s n e g a t i v e on t he t r a i l i n g edge o f t he w e l d p o o l . r... = - \ , „ at t h i 

l o c a t i o n a n d e q u a t i o n 4.5b reduces to the f o l l o w i n g e x p r e s s i o n ' 

w h e r e • ha- been r e , . ced bv S s ince the v c l o c i t v o\' the 1 S i n i e r f ice can be a- a " ' . ' ! 

t • be e q u a l t the t r a v e l speed at t h i s l o e a i i o n . f h e r e f o r c . the c • • l o i , ' i . i te a ; - h c 

t r a i l i n g t i p • : the w e l d poo l can be c a l c u l a t e d f r o m the m e l t i n g t e m p e r a t u r e "1 :'•.• 

a l i o , , the f i v e l speed a n d the l e n g t h o f the w e l d poo l l i q u a t i o n 4 <• i . - p i c s c n t - :'-.. 

n i . n i i i i u ' i i c l i n g ra te on the l i c i u i d s o l i d s u r f a c e a n d can be used as in c. is\ m c t h : 

! • c a l c u ' a t c the u p p e r b o u n d f o r the c o o l i n g ra te in a w e l d 

•4.cVc* I .s l inu i l in j ; the Cooling Rate in the Liquid Pool 

1 he c • ' ' t i g r a l e e q u a t i o n s d e r i v e d in the p r e v i o u s sec t i on are based >ai a heat 

c n. ' la. t ° m - l e l w h i c h is s t r i c t l v v a l i d on lv in the s o l i d m e t a l ( ~ o n v c c t i v c e f fec t - -

-v ' h. -l the »'.oi,en me l t poo l can not ! e i n c o r p o r a t e d i n t o a s i m p l e a n a l v t i c heat f l o w 

m !c ' .in i t h e r e f o r e , the t e m p e r a t u r e d i s t r i b u t i o n in the b u l k o f the me l t poo l can not 

' e c.i :!-. . a l . . . i a t e d H o w e v e r , s ince the me l t poo l is assumed to be quas i - s i a I mnar v. 

' h c r c •• * n 11ne 11 v ot heat f l o w across the l i q u i d -o l i d i n t e r f a c e I h e r e f o r e . the 

temper n u t e e r i d r e n i in the l i q u i d , at the l i q u i d s o l i d i n t e i f a c e , is r e l a t e d to the 

' . cmpc i a t a i e e r . i d i e n t in the s o l i d bv t h e i r r e s p e c t i v e t h e r m a l c o n d u c t i v i t i e s 

w h e r e the s u b s c r i p t s 1 a n d s r e f e r to l i q u i d an i l s o l i d r espec l i civ a n d • r e f e r s to the 

e f f e c t i v e t h e r m a l c o n d u c t t v i t v o f the i i q u i d . 
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L'quation 4." is only valid at the l iquid solid in te r face and elose to this in te r face , a 

solute boundarv layer d e \ e ! o p s which is onl \ a feu d e n d r i t e a rm spae ings m length 

l 'his bounda iv layer ean be a p p r o x i m a t e d bv the ra t io ol" the the rma l J i f U h i u n i '" 

the l iquid to the t r a \ e l speed [4.^] and Table 4 ? ind ica tes that the b o u n d a i v Liver is a 

small p e r c e n t a g e ol' size of the u e l d pool. Since the so l id i f i ca t ion cha rac t e r i s t i c s are 

d e t e r m i n e d by this boundary Li>er. and since this boundary Li \er is close to the 

l iquid solid i n t e r f ace , equa t ion 4." can be used to p red ic t the t e m p e r a t u r e g rad ien t in 

the l iquid foi the purpose ol' e s t ima t ing the so l id i f i ca t ion re la ted behav ior that occurs 

•.Hi a microscopic scale at the d e n d r i t e tip. However , equa t ion 4 " can not be used to 

i cp resen t the cool ing ra te far from the in te r face because of the f luid flow wi th in the 

weld 

f ab le 4 "̂  P, and • for the s i \ e lec t ron beam melts 

Melt 
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The e f fec t ive t he rma l c o n d u c t i \ it> of the l iquid depend-- i-n the ra t io ••!' the 

abi l i ty of the f luid to t r ans fe r hc3t b> convent ion to that hv conduct!- n I hi-, r.iii i* 

d e f i n e d b \ the d imcns ion lcss t h e r m a l Pcclct n u m b e r . P, 

where u is the f luid ve loc i ty . L is the d i s tance from the solid i n t e r l a c e , and • i- the 

the rma l d i f f u s i o n . For small Pcclct number s , c o n d u c t i o n will be m..rc impor t an t 

than convec t ion and for these cond i t i ons . • |. = ki, and is a p p p r o x i m a t c l v equal to k , r 

[4.10]. For large Pcclct n u m b e r s , convec t ion will be more i m p o r t a n t than c o n d u c n :i 

and > L "- ' ' I increase with P t . Measu remen t s ol • L f ° r high Pc . i c t number s .ire 

d i f f i cu l t to make and are not ava i l ab le . Es t ima t ions of * |_ for l iqu id Mccls m c ! I 

suggest howeve r that • L 'S 3 to 5 t imes h ighe r t h a n k(. 14.10J. The e -nm. i t ed P e d e : 

n u m b e r . l iquid d i f fus ion b o u n d a r y layer th ickness and e f f ec t ive t h e r m a l c •nduc t r . r.•. 

of the l iqu id arc shown in T a b i c 4.3 for the six t rave l speeds u-ed in th: 

inv cs t iga t ion . 

i s t i m a t i o n s of the f luid veloci ty were made bv a s s u m i n g M a r a n c » n i d r iven fM-.s 

to be a m a x i m u m in melt No.I wi th a m a g n i t u d e of abou t 1.5 m s [4 Id] I his value 

was assumed to decrease in p ropor t i on to L as the t rave l speed increased and P, uav 

ca l cu la t ed from the es t ima ted f lu id veloci ty. P t was then used to es t ima te the 

e f f ec t ive t he rma l c o n d u c t i v i t y in the l iquid . 

C o m b i n i n g equa t i ons 4.5 and 4.7 gives an express ion for the cool ing ra te in the 

l iquid at the melt i so therm : 

•0 A . . 0 „ •> V \ „ o u 

', *' ' * . l\ ? i ••' V ' - ''' '• 

For the highest cool ing ra te por t ion of the l iqu id , at the top back center of the melt 

pool x = x m . y = 0. and z = 0. equa t ion 4.9 s impl i f ies to the fo l lowing : 

. . = • ' • ' 1 M i ) 

The phys ica l p rope r t i e s for typ ica l au s t cn i t i c s ta inless steels arc listed in fable 

4.4 and ind i ca t e t ha t the ra t io of t he rma l c o n d u c t i v i t i e s be tween the solid and the 

l iquid is a fac to r of 2. T h e ave rage length of the melts <x,„l was measured (sec 
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section Z.Z.2\ and is listed in I able 4.4. With the above values, and assuming the 

an'.bient temperature to be ^5°C. the maximum cooling rate in the melt-. » j v 

calculated using equation 4.10. The results ol" these calculations arc summarized in 

i^ble 4.5 and predict cooling rates between 6 .6x l0 2 and 7..6.X107 ~C s. A comparison 

ol" these data w i th the DAS predict ions is presented in section 4.4. 

Table 4.4 : Ph>sical properties lo r stainless steel 

Mater ia l 
Propcrt v 

Value 

^ 18 (W m-k) 

C.; 500 (J kg-k) 

P 7.900 (kg m3) 

*1 4.6 x 10-6 <m2 s) 

^1 . - 1 2 k, 

>-'L -v-'« 

P ~ P, 

i l 1 / :> a s 

"IL I440«C 

Table 4 5 : Max imum cooling rate in the l iqu id at the L S inter lace. 

Melt S 
(mm si 

' max. 
(K s) 

1 6.3 -6.6x102 

; r.5 - 3 1 x l 0 3 

-' 100 -:.8\10< 

4 500 -7.1x10' 

S :.ooo -7.1x10* 

6 5.000 - : . 6 x l 0 7 



•4.4 F in i te FJement Mode l 

A t h r e e - d i m e n s i o n a l , f i n i t e e l e m e n t m e i h o d d I M l m o d e l was d e v e l o p e d to 

c a l c u l a t e t he t e m p e r a t u r e d i s t r i b u t i o n in the s o l i d s u r r o u n d i n g the m o l t e n / o n e I h is 

d a t a » a s t h e n used to c a l c u a l t e the c o o l i n g ra te i n t he m e l t a t the l i q u i d s , .hd 

i n t e r l a c e The M M m o d e l u t i l i z e s the t h r e e - d i m e n s i o n a l shape of the m e l t p o o l as a 

D i r i c h l e t b o u n d a r \ c o n d i t o n to solv e the heat e q u a t i o n . T h e r e f o r e , it c a n on l v be 

a p p l i e d to s p e c i f i c m e l t s , once the m e l t poo l shapes as been d e t e r m i n e d b> p o s t - m e l t 

m e t a l l o g r a p h i c a n a l v s i s . R e s u l t s f r o m t h i s m o d e l w e r e used to c o n f i r m t he c o o l i n g 

ra tes w h i c h w e r e p r e d i c t e d bv d e n d r i t e a r m s p a c i n g m e a s u r e m e n t s on s e v e r a l spec i l ic 

me l t s The FF.M p r o g r a m a lso gave i n f o r m a t i o n a b o u t t he t e m p e r a t u r e g r a d i e n t at t h e 

l i q u i d s o l i d l i i t e t l ' a c e as w e l l as s h o w i n g t he d i s t r i b u t i o n o f c o o l i n g ra les a n d 

t e m p e r a t u r e g r a d i e n t s a r o u n d the s u r f a c e o f the I S i n t e r f a c e . 

4.4.1 Assumptions and Boundary Conditions 

' I h e m o d e l is f o r m u l a t e d bv a s s u m i n g q u a s i - s t a t i o n a r v w e l d i n g c o n d i t i o n s w h i c h 

i m p l v t h a t the w e l d p o o l shape does not v a r v w i t h t i m e . T h e base m e t a l p l a t e is 

assumed l a r g e c o m p a r e d to the w e l d , w h i c h is a r e a l i s t i c a s s u m p t i o n f o r the h i g h 

t r a v e l speed we lds . T h i s a s s u m p t i o n a l l o w s t he p r o b l e m to be s o l v e d bv t r e a t i n g the 

p la te edges to be i n s u l a t e d a n d at a c o n s t a n t ( a m b i e n t l t e m p e r a t u r e . R a d i a t i o n heat 

loss f r o m the t op s u r f a c e o f t he p l a t e is a s s u m e d to be s m a l l a n d t he m a t e r i a l 

p r o p e r t i e s . T a b l e 4.4. a rc assumed to be i n d e p e n d e n t o f t e m p e r a t u r e . I h e p r o b l e m 

t h e r e f o r e becomes one ol" he t c o n d u c t i o n , w h e r e t he hea l f r o m the sou rce is 

d i s t r i b u t e d i n t o t he s o l i d base met . . . p l a t e t h r o u g h the i n e g u l a r h s h a p e d l i q u i d s o l i d 

i n t e r f a c i a l s u r f a c e o f the w e l d p o o l . T h e p r o g r a m uses an e l l i p s o i d a l w e l d poo l shape 

a s s u m p t i o n w h i c h is r easonab le f o r s h a l l o w p e n e t r a t i n g w e l d s bu t can r.ot be used to 

r ep resen t deep p e n e t r a t i n g w e l d s because o f t h e i r k e v h o l e a p p e a r a n c e . 

T h e F L M p r o g r a m r e q u i r e s a t h r e e - d i m e n s i o n a l mesh to r ep resen t the base m e t a l 

p l a t e a n d the w e l d p o o l . S v m m e t r v a l l o w s the c a l c u l a t i o n s t,> he m a d e on o n e - h a l f o f 

the p l a t e w h i c h s i m p l i f i e s the c a l c u l a t i o n s , f i g u r e 4.5a shows the d i m e n s i o n s o f the 

base p l a t e , the l o c a t i o n o f the w e l d poo ! a n d the c o o r d i n a t e svs tem w h i c h was used 
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for the e a l e u l a t i . .ns. I lyuic 1 si- -.hows a tvp ica i mc-h 14 1 1 i .* h :. h •-..•- ! ". •>> r •>: 

po in t s in the p la te , d " nl' which are m the l u j i rd - . I K ! h o u n d . H \ . and t i c c i : - , , c p . " c 

c o n t a i n s oS40 t c t i a h c d i a l d e m e n t s 

I he I I M code was deve loped at Ml I | 4 i : | and the da ta which :- ::ipu* • the 

p r o g r a m cons is t s o( the t h r e e - d i m e n s i o n a l mesh , the weld n j \ e l ^peed a tic. the 

ma te r i a l p i o p e r t i e s . I h c I I M p rog ram solves an ' i r n c t s c ' heat t !• w pi . 'clem t ' 

c a l cu l a t e the t e m p e i a t u i e d i s t r i b u t i o n which is t e q t i r c d to m a i n t a i n the weld po. I 

1 iiturc 4 5 a) D imens ions ol' the hase plate and M f in i t e e lement mc-h "I an 
e lec t ron beam melt used to ca l cu l a t e coo l ing ta les and t c m p c i a -
t u t e g r a d i e n t s at the melt pool l - o u n d a t s . 
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boundary .it its l iquidus temperature f r o m this temperatuic d is t r ibu t ion , the 

program calculates the temperature gradient in the sol id. . in a d i rect ion which is 

normal to the l iqu id solid interface for each nodal point on the weld boundary I he 

product of this temperature gradient and the \c loci t> of the weld boundary gives the 

cooling rate at the boundar> in the solid : 

i - - / / • i • - i I i ( i • n ) ( l . l l ) 

where the unit sector - is normal to the l iqu id solid interface and the unit \ector is 

in the positive x d i rect ion The cooling rate in the l iqu id can be calculated by the 

rat io of the thermal conduct iv i t ies as discussed in the prccecding section : 

A 
• .=•-- ; i .a- n) i i . i :•') 

The output f rom the program consists of the temperature gradient and the cool ing 

rate at each of the nodal points on the weld isotherm. The typ ica l mesh contained 

between 30 and 40 points on the so l id i f y ing por t ion of the weld pool. 

4.4.2 Temperature Gradient and Cooling Rate Calculations 

The intent of the FEM program was to calculate the cooling rate of the electron 

beam melts examined in this study. However, the non-un i fo rm cross sectional shapes 

of the low speed melts and the highly elongated shapes of the high speed melts d id 

not allow the six electron beam melts to be easily modeled. Therefore, two 

addi t iona l melts were made on 304 stainless steel to determine the d is t r ibu t ion and 

magnitude of the cooling rates and temperature gradients for typical electron beam 

melts. Table 4.6 lists the electron beam parameters that were selected to produce 

el l ipsoidal shaped melt-pools that could be modeled. The dimensions of the weld 

pools, as determined by mctal lographic analysis arc also reported in this [able. these 

data and the physical property data f rom Tabic 4.3 were input to the I I M program to 

calculate the temperature gradient in the sol id. I s. the cosine between the normal to 

the melt pool and the t r a \ c l speed di rect ion. N. and the cooling rate in the l i qu id . s. 

at each boundary nodal point on the so l id i fy ing half of the melt pool. I he results 

of the calculations arc listed in Tables B. 1 and 1)2 in Appendix B for the cooling rate 

and temperature gradient at the l iqu id solid interface. 

file:///ector
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f a b l e -16 : Hold ing p a r a m e t e r s . phxsical d imens ions and mesh p rope r t i e s 

fur the two xiclds to he s tud ied h> I I M ana lxM-

I ' a rameie r Melt \ Melt H 

speed imm si 0 4 :.s 4 

c u r r e n t 1 m.A 1 .vO vo 

\ u l lage I kV ) 100 100 

length (m m I i.: i> i > : 

dep th 1 rami I.I 9 OSS 

w idth (mm) : . : > ' * l . l~ 

Cooliini Ra tes 

F igure 4 da and 4 7a show ' t o p o g r a p h i c a l ' p ro jec t ions of the coo l ing ra te in the 

l iquid at the l iquid solid i n t e r f ace on to the x = 0 cross-sect ion of each melt . I he 

cool ing ra te in the l iquid xxas ca l cu la t ed from the cool ing ra te in the solid using 

e q u a t i o n 4.11 whi le the da ta ou t s ide the melt pool was ignored C o n s t a n t cool ing ra te 

c o n t o u r s a re p lo t ted t h rough the da ta and it is c lear tha t the coo l ing ra te increases 

from 0 on the melt p e r i p h e r y to a m a x i m u m at the top cen t e r of the melt. The 

c o n t o u r s r ep resen t the genera l e l l ipso ida l shape of the melt and one can sec that the re 

are no sudden changes in the cool ing ra te t h r o u g h o u t the cross sect ion. An 

o r t h o g r a p h i c r ep re sen t a t i on of the cool ing ra te in t h ree d i m e n s i o n s is also s h o u n in 

A p p e n d i x B and is an c f fcc t ixc means of i l l u s t r a t i ng the d i s t r i b u t i o n of cool ing rales 

a r o u n d the melt pool i n t e r f ace . The in f luence of t raxel speed on the cool ing ra te can 

be d e t e r m i n e d b \ c o m p a r i n g the melts made at 6.4 mm s and 25.4 mm s. I his 

four fo ld increase in the t raxe l speed p roduces a tenfo ld increase in the cool ing rate 

and reduces the sixc of the molten /.one In a fac tor of about two. 

To show that the cool ing ra te a p p r o a c h e s zero on the melt p c r i p h e r x . the locat ion 

of the melt pc r iphcrx n u s t be ma lhcma t i ca l lx d e t e r m i n e d and then inse t ted into 

equa t ion 4.8. f i g u r e 4.4 i l lus t ra tes the locat ion where the pool ach i cxes its m a x i m u m 



w i d t h . x„ on the melt pool su r face , [ h i s point i> located at a d i s t ance behind 1 he 

cen t e r ol' the heat source . I h c melt pool per iphery is de f ined b \ c u i \ c w i n d , map-- \ „ 

as a func t ion of / and an express ion Tor \ „ is de r i ved in Appendix \ and \hn»N 

; / 
\ v 1 . . ' 

/ / . . • . ' • • > 

where r» is del ' ined as the r ad iu s at the m a x i m u m wid th : 

. / ; A ( I . • / / ' .'it 

In o r d e r to d e t e r m i n e x u equa t ion 4 14 must he solved Tor r w hv a t r ia l and e i ro i 

method and then this \ a l u e can be used to ca l cu la t e x a f rom e q u a t i o n 4 IV I!y 

s u b s t i t u t i n g the ca l cu la t ed values of x w in to e q u a t i o n 4.8. it can be shown that the 

cool ing ra te a p p r o a c h e s 7cro on the melt pcr iphcrv 

T h e r e is ample m e t a l l o g r a p h i c ev idence to show that slow cool ing ra tes occur in 

the region close to the melt pe r i phe ry . F igure 4.1a shows the m i c r o s t r u c t u r e of a 

typical melt and at the melt b o u n d a r y , a p l ana r g rowth region of onl> a few d e n d r i t e 

a rm spac ings wide exis ts ; cells or d e n d r i t e s form t h r o u g h o u t the r e m a i n d e r of the 

melt . I ' lanar g rowth is the resul t of low i n t e r f a c e veloci t ies which s tab i l ize ihe 

l iquid solid i n t e r f ace and consequent ly a rc associa ted with low cool ing ra tes . 

T t m n o r a t u r e ( ' r a d i o n l s 

T e m p e r a t u r e g r a d i e n t c a l cu l a t i ons are also listed in Tables HI and H T m the 

A p p e n d i x H. f i g u r e s 4.6b and 4.~"h show the ' t opograph ica l* plots of the l e m p e r a i u i c 

g r a d i e n t c a l c u l a t i o n s lor the 6.4 mm s and T_"v4 mm s melts rcspccliv el v. I hesc da ta 

r ep resen t the cool ing ra te in the solid at the I S in te i l ' ace and arc p ro iec i ed on to the 

\ = 0 cross sect ion of the melt . These resul ts show tha t 1. doe1- not v :n v as much a- the 

cool ing ra te a r o u n d the su r face of the melt and also show that the temper a m i c 

g r a d i e n t is not in f luenced as much as the cool ing rate wi th changes m the t rave l 

speed, ( o r example . 1 < var ies by no more than 30 . f iom its m i volutin value 

t h r o u g h o u t the cross sect ion of each melt and the fou i - fo ld increase in t i .Mc! speed 

only p roduces a three- fo ld increase in I „. O i t h o g r a p h i c iep icscnt . i l i"iis M| I . .ne 

shown in Append ix II. ll is clear I'mni Iln.se I ' iguies tli.it at the lowei n a v e l pc id . I . 
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is n e a r l y i n v a r i a n t a c o s s t h e 1 S i n t e r f a c e w h i l e at t he h i g h c i t r a v e l ^ p c c d . the 

l o c a t i o n s o f m a x i m u m m e l t d e p t h , l e n g t h a n d w i d t h b e c o m e l o c a t i o n s nt' l o c a l 

m a x i m u m s in 1 „. 

I he r e l a t i v e l y c o n s t a n t n a l u i e ol" t he t c m p e i a t u i e g r a d i e n t " a s e x p e c t e d s ince the 

m e l t i s o t h e r m d e l i n c s an i s o t h e r m a l h o u n d a t y a m i the l e m p c i a u i t c g t a d i c n t s w h i c h 

d e v e l o p in t he s u b s t r a t e at t he 1 S i n t e r l a c e d e p e n d p i i m a i i l l v on the g e o m e t r i c a l 

shape ol' lU- me l t , l o c a t i o n s ol" s m a l l r a d i u s o l ' c u r v a t u r e a l l o w l o t m o t e d i v e r g e n c e 

o f heat f l o w a n d a re assoc ia ted w i t h h i g h e r t e m p e r a t u r e g r a d i e n t s h u t s i nce the shape 

o f the tj.4 m m s a n d T5.4 m m s m e l t s a re e l l i p s o i d s w i t h I - I ) - \ v . t h i s l a c t o i is not as 

p r o n o u n c e d as it m i g h t be i n d e e p p e n c t i a t i n g e l e c t r o n bean? w e l d s t h a t h a v e a 

k e y h o l e .shape i n cross s e c t i o n . D i v e r g e n c e o f l u . i t at t h e p o i n t s o f s m a l l u i d i u s o l 

c u i v a t u i e does e x p l a i n w h y the h i g h e s t v a l u e s o f I s a r c f o u n d c lose t o the m a x i m u m 

m e l t d e p t h , w i d t h a n d l e n g t h l o c a t i o n s . A t these p o i n t s , t he : a d i u s o f c u i v a t i i r c is 

s m a l l e r t h a n at the o t h e r p o i n t s on the s u i f a c e ol" the m e l t p o o l I he v a i i a t i o n in 

t e m p e r a t u r e g r a d i e n t was s h o w n to be m o t e e x t r e m e f o r t he h i g h e r speed m e l t w h i c h 

c a n be e x p l a i n e d by the s m a l l e r shape o f the h i g h e r ' pe ' cd m e l t , l e a d i n g to s m a l l e r 

r a d i i (it' c u r v a t u r e . 

•". ! : n ; 1. , 1 . - ' K • ' 
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Figure 4.7 F E M calculat ions o f a) the cool ing rate and b) the temperature 
gradient in the 25.4 mm/s electron beam melt. Spatial coordinates 
are in inches. 



4.5 Comparison of the Models and Summary 

T h e m a j o r p u r p o s e o f the heat f l o w m o d e l i n g was to p r o v i d e e v i d e n c e to s u p p o r t 

the use o f d e n d r i t e a r m s p a c i n g m e a s u r e m e n t s to e s t i m a t e t he c o o l i n g r a t e " f the the 

e l e c t r o n b e a m me l t s . C o m p a r i s o n s o f the d i f f e r e n t t e c h m q u i s h o w e d tha t lhev 

a g r e e d . v i t h each o t h e r to b e t t e r t h a n a f a c t o r o f f i v e t h r o u g h o u t t he cross s e c t i o n ^\ 

l ' v : me l t T h i s c o r r r c l a t i o n was c o n s i d e r e d to be g o o d c o n s i d e r i n g t he e m p i r i c a l 

n a t u r e o f the D \ r e s t i m a t i o n s a r d the v a r i o u s a p p r o x i m a t i o n s t h a t w e r e m a d e in the 

heat f l o w mode l s . 

F i g u r c 4 8 i n d i c a t e s 5 n o d a l p o i n t s a l o n g t he c e n t e r l i n e ot the 25 4 m m s m e l t on 

."'04 s ta in less steel w e r e the c o o l i n g ra te c a l c u l a t i o n t e c h n i q u e s w e r e a p p l i e d to 

d i r e c t l y c o m p a r e the t h ree m e t h o d s . The resu l t l i s t e d in T a b l e 4 " show t h a t t he I I \ l 

m o d e l a n d D AS e s t i m a t i o n s o f the c o o l i n g r a t e ag ree reasonab l y w e l l w i t h each o t h e r 

t h r o u g h o u t the m e l t , h o w e v e r , the F F \1 p r o g r a m a p p e a r s to g i v e h i g h e r c o o l i n g ra tes 

in g e n e r a l . 

I ab l e 4 ~ : C o m p a r i s o n o f the I f M a n d D A S e s t i m a t i o n s o f t he c o o l i n g 

r a t e in t n c l i q u i d at t he f i v e p o i n t s i n d i c a t e d in f i g . 4 " . 

Point 7 
i m m) 

T, 
(K. mm) F-LM DAS A n a l w i c 

1 0 2. 4*103 -6.1x10" - : .4x io< -4.0x10" 

; - i . : M x l O 3 -4.1x10" - i . : x io " -
3 •3.5 1.9x103 - .V: . \ I0" -:.5xio< -
4 -4.3 : . l x I 0 3 - : . 4v i o " -5.8x10" -
5 -5.8 : .4x io3 0 0 0 

T h i s d i s p a r i t y is most l i k e l y a resu l t o f the m e l t poo l b e i n g m o d e l e d bv an 

" e l l i p s o i d a l " shape w h i c h t v p i c a l l y o v e r e s t i m a t e s the s o l i d i f i c a t i o n f r o n t v c l o c i t v . a n d 

c o n s e q u e n t s o v e r e s t i m a t e s the c o o l i n g ra te at the t o p c e n t r a l p o r t i o n o f the me l t p o o l . 

T h e ana.lv t i c e x p r e s s i o n p r e s e n t e d in e q u a t i o n 4.9 was a l . o a p p l i e d to t h i s me l t . S ince 

t h i s a p p r o a c h p r e d i c t s t he m a x i m u m c o o l i n g ra te in the m e l t , i t s h o u l d p i o v i dc an 

u p p e r b o u n d f o r the o t h e r e s t i m a t i o n s . T a b l e 4 " " shows t h a t the a n a l y t i c e x p r e s s i o n 
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p r e d i c t s a c o o l i n g r .uc t h a i is a i - . m ; l a i ; ; ! - h u ' h 1- t in - J e n i ' i t e i r - i * p i . i t n - -

e s t i m a t i o n s a m i a g a i n , the f T M m o d e ! g i>cs h i g h \ a l u c s o l ' the Co . . hug i . i l e at the t o p 

c e n t e r o f t he m e l t f o r the reasons s t a t e d a N n e . 

I he c o o l i n g r a t e ve rsus t r a v e l speed r e l a t i o n s h i p f o r t h e s i \ c l . - c t r o n l-earn me l t s ts 

s h o w n i n l i g -1° I n t h i s p l o t , the resu l t s o f t h e a n a l \ t i c c \ p r e - s i o n a re c o m p a r e d 

w i t h t he r esu l t s f r o m the d e n d r i t e a r m s p a c i n g m e a s u r e m e n t s I he a n a l v t i c 

e x p r e s s i o n a h - a \ s p r e d i c t s a h i g h e r c o w l o i n g r a t e t h a n t he l > \ S m e a s u r e m e n t s K 

a N u i t a f a c t o r o f r.5 a n d i n g e n e r a l , t h e r e is g o o d a g r e e m e n t l - c t u c c n t he t w o 

t e c h n i q u e s . 

Analytic 

FEM ' Nodes' 

t z 

F i g u r e -4.S S c h e m a t i c cross sec t i on o f a r e s o l i d i f i e d r m i c i n d i c a t i n g the 
l o c a t i o n s w h e r e the a n a l w i e e x p r e s s i o n . I !• M m o d e l a n d d e n d r i t e 
a r m s p a c i n g m e a s u r e m e n t s a p p l v . 
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4.6 Conclusions 

10 

I. Dendri te arm spacing estimations of the cooling rate show that the arc 

cast button so l id i f ied at ~'C s and that the six clectron-bcarr. -'.cits 

so l id i f ied at rates which varied between 4 _ \ 1 0 ; C s and ~ 5 \ I O ' (" s 

These measurements arc supported bv the cooling rate calculations 

2. -\n anal;-tic expression, cq 4.5b. was der ived to represent the cool ing rate 

in the solid at anv location on the surface of the weld Th i - expression 

can be s impl i f ied to represent the maximum cooling rate in the weld icq. 

4 0i and requires onh the length of the weld, the nave l speed and the 

melt ing temperature of the allox to be known. Simi lar expressions are 

derived 'cq 4 9 and eq 4 10i to estimate the cooling rate in the l i qu id at 

the L S interface. 

?. "I he D-\S measurements and the FEM calculations show that there is a 

var ia t ion in cooling rate w i t h i n a given weld. The major i ty of the 

var iat ion occurs close to the melt periphery and the remainder of the 

weld c.ols w i tn in a factor of about f ive. 

4. Heat f low calculations showed that the higr est cool ing rate occurs at the 

top center of the weld pool whi le the lowest cooling ra t " occurs at the 

melt pcr iphcrv. On the melt periphery, the cool ing rate is zero but rapidlv 

increases w i th in a few dendri te arm spacings of the boundary. Mctal lo-

graphic observations of the mierostrueturc con f i rm these calculations 

5. The FEM calculations showed that the temperature gradient varied onlv 

about .iC"'1'. around the surface of the melt These calculations also showed 

that the temperature gradient increases by a factor of 2 to 1 for a 

f ou r f o l d increase in travel speed. 
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CHAPTER 5 

The Influence Of Cooling Rate On The Primary Mode 
Of Solidification And Microstructural Morphology 

~- HI i .e [•!Lin :-• -i •> • •* [uhl ' iea t ion to t ake place whi le the l iqu id is in contac t 

•'•'.:'.• ;*. >.,'li.i -ul- :; .i:e I h . ; i i i m r . phase wh ich so l id i f ies is t h e r e f o r e l i m n e d to a 

;'h.i . that i- m : :!i'. ; ; e e:i: in the base metal s ince ep i t ax i a l g r o w t h , r a t he r than 

-,i:,'L : ' ; n . : nc« ph ; *-. - c u r s under these c o n d i t i o n s |5 . I .S . - ] Excep t ions to 

cp.t.i-. a: ei . win J a i n ' . ; r c ^ i Mif ic.ition have been observed in a l loys wi th high 

ola--s-: •ruling t endenc ie s tha i have been so l id i f ied at h igh ra tes [5.2.5..<], but th i s does 

not a p p e a r to be the case in the Fc-Ni-Cr t e r n a r y system. 

The first sect ion of th is c h a p t e r inves t iga tes the i n f luence of cool ing ra te and 

compos i t ion on the p r i m a r y so l id i f i ca t ion mode (PSM) t h r o u g h m i c r o s t r u c t u r a l 

obse rva t i ons of the e lec t ron beam melts. In dup l ex s ta in less s teels , s ince both 

a u s t e n i t e and f e r r i t e a rc present in the m i c r o s t r u c t u r c , c i the r phase can grow 

e p i i a x i a l l y f rom the subs t ra t e . T h e r e f o r e , (he p r i m a r y so l id i f i ca t ion mode is not 

gove rned by nuc l ca t ion but ins tead , by the g rowth k ine t i c s of the two phases . At the 

m.'lt p e r i p h e r y , the two phases ini t ial ly compe te , howeve r , one phase d o m i n a t e s to 

become the p r imary solid phase and its g rowth Kinetics d e p e n d on the nomina l allov 

compos i t ion and the cool ing ra te . 

The second sect ion of th is c h a p t e r inves t iga tes the m i c r o s t r u c t u r a l morphologies 

tha t deve lop from each PSM. The morphology of the res idua l f e r r i t c is largely a result 

of the f c r r i t c to a u s t c n i t c so l id-s ta te t r a n s f o r m a t i o n . However , the PSM es tabl i shes 

the m i c r o s t r u c t u r c pr ior to the t r a n s f o r m a t i o n and plays an equal ly i m p o r t a n t role in 

deve lop ing the resu l t ing m i c r o s t r u c t u r c . I h c p r i n c i p a l f ac to r s respons ib le for the 

fe r r i t c to a u s t c n i t e t r a n s f o r m a t i o n arc I) the ava i l ab i l i ty of sites for nuc lea t ion and 

g rowth of a u s t e n i t c which are d e t e r m i n e d by the so l id i f i ca t ion c o n d i t i o n s . 2) the 

t h e r m o d y n a m i c s tabi l i ty of the f c r r i t c which is d e t e r m i n e d by Us compos i t ion and 3) 

the t i m c - t e m p e r a t u r e r e l a t i onsh ip for the fc r r i t e to a u s t c n i t c phase t r a n s f o r m a t i o n 

wh ich is d e t e r m i n e d by the cool ing ra te of the melt , t h i s chap te r inves t iga tes each of 

these fac tors , q u a l i t a t i v e l y , t h rough the m i c r o s t r u c t u r a l e x a m i n a t i o n of the F-R melts. 
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5.1 The Primary Mode of Solidification 

Observations of the solidification behavior of stainless steels indicate that 

austcn'tc forms as the primary phase at low Cr Ni ratios and ferrite forms as the 

primary phase at high Cr Ni ratios. At low cooling rates (<1(15,,C si. the transition in 

solidification behavior occurs at a Cr 'Ni ratio of approximately 1.5 |5 4.5.5], and the 

morphology of the primary phase is typically dendritic with well defined secondary 

arms. However, at high cooling rates (>l0 4 o C.s) , the transition in the primary 

solidification mode occurs at higher Cr/Ni ratios. Ai!o\s with Cr Ni ratio1, 

approaching 2.0 have been observed to solidify entirely as auste: uc in laser beam 

welds [5.6.5. 7]. and they solidify in a cellular rather than a dendritic mode. Other 

investigators have observed a change in the solidification mode fr.'m primary ferntc 

to primary austenitc with increasing cooling rate in welds ]5.h-5''] a, well 1 he 

inverse behavior, in which the solidification mode changes from prmi.in .lustcniic .it 

low cooling rates to primary ferritc at high cooling rates has nut been • •hscrv.ed m 

welds but has been observed in rapidly solidified powders which achieve l.n«e 

thermal undercoolings [5.10]. 

In this study, the seven Fc-Ni-Cr ternary alloys were surface melted and 

resolidified at cooling rates between 7 and 7.5xl0 6 oC s. The mierostructures of the-.c 

alloys were studied using optical and electron-optical techniques with spcci'ic 

attention being given to the growth of phases from the melt periphery and n 

competitive growth within the surface melt. These mctr'lographic observations were 

used to develop a cooling rate versus composition map showing the dill'ercnt rcgiuns 

of solidification behavior and this diagram can be used to predict the PSM for a wide 

range of cooling rates and nominal alloy compositions. 

5.1.1 Results of the Solidification Experiments 

5.1.1.1 Characterizing the Primary Mode of Solidification 

The primary mode of solidification was determined by optical examination of 

mctallographic specimens. The polishing and etching techniques are presented in 

Chapter 2 and this section describes the microstructural features whicl arc associated 
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w i th the pr imary modes of so l id i f i ca t ion: l A ) single phase austenitc. (AF1 primary 

austcnitc w i th second phase fe r r i te . (E) eutcctic f c r r i i c and culccnc austcnitc. (F-\) 

p r imary fer r i te w i th second phase austeniic and (F) single phase fer r i tc . 

Single phase austcnitc and single phase I c r r i t c so l id i f i ca t ion modes arc casil> 

characterized and dist inguished f rom each other. Single phase austcnitc so l id i f i ca t ion 

is shown in Fig. 5.1 a and b. This mode is dendr i t ic at low cool ing latcs and cellular 

at high cool ing rates. At both low and high cool ing rates, composit ional variat ions 

caused by microscgrcgation at the cell boundaries outl ines the usually six-sided 

austcnitc cells by etching d j r k c r than the inter ior of the cells. Figure 5.1b shows that 

the austcnitc cell boundaries typ ica l ly etch as dark ly as the grain boundaries and the 

overal l appearance of the microstructure is a regular array o f cells appearing as a 

mesh. Perpendicular to the avis of the cells, the boundaries appear as hexagonal 

shapes. When viewed at an angle to their axes, the hexagonal shapes become 

elongated and. in the l im i t , the cells appear as long paral le l laths. 

Single phase fc r r i t c so l id i f i ca t ion is easily detected at high cool ing rates when no 

solid state t ransformat ion to austenitc has occurred. This microstructurc is shown in 

Fig. 5.2a and i l lustrates that the f c r r i t e grain boundaries out l ine the microstructurc. 

The so l id i f i ca t ion substructure is d i f f i c u l t to etch and. in general, is cel lu lar at high 

cooling rates and vaguely ce l lu lar -dendr i t ic at low cool ing r.ues. The ce l lu lar -dendr i t ­

ic microstructure is in terrupted by what appears to be sub-grain boundaries 

throughout the grains. The or ig in of these non-regular shaped boundaries has not 

been investigated. At intermediate and low cooling rates, the f c r r i t c undergoes a 

par t ia l solid state t ransformat ion to austcnitc and is easily characterized by the 

presence of Widmans»attcn austcnitc which nucleates and grows f rom the grain 

boundaries. Figures 5.2 b, c, and d show the microstructurcs formed by fu l lv f c r r i t i c 

so l id i f i ca t ion , fo l lowed by d i f f e r i n g amounts of solid state t ransformat ion 

The pr imary austenitc w i th second phase f c r r i t c (AF) and pr imary f c r r i t c w i th 

second phase austcnite (FA) modes are easily characterized when the al loy sol id i f ies 

w i th a large volume f ract ion of the pr imary phase. However, d is t inguish ing between 

these modes can be d i f f i c u l t when the amount of the second phase is high. The 

d i f f i c u l t y arises because the pr imary fc r r i t c dendrites can par t ia l ly t ransform to 

austcnitc as the weld cools, leaving a vermicular microstructure. This microstructurc 
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is easily confused with the sccind-phasc ferritc that forms during primary austcnite 

solidification and both microstructurcs have a similar appearance to the cutcctic 

microstructurc. These modes of solidification can often be discriminated by careful 

metallographic examination to determine if the fcrriic is present at the cell walls or 

at the cell cores. Otherwise, the microchcmical gradients across the fcrritc dendrites 

must be determined by electron microprobc analysis or b\ scanning transmission 

electron microscopy [5.11]. 

A primary austenitc solidified alloy with a small amount of second phase fcrritc 

is shown in Fig. 5.1c at low cooling rates and 5.Id at high cooling rates. The 

microstructurc is very much like that of single phase austcnitc except that ferritc 

particles are present at the cell boundary triple points and cell walls. Some solid state 

transformation has occurred, leaving isolated spheres of fcrrite at the cell or dendrite 

walls. 

Figure 5.3 shows the microstructurc of alloys that have solidified with a large 

fraction of ferrite and only a small fraction of second phase austcnitc The fcrritc 

has gone through a significant amount of sol id state transformation from growth of 

austcnitc at the dendrite walls. These microstructurcs will be discussed later and arc 

easily characterized as being formed from the FA solidification mode. 

Figure j.4a and 5.4b compare AF and FA solidification modes when large 

amounts of the second phase are present. It is obvious that the fcrritc is restricted to 

the cell walls in the AF mode. Fig. 5.4a, but it is more difficult to characterize the 

ferritc at the cell cores in the FA mode. The cell walls arc more difficult to locate in 

the FA mode. Fig. 5.4b, which is often a sign of primary fcrrite solidification because 

the fcrrite preferentially etches and the cell walls, which arc located in the austcnitc, 

do not etch. A consequence of the less prominent cell walls is that the FA 

microstructure has a more random appearance than the AF solidification mode, 

particularly at low magnifications. 

Alloys that solidify with a volume fraction of the second phase cose to 50% can 

exhibit AF, FA and E modes of solidification. Under these conditions, it is possible 

for the primary mode to change within a given melt. An example of this transition is 

shown in Fig. 5.5a. The alloy is solidifying in an AF mode on the left hand side of 

the micrograph and in an FA mode on the right hand side of the micrograph. The 
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transition takes place approximately at the center of the micrograph, where fcrritc at 

the cell wall becomes fcrritc at the cell cores. Similar transitions can be made to and 

from cutcctic solidification and oftentimes it is difficult, if not impossible, to 

distinguish between these microstructurcs. 

Figure 5.5b shows the appearance of the cutectic microstructure formed in Alloy 

4 which is a result of simultaneous growth of ferrite and austcnile from the liquid. 

This microstructurc forms most readily in alloys with compositions near the line of 

two-fold saturation but may also be present in small amounts in primary phase 

austcnitc or fcrritc solidified alloys. The relative amounts of fcrritc and austcnitc 

that form during cutcctic solidification will later be shown to be about 40% and 60% 

respectively. This condition should lead to a lamellir microstructurc. however, a 

lamellar-type microstructurc is not frequently observed. There are two possible 

reasons for this behavior. A first possibility is that the lamellar microstructurc forms 

during solidification but due to the solir' state transformation of fcrrite. the final 

microstructurc has been significantly alter d. A second possibility is that solidifica­

tion leads to a divorced cutcctic or a rod-type cutcctic microstructurc. . divorced 

cutectic seems reasonable, particularly at moderately high cooling rates where the 

secondary dendritic arm spacing is small and prevents the formation of lamellar 

cutcctic. This microstructurc would be similar to the intercellular fcrrite and 

intercellular austcnitc morphologies that solidify with a high volume fraction of the 

second phase. 

The results of the microstructural examination of the alloys used in this 

investigation showed that the PSM can be determined through optical mctallographic 

examination. For the most part, the PSM is easily characterized for alloy 

compositions that solidify with a large volume fraction of the primary phase. 

However, alloys thai have compositions close to the line of two-fold saturation can be 

d i f f icu t to characterize and may be combinations of intercellular fcrritc, intercellu­

lar austcnitc or the eutcctic modes of solidification. 
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Figure 5.1 Primary auslenite solidification mode microstructures. a) Single phase 
austenite dendrites, b) single phase austenite cells, c) interdendritic ferrite 
and d) intercellular ferrite. 
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Figure 5.2 Single phase ferrite solidification mic'rostruclures. a) Single phase ferrite 
with no solid-state transformation, b) initial growth of Widmanstatten 
austenite platelets, c) grain boundary allotriomorphs and Widmanstatlen 
platelets and d) the planar surface of the Widmanstatten platelets. 
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Figure 5.3 Primary ferrite solidification mode microstructures. a) Ferrite located at 
the cell cores in the intercellular austenite solidification mode, b) vermicu­
lar microstructure of ferrite dendrites, c) lacy ferrite and d) blocky 
austenite. 
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Figure 5.4 Comparison of the microstructures formed by a) primary austenite with 
second-phase ferrite and b) primary ferrite with second-phase austenite, at 
equal levels of residual ferrite. 
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Figure 5.5 a) Transition from the AF mode of solidification in the center of micro­
graph to the FA mode of solidification on the rhs of the micrograph. Alloy 
4, 6.3 mm/s. b) Fine spacing of ferrite platelets formed during the solid 
state transformation of ferrite. Alloy 5, 100 mm/s. 



I IS 

5.1.1.2 Mapping the PSM as a Function of Cooling Rale and Composition 

The seven alloys, containing 59% Fe and \ a r \ i n g C'r Ni ratios l i ab le 2.11. wcie 

cast and surface melted at six different travel speeds l i ab le J 1) I hcsc lwt \ -n ine 

specimens were analyzed In optical microscopv to determine the pin--.II\ mn.c I>I 

solidification. Some of the surface melts showed moic than :>c m"dc of 

solidification because of inherent variations in the cooling rate within a t u c n melt 

("or these cases, the predominant mode was denoted In the one which wa-. re- ponsible 

for more than 50% of the microstructurc. 

Table 5.1 summarizes the general behavior of the sc\cn alh.\s \11M\S I. ."* and ^ 

solicitf\ in primary austcnitic modes for all cooling rates while -\llo>s 5, (> and * 

solidif*\ in primary ferritc modes for all cooling rates. Allo> 4 changes its mode of 

solidification from predominantly primary ferritc at low cooling rates to cntirch 

primary austcnitc at high cooling rates. 

Figure 5.6 plots four PSM regions as a function of cooling rate and composition. 

Since the eutectic mode was difficult to characterize and can be present with the I:A 

and AI-" modes of solidification, it was not given a unique distinction on this diagram. 

The scan speed is plotted on the ordinate and the composition is plotted on the 

abscissa but both axes required minor corrections prior to plotting. Firstly, each of 

the alloys contained approximately 59% Fc but varied • 0.5% from the initial aim 

composition. Therefore, to plot the alloys on a common composition plane in the 

Fe-Ni-Cr svstem. a small adjustment was made to the Fc content to bring them to the 

59% Fe isoplcth while at the same time maintaining their measured C'r Ni ratio. 

Secondly, the scan speeds were controlled for all the electron-beam surface melts but 

not for the casting. Therefore, an equivalent scan speed of 0.7 mm s was estimated 

for the castings based on the primary dendrite arm spacing of the castings. I he 

cooling rates for each solidification condition, as estimated In dendrite arm sp.tcings. 

are presented as an alternate ordinate scale. 
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F i g u r e 5.6 Scan speed ( c o o l i n g r a t e ) \ c r s u s c o m p o s i t i o n m a p o f the l o u r 
m o d e s o f s o l i d i f i c a t i o n . M u l t i p l e d a t a p o i n t s r e f e r to d i f f e r e n t 
modes o b s e r v e d w i t h i n t he same m e l t ; t he u p p e r - m o s t a n d 
l o w e r - m o s t s y m b o l s c o r r e s p o n d to t he h i g h e s t a n d l o u c s t c o o l i n g 
ra te p o r t i o n s o f the r e s p e c t i v e me l t s . I h c s o l i d squa res a n d 
c i r c l e s r e p r e s e n t t he I 7 a n d V\ m o d e s , the o p e n s q u a r e s a n d 
c i r c l e s r e p r e s e n t t h e A a n d A I modes a n d t h e t r i a n g l e s r e p r e s e n t 
t he c u t c e t i c . 
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Table 5.1: Summary of the pr imary modes of so l id i f i ca t ion for the se\cn 

alloys at low. intermediate and high cool ing rates 

Alloy Cool ing R a t e 
low i n t e r m e d i a t e high 

1 A A A 

; AF A F A 

3 AF FA AF E A 

4 FA AF AF E FA A 

5 FA F F F 

6 FA F F F 

- F I [ 

The points plotted on Fig. 5.6 arc coded such that open squares and open circles 

Correspond to single phase austcnite (A) and aus icn i t i c - f c r r i t i c (AF) so l id i f i ca t ion 

respectively whi le solid squares and solid circles correspond to single phase fer r i te (F) 

and lerr i t ic-austi ai t ic (FA) so l id i f i ca t ion respectively. The eutectic (E) is represented 

In a solid tr iangle. For the surface melts that showed more than one mode of 

so l id i f i ca t ion , two or more symbols arc stacked on top of each other. The symbol on 

the top of the stack represents the mode which forms in the higher cool ing rate 

portions of the mel l . i.e.. close to the inclt per iphery, whi le the s>mbol on the bottom 

represents the mode which forms at the lower cool ing rate port ions of the melt. i.e.. 

towards the center of the resol id i f ied zone. 

I he d i f f e ren t regions of so l id i f i ca t ion behavior arc indicated in I ig. 5.6 and the 

results show the ef fect that cool ing rate has on the microstruciure. There arc two 

important points to be noted on this diagram. '. i rst l>. at low scan speeds (< 100 mm s) 

four modes of so l id i f i ca t ion arc present whi le at high scan speeds (>500 mm s) only 

two modes of sol id i l ' icat ior arc present, single phase austcnitc and single phase 

Ic r r i tc . Secondly. Al loy 4 changes its mode of so l id i f i ca t ion f rom primary fer r i te to 

pr imary ausicnitc as the scan speed is increased and it appeals to do so in a gradual 

way. As the scan speed is increased. Alloy 4 changes f rom the I A mode lo mixed 
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FA AF E modes with the amount of cutcctic and primary fcrritc solidified areas 

decreasing as the scan speed is increased. With further increases in speed. Alloy 4 

solidifies in the single-phase austenitic mode. 

Alloy 3 also shows signs of ambivalent solidification behavior in the low cooling 

rate portions of the low travel speed melts. In A11o> 3. at 6.3 and 25 mm s. the AF 

mode forms at the melt boundary and the FA mode forms towards the center of the 

resolidified zone. It is not clear as to which side of the line of two-fold saturation 

A'loy 3 belongs but it is obvious that it is very near the line of two-fold saturation. 

Since a majority of the microstructure solidifies in the AF mode. Alloy 3 was denoted 

as a primary austcnitc solidifying alloy. 

The chanec in primary solidification mode and the elimination of the FA and AF 

modes at high scan speeds can be explained by the influence that scan speed (cooling 

rate) has on solidification segregation. In order to describe how the PSM develops 

and is influenced b\ the scan speed, it is necessary to first examine how the 

solidification mode originates from the melt periphery and how this structure grows 

into the melt. 

5.1.2 Epitaxial Growth and Plane Front Solidification 

5.1.2.1 Epitaxial Growth from the Melt Interface 

Surface melting and rcsolidification on a metal substrate with an electron-beam 

mo\ing at a constant velocity establishes a liquid-solid interface which can be 

assumed to be quasi-stationary in the moving frame of reference. The shape of the 

liquid-solid interface depends on the processing variables and in three dimensions 

tends to be hemispherical at slow scan speeds and tear-drop shaped at high speeds. 

Figure 5J illustrates a simplified temperature distribution along the ccntcrlinc of a 

surface melt. As the heat source approaches, the metal ahead of the 1. S interface is 

being heated to its melting and the metal behind the L S interface is being cooled. 

After incipient melting at the weld ccntcrlinc. the liquid-solid region expands to its 

maximum width and then contracts back towards the ccntcrlinc as the heat source 

passes and at the widest point of the liquid advancement, defined as the melt 

periphery, the heat flow is balanced. In front of this point the metal is being heated 
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and behind this point the metal is being cooled At this point , the allov is at it>; 

l iqu idus temperature and there is no d r i v i ng force fo r so l id i f i ca t ion . 

In three dimensions, the shape of the melt periphcrv is a two dimensional surface 

which can easily be iden t i f i ed in a mctal lographic cross section f i g u r e 5 S i l lustrates 

the three pr inc ipa l views of the l. S region to i l lustrate how the grains develop f rom 

the rnclt per iphery. A p lane-f ront so l id i f i ca t ion zone extends fo r a short distance 

f rom the base metal grains. This zone quick ly becomes unstable and breaks down 

into cells w i t h i n a short distance f rom the in ter lace. I hc instabi l i ty of the planar 

f ron t develops into perturbat ions that lead to ccl lu iar so l i d i f i ca t ion as the inter face 

advances. At high cool ing rates, the cel lular zone can extend through the ent ire melt, 

however, at lower cool ing rates which arc typ ica l of castings and arc welds. 

Figure 5.7 Schematic representation of the temperature dist, ibu i ion sur­
rounding a melt-pool. Section B shows that the temperature 
gradient in the travel speed d i rec t ion is zero at the point of 
max imum melt w id th . 
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the cells arc replaced by dendrites. Dur ing the f i na l stages of so l i d i f i ca t i on , the 

dendri tes are replaced by an equiaxed zone at the top center of the melt i f the 

so l id i f i ca t ion condi t ions (G and R) permit . 

The melt per iphery is an important feature because f r o m it grow al l of the 

crystals that arc present in the resol id i f ied region. It is along this melt periphcrv that 

the p r imary so l id i f i ca t ion mode f i rs t develops and one of two possibi l i t ies for the 

incept ion of the PSM exist: I) epi tax ia l growth f rom the substrate or 2) nuclcat ion of 

phases not i n i t i a l l y present in the substrate. Examinat ion of the fo r t> - two surface 

melts produced in this invest igat ion showed that ep i tax ia l growth appears to be 

present in al l cases but fa i led to show the presence of an amorphous phase or 

nuclcat ion of mctastablc phases, even at surface scan speeds as high as 5 m s. 

Figure 5.8 Schematic representation of the three pr inc ipa l views of the melt 
pool. Locations of the various microst ructura l features are 
i l lust rated on the cross sectional view and the or ig in of the 
d i f f e ren t so l id i f i ca t ion growth morphologies are indicated on the 
top and long i tud ina l views. 
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In general, nuelcation of new phases at the melt periphery is the exception rather 

than the rule. It requires a combination of both high solidification velocities, to 

achieve sufficient undercooling, and a composition which is susceptible to mctastable 

phase formation [5.1-5.3]. Epitaxial growth from the substrate occurs in the majority 

of surface melting processes [5.1]. In the Fe-Ni-Cr ternary system only two solids 

crystallize from the melt, fcrritc and austcnite. To the author's knowledge, the 

conditions necessary to produce an amorphous phase in this alloy system have not 

been experimentally achieved during surface melting. Studies of atomized droplets of 

a commercial stainless steel alloy [5.10] also failed to show the presence of an 

amorphous phase in highly undcrcooled droplets. Nuclcation of metastable phases at 

the melt periphery has also not been observed to the author's knowledge. Epitaxial 

growth is the leading candidate for the initiation of crystallization. 

The seven base metal substrates varied in composition such that Alloy 1 was 

fully austcnitic and Ailoys 2 through 7 increased in fcrritc content from 

approximately 5 to 35 volume percent respectively. Therefore, in all but one alloy, 

both phases were present in the substrate to allow for cpitaxi .1 growth. The 

plane-front solidification zone which surrounds each melt is visible in optical 

metallographic cross sections. This zone indicates that epitaxial growth has occurred 

and the thickness of this zone depends on the processing variables. Its width is only a 

lew cell spacings before it becomes unstable and breaks down into cellular 

solidification. If crystals grow cpitaxially from the melt periphery, then austenitc 

will grow from austcnitc and fcrritc will grow from ferritc. This appeared to be the 

behavior under all melt conditions, however, some cases were difficult to distinguish 

because of the solid state transformation of fcrrite which made the growth of fcrritc 

into the resolidified region difficult to characterize. 

5.1.2.2 Epitaxial Growth at Low Cooling Rates 

At low cooling rates the effects of epitaxial growth arc easily observed. Figure 5.9 

compares the behavior near the root of weld - (25 mm s) for Alloys 1, 4 and 7. 

Single phase austcnitc in the melt zone is shown growing from an austcnitc base-metal 

grain in Fig. 5.9a. 
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Figure 5.9 Epitaxial growth at the fusion line of melt 2 (25.4 mm/s) in a) Alloy I , b) 
Alloy 4 and c) Alloy 7. F and A refer to the ferrite and austenite phases 
respectively while R and B refer to the resolidified and base metal regions 
respectively. 
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The growth is epitaxial and a plane-front solidification zone extends for about 2 

microns prior to breaking down into cellular solidification with microscgregation to 

the ceil boundaries. Figure 5.9b illustrates the typical behavior of an alloy which 

solidifies in an FA mode with a significant amount of second phase austenitc. 

Examination of the interface region shows that the melt periphery extends farther 

into the austcnitc than the fcrrite. This behavior was observed in all melts and can 

be explained by the higher melting point of the fcrritc. 

Tabic 5.2 compares the liquidus temperatures and solidus temperatures for fcrritc 

and austcnitc. The average composition of ferritc (34.4 Cr. 9.2 Ni. 56.1 Fc) and 

austcnitc (24.5 Cr. 17.0 Ni. 58.9 Fc) was taken from microprobe measurements of the 

arc cast button, sec Table 2.5 and these compositions were used to estimate the 

liquidus and solidus temperatures of fcrritc and austcnitc [5.12). The results show 

that F S < A S < A L < F L where A and F refers to austcnite and fcrritc and the subscripts S 

and L refer to the solidus and liquidus temperatures respectively. 

Tabic 5.2: Liquidus and solidus temperatures for fcrritc and austcnitc 

Phase L iqu idus 

<°C) 

Solidus 

CC) 

Ferr i tc 1485 1398 

Austcni tc 1418 1402 

Figure 5.10 i l lus t ra tes the behav io r of a two-phase s u b s t r a t e at the melt p e r i p h e r y 

when sub jec ted to a l inear t e m p e r a t u r e g r a d i e n t . G. T h e f c r r i t e f rom the subs t r a t e 

p r o t r u d e s into the melt for a d i s tance g rea t e r t han or equa l to ( F L - A L ) ' G . In the 

ac tua l s u b s t r a t e , the f c r r i t c and aus t cn i t e phases have compos i t ion g r a d i e n t s caused 

b> n o n c q u i l i b r i u m so l id i f i ca t ion leav ing less solute in the d e n d r i t e core. T a k i n g this 

into a c c o u n t , and using the above re la t ive values for the l i q u i d u s and sol idus 

t e m p e r a t u r e s ind ica t e s tha t the fe r r i t c should p r o t r u d e into the melt and tha t the 

a u s t c n i t c f c r r i t c i n t e r f aces should melt back f a r t h e r than the cores . Th i s is exact ly 

wha t is observed in the su r f ace melts. 
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Return ing to Fig. 5.9b. the epi tax ia l g rou th f rom austenite is apparent w i th its 

associated plane f ron t zone. However, the plane f ront so l id i f i ca t ion zone extending 

f rom the f c r r i t e does not show clearly in the micrographs. It is be l ic \ed that growth 

f rom the f c r r i t e is ep i tax ia l w i th an associated plane f ront but that this region has 

been obscured by the subsequent solid state t ransformat ion o f f c r r i t e to austcnite. 

Evidence fo r t rans format ion is present in many of the f c r r i t c part icles wh ich have a 

cont inuous f c r r i t e network extending into the melt. Other evidence is present f r om 

the faceted surface of the fe r r i t c /aus tcn i tc inter face which suggests that a s ign i f i cant 

amount of t rans format ion has occurred. Figure 5.9b also shows large f c r r i t c part ic le 

extending into the melt and has a network of f c r r i t e f ingers extending fu r ther into 

the melt These f ingers eventual ly lead to a p r imary f c r r i t e so l id i f ied n i icrostructurc 

that has undergone a s ign i f icant amount of solid state t rans format ion . 

At higher C'r Ni rat ios, the percentage of f c r r i t c in the substrate and the 

percentage of f c r r i t c which sol id i f ies f rom the melt, increases. 1 his larger \o Iumc 
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f i g u r e 5.10 Protrusion of the higher mel t ing point f c r r i l e into the molten 
zone of a two-phase substrate when subjected to a linear 
temperature gradient at temperatures close to the mel t ing point. 
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fraction of more stable ferrite makes epitaxial growth from the fcrritc easier to 

obscr\c. Figure 5.9c shows the interface region from Alloy 7 where the substrate 

contains approximately 30 percent ferrite. Epitaxial growth from both phases is 

apparent. The austenitc plane front breaks down into a cellular mode which leads 

into single phase fcrritc solidification. The fcrritc phase is continuous from the 

substrate to the resolidified region but the melt periphery is difficult to observe. 

5.1.2.3 Epitaxial Growth at High Cooling Rates 

At high cooling rates the width of the plane front zone is reduced. This makes 

resolution of the microstructural features at the interface more difficult. A careful 

analysis of the interface region would require transmission electron microscopy, 

however, sample preparation on such small melts with the additional requirement of 

analyzing the interface region is difficult and precluded such analysis from this 

ins cstigation. Instead, optical mctallographic observations were used and were found 

to be sufficient to support the epitaxial growth theory. However, these observations 

were not able to definitively prove epitaxial growth at high cooling rates. 

Figure 5.11 compares the behavior of Alloys 1, 4 and 7 solidified at 2000 mm/s. 

At the high cooling rates, the alloys solidify in a single phase austenitic mode (Alloys 

1-4) or in a single phase ferritic mode (Alloys 5-7). Figure 5.11a shows the growth of 

singlc-phasc austcnitc cells in the melt from single phase austenite cells in the 

substrate. Observation of the interface region shows a plane front zone extending 

from the austenitc grains in the substrate. The plane front zone quickly reverts to 

cellular solidification with microscgrcgation to the cell boundaries. 

Figure 5.11b illustrates the behavior of single phase austcnitc growing from the 

two-phase substrate in Alloy 4. A thin plane front surrounds the melt periphery and 

breaks down into a highly refined cellular network within the rcmcltcd zone. The cell 

axes arc nearly perpendicular to the substrate and the microstructurc of the remclted 

zone is similar to that which occurs in the fully austenitic Alloy I. The ferrite in the 

substrate melts back close to the periphery and extending from the fcrritc is a dark 

etching phase. This phase is also ferritc and typically finds its way to the cell walls 

in the resolidified zone. Close to the melt periphery arc blocks ol* fcrritc which only 

appear in Alloy 4 at the high cooling rates and look to be a continuation of the 
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ferrite dendrites from the substrate. The origin of these blocks is thought to lie 

caused by incomplete mixing close to the melt periphery. Because the mixing is 

incomplete, regions of high Cr Ni ratios extend from the ferrite d e n d r i t e in the 

substrate into the melt zone. These regions then ha\ c enough chemical driving force 

to change the PSM from single phase austcnitc to single phase fcrrite. The fcrritic 

solidification quickly vanishes because of convcctivc mixing in the bulk of the melt 

zone. 

Figure 5.11c illustrates the high cooling rate bcha\ior of Alloys 5, 6 and 7. The 

resolidified region is single phase fcrritc and the solidification substructure is 

apparent. Single phase fcrrite grows epitaxially from ferritc in the substrate and 

careful examination of the austcnitc blocks in the substrate show that they have 

melted back and that austenite appears to have grown cpitaxially from them. The 

plane front austcnite zone is small and it directly changes to single phase fcrritic 

solidification close to the melt periphery. The resulting microstructurc is fully 

fcrritic with no solid state transformation to austcnitc. 

In summary, analysis of the melt periphery shows that epitaxial growth occurs 

from the substrate at low and at high cooling rates. Since the substrate is a two phase 

material, both ferritc and austcnitc grow from the interface. One of the two phases 

eventually dominates the PSM throughout the resolidified region and this dominant 

mode is a function of composition and cooling rate. The next section discusses how 

the primary mode develops from the two phase epitaxial growth at the melt periphery. 

5.2 Cellular/Dendritic Solidification and Competitive Growth 

The principal factor in determining the PSM is the composition. High Cr Ni ratio 

alloys solidify as primary ferritc while low Cr.'Ni ratio alloys solidify as primary 

austenitc. However, for compositions which arc close to the line of two fold 

saturation, the PSM was shown to change with increasing cooling rate. The reason for 

this behavior is related to the growth kinetics which allow epitaxial nictastablc 

austcnitc to grow throughout the resolidified melt at high cooling rales. 
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Figure 5.11 The single phase nature of high speed solidified melts. Microstruclures 'a ' 
and 'b ' show single phase austenite growing from Al lojs 1 and 7 while '<.•' 
shows single phase ferrite growing from Alloy 7 at 2000 nini/s. 
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5.2.1 Primary Austcnite Solidified Alloys 

Alloys I, 2 and 3 solidify in a primary austcnitic mode (A or AF) at low and ai 

high cooling rates. Table 5.3 shows that the base metal substrate from Alloy 1 

contains no ferritc and the base metal substrate from Alloys 2 and 3 contains lesc 

than 6 percent fcrritc. This leads to a plane from austcnitc zone which surrounds the 

entire melt zone in Alloy 1 and the \ast majority (>99%) of the melt in Alloys 2 and 

3. Therefore, epitaxial growth ol" austcnite dominates the microstructurc at the melt 

periphery and where ferrite is present in f.c substrate at the periphery, it rapidly 

forms second phase fcrritc at the cell boundaries. 

Tabic 5.3: The fcrritc content in the 1 mm deep electron-beam surface 

treated zone and in the base metal substrate. 

Condition 

Alloy 

Condition 1 •̂  3 4 5 6 7 

Fcrrite 

(%) 

base 

metal 

0 1.6 5.9 9.6 22.4 26.7 36.3 

Fcrrite 

(%) surface 

treated 

0 0.7 3.4 12.0 23.4 49.4 86.9 

In the case of single phase austenite (Alloy 1) and AF solidification (Alloys 2 and 

3). chromium segregates to the cell boundaries. However, because of the low initial 

Cr 'Ni ratios of these Alloys, the amount of chromium which segregates to the 

boundaries is not sufficient to change the mode of solidification from primary 

austcnite to primary fcrrite. Therefore, even at low cooling rates, where segregation 

of ferritc stabilizing chromium to the cell boundaries is high, the mode of 

solidification is primary austcnitc throughout the entire resolidified ?onc. 
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5.2.2 Primary Ferrile Solidified Alloys 

Alloys 5. 6 and 7 solidify in a primary ferritc mode (F or FA) at low and at high 

cooling rates. The Cr Ni ratios of these alloys is much higher than that of Alloys 1 

and 2 which leads to two significant differences. Firstly. Table 5.3 shows that the 

ferritc content of the substrate is much higher and this reduces the amount of 

epitaxial austenite that forms at the melt periphery. Secondh. the liquid metal is 

enriched in chromium to the point where a large percentage (>80"n) of the 

niicrostructure solidifies as fcrritc. Epitaxial growth of ferrite and austcnitc is 

evident in Alloys 5. 6 and 7 and becomes increasingly easier to observe as the amount 

of fcrritc in the substrate increases. 

Fig. 5.12a shows that the plane front austcnitc zone in Alloy 5 breaks down into 

primary austcnitc solidified cells within a few microns of the interface at slow scan 

speeds. The primarv austcnite cellular region extends for only an additional few 

microns before it transforms into primary ferritc (F or FA) solidified cells, however, 

the solidification mode is difficult to determine because of the substantial amount of 

solid state transformation. The fcrritc cells then grow into columnar dendrites and 

finally equia.xed dendrites. At higher speeds, the plane front austcnitc and cellular 

austcnitc regions arc compressed into a region of about 1 micron or less. The 

remainder of the weld solidifies in an FA or F cellular mode. 

The Cr N i rat io of Al loys 6 and 7 is high enough so that both all oys sol id i fy in 

the single phase f c r r i t i c mode. F ur thcrmorc. b ccausc of the h igh C M N'i rat io of the 

alloys, less of the f c r r i t c transforms as the alloy cools. F igure 5. 12b shows the 

development of the microstructur e f rom the me It periphery in Alloy 7. The epi taxial 

growth of austcnitc breaks down into ec :11s and then single phase fe r r i t e w i th in a few 

microns of the interface. The cpi taxial growth of fe r r i t c leads d i rect ly into the single 

phase fer r i te solid if icd structure which continues to grow thr oughout the remainder 

of the rcsolid i f icd region. Austcnitc appears , to be present as occasional grain 

boundary al lotr iomorphs. but no intercel lular ; lustenite appears to sol i d i f y f rom the 
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Figure 5.12 Epitaxial growth of austenite from the base metal substrate quickly modu­
lates to the AF, FA and F modes of solidification in the high Cr/Ni ratio 
alloys, a) shows Alloy 5 in which the ferrile undergoes substantial trans­
formation and b) shows Alloy 7 where the transformation is prevented by 
the high Cr/Ni ratio of the alloy. 
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5.2.3 Alloys That Change Their Mode of Solidification With Cooling Rate 

Alloys 1. 2 and 3 solidify as p r imary a u s i e n i t e whi le - \ l loss 5. 0 a n d "" solidify as 

p r imary f e r r i t e for a i ; the cool ing ra te cond i t i ons . This h e h a s i o r ind ica t e s tha t the 

line of two-fold s a t u r a t i o n lies s o m e w h e r e be tween Alloys 3 and 5 and as i nd i ca t ed in 

Fig. 5.6. Alios 4 changes its mode of so l id i f i ca t ion . At low ra tes . Alios 4 so l id i f ies as 

p r i m a r y I 'errite (FA) and at high ra tes it so l id i f ies as p r imary a u s t e n i t e (At or \ i. 

Ana lys i s ol" the m i c r o s i r u c t u r c shows tha t Alloy 4 lies on the p r imary fe r r i t e side of 

the line of two fold s a t u r a t i o n , and tha t p r imary a u s t c n i t e forms at high cool ing ra tes 

in th i s alloy due to the f avo rab l e g rowth k ine t i c s of the a u s t c n n e from the melt 

p e r i p h e r y . 

F igu re 5.13a shows tha t the reso l id i f ied / o n e of Alios 4 consis ts mostly of 

p r imary f e r r i t e d e n d r i t e s at low1 scan speeds a l t h o u g h the major i ty of the mcli 

pe r iphe ry is aus t en i t e . Th i s b c h a s i o r is caused by a c h a n g e in so l i d i f i ca t i on modes 

from the cp i tax ia l ly g rown aus t cn i l e to p r imary fe r r i t e . \ \ cells gross f rom the 

ep i t ax i a l a u s t e n i t e and t r a n s f o r m to FA cells w i t h i n a fess mic rons ol" the melt 

pe r iphe ry ..; 6.3 m m s . These FA cells then gross in to c o l u m n a r and finally e t iu iaxed 

f e r r i t e d e n d r i t e s which coarsen in spac ing tossards the cen te r ol' the cross sect ion, 

f i g u r e 5.13b ind ica tes that the ep i t ax ia l g rowth of aus t cn i l e leads to a much larger I 

I--') zone of A F cells at 25 m m . s . These AF cells t r a n s f o r m in to the eu t ec t i c or 

i n t e r ce l l u l a r f e r r i l e phase which c o n t i n u e s t h r o u g h o u t the r e m a i n d e r of the 

r e so l id i f i ed zone. At 100 mm s and fas ter the e n t i r e reso l id i f ied /.one is composed of 

AF cells or eu t cc t i c as i n d i c a t e d in Fig 5.13c and the a m o u n t of i n t e r ce l l u l a r I 'errile 

decreases ssith inc reas ing t r a s c l speed. 

T h e r e f o r e , as the speed is increased tsso t r ans i t i ons occur in Alloy 4 I he 

d e n d r i t i c mode is rep laced by cells or the eu icc t i e phase and the a m o u n t of p r imary 

aus t en i l e and e u t e c t i c so l id i f ied a reas increase at the e spensc ^f the pr imary fe r r i l e 

so l id i f ied regions. "1 his t r ans i t i on is g r adua l and is re la ted to the reduced a m o u n t of 

l ime a s a i l a b l e for segrega t ion as the cool ing ra te is increased Al though these a l loys 

sol id i fy as a large s o l u m c f rac t ion I 'erri te. only a small amoun t of f e r r i t e (<10"n| is 

present in the subs t r a t e because of the solid s ta le ti ans fo rmai io i i of t ' e r rue . Since the 

subs t r a t e pros ides ep i t ax ia l grosvih sites at the mcli p e n p h e r s . the majori ty of the 

pe r iphery (>90"ii| in i t i a tes grosvth as pr imary a u s i e n i t e At loss speeds, the ie is 
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enough time for solidification segregation to alter the epita\iall> grown austcnilc to a 

primary fcrritc mode. This fact is e\ idenced by the formation of fcrritc dendrites 

which imply a large amount of segregation. However, at high speeds, there is less 

time for segregation, as evidenced b\ the lack of dendrites and the presence of 

austcnitc cells. L'ndcr these conditions, the epitaxial grown primary austcnitc 7one 

docs not change its solidification mode to the thcrmodynamicallv preferred primar> 

fcrrite phase. 

5.3 Microstructural Features of Resolidified Stainless Steel Alloys 

i his section describes the origin of the complex microstructurcs which dc\elop in 

solidified stainless steel alloys. These microstructurcs form as a result of five 

different solidification modes and arc further modified b\ the solid state 

transformation of fcrritc. 

The mode of solidification has a large influence on the fcrritc morphology by 

providing nucleation sites for austcnitc. Optical mctallographic examination of the 

resolidified zones showed that eleven distinct morphologies exist and these 

morphologies can be thought of as subgroups of the primary modes of solidification. 

The mierosuueturcs which develop during the solidification of stainless steels ha\c 

been in\cstigatcd [5.1 1.5.1 ?-5.18], however, the terminology used to describe the 

microstructurcs varies somewhat between authors. Table 5.4 summarizes the names 

given to the fcrritc and austcnitc morphologies in this studv and compares the 

terminology used by several other investigators. 

S.3.1 Characterizing the Ferrite and Austenite Morphologies 

5.3.1.1 Ferrite Morphologies in A and AF Solidified Allovs 

Second phase fcrritc forms in primary austcnitc solidified allovs and is picscnt at 

the cell or dendrite walls I he amount of I'errite which forms dunni ' \ l 

solidification is small and is sutr.undcd hv austenitc 'therefore, during the Iciritc 

to auMcnite phase transition, t h -_• amount u\ sc.'nnd phase I'crritc is reduced even 

further as it transforms to austenite 
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Table 5.4 : Comparison of the terminology used to describe the d i f fe ren t microstruc-

tura l morphologies in stainless steel alloys. 

Mode Reference Mode 

This Study Katayama 
ct al. 

David L ippo ld 
ct al. 

Brooks 
et al. 

Suutala 
et al. 

A dendr i t ic A 
cel lular A 

fu l l y A fu l l y A - austenitc fu l ly -\ 

-\F 
inter-

dendr i t ic F 
- - - - inter-

dendr i t ic F -\F 

inter­
cel lular F 

inter­
cel lular F 

inter­
cellular F 

inter­
cel lular F 

-

E eutcctic cutcct ic F - - cutcct ic -

FA 

inter­
cel lular A 

- - - - -

FA \ crmicular F vermicular 
F 

vermicular 
F 

vermicular 
F 

skeletal F vermicular 
F 

FA 

lacy F lacy F lacy F acicular A - lath F 

FA 

blocky A - - - -

F 

Widman-
stattcn A 

Widman-
stattcn A 

acicuiar F Widman-
staitcn A 

\\ i d m a n -
stattcn A 

lath A 

F massive A - - - - -F 

acicular A acicular A - - -
F 

dendr i t ic F 
cel lular F 

f u l l y F fu l l y F -

Because of the high austcnitc f c r r i t c in tc r fac ia l areas and mall •. .•lumes of f e rn te 

that fo rm dur ing AF so l id i f i ca t ion , nuclcation of auslcnitc !:<.in « i t h n i the fe r i ne 

docs not occur in these alloys. 

The microstructurcs that for n f rom the A or -\i modes are easik characterized 

In the single phase austcnitc so l id i f ica t ion mode, there is no fc r r i te present I 'nder 

these condit ions, pr imary austcnitc dendrites form at lo» cooling rates. I ig 5 la. and 
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p r i m a r y a u s t c n i t e cells. Fig. 5.1h. form at high cool ing ra tes . Mic rosegrcga t ion of 

c h r o m i u m to the cell wal ls resul ts in the observed e t ch ing d i f f e r e n c e s hut is not 

su f f i c i en t l y high enough in c o n c e n t r a t i o n to form second phase f e r r i t e . 

In the AF so l id i f i ca t ion mode , segregat ion of c h r o m i u m to the cell a n d d e n d r i t e 

wal ls is su f f i c i en t to form second phase f e r r i t e . I n t e r d e n d r i t i c f e r r i t e . Fig. 5.1c. 

forms a: low cool ing ra tes when the p r i m a r y phase is a u s t c n i t c d e n d r i t e s . I n t e r ce l lu l a r 

f e r r i t e . Fig. 3.Id. forms at high cool ing ra tes when the p r imarv phase is a u s t e n i t e 

cells. 

5.3.1.2 The Euteetic Microstructure 

The eu tcc t i c m i c r o s t r u c t u r c forms from the s i m u l t a n e o u s so l id i f i ca t ion of 

a u s t c n i t e and I 'crritc. Its m i c r o s t r u c t u r c was discussed in sect ion 5.1.1.- and is show n 

in Fig 5.8b. Since this m i c r o s t r u c t u r c is s imi la r in a p p e a r a n c e and t ends to form wi th 

i n t e r c e l l u l a r f c r r i t c and in t e rce l lu l a r a u s t c n i t e . its p resence is of ten d i f f i c u l t to 

de tec t . In th is s tudy , the te rm cu tcc t i c will be g h e n to those m i c r o s t r u c t u r c s which 

arc d i f f i c u l t to judge and might in fact be i n t e r c e l l u l a r f c r r i t c or i n t e r ce l l u l a r 

a u s t c n i t c wi th a high \ o l u m c f rac t ion second phase . 

5.3.1.3 Ferrile Morphologies Which Detelop From FA Sol idif ied Allovs 

The f c r r i t c morpholog ies which deve lop f rom the I A so l id i f i ca t ion mode arc 

more complex than those which deve lop from the A or A F modes. I h e complexi ty 

ar ises from the subs t an t i a l a m o u n t of solid s ta te f c r r i t c t r a n s f o r m a t i o n tha t occurs as 

the melt cools. The fc r r i t c which forms d u r i n g so l id i f i ca t ion ••!" dup lex s ta inless 

^'cels is t hc rmod v na in ica l iy s table at e leva ted t e m p e r a t u i c s . however , as the 

t e m p e r a t u r e is lowered , the compos i t iona l range over which f e r i n e is s table decreases . 

' u s t c n i t e becomes the more stable phase at lower t e m p e r a t u r e s and the decrease in 

t e m p e r a t u r e p rov ides a d r i v i n g force for the solid s ta te ti ansfor mat ion of f c r r i t e 

Th i s t r a n s f o r m a t i o n can begin by the growth of ex i s t ing p r i m a r y or second phase 

aus tcn i t c . If no aus t cn i t c is present in the m i c r o s t r u c t u r c . as would be the case l\>i 
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single phase ferritc solidification, then austcnite can nucleate and grow from the 

fcrritc. The preferred heterogeneous nuclcation sites for austenitc arc areas of low 

Cr/Ni ratios such as grain boundaries or cell wails. 

In order to describe the microstructurcs which develop, a distinction must be 

made between the austenitc and fcrritc which form during solidification and that 

which forms during the solid state transformation of ferrite. The terminology used to 

describe the various microstructura! features is summarized in Table 5.5. 

Table 5.5 : Description of the fcrritc and austcnitc phases. 

Symbol Description 

FR Residual fcrritc in the microstructurc at room temperature. 

FP Primary fcrritc which solidifies from the F or FA modes. 

F E 
Second phase (cutcctic) fcrritc which solidifies from the AF mode. 

A P Primary austcnitc which solidifies from the A or AF modes. 

A E 
Second phase (eutectic) austcnitc which solidifies from the FA mode. 

A T 
Austcnitc which forms during the solid state transformation of fcrritc 

by diffusion controlled growth of austcnitc from F/A boundaries. 

AN Austcnite which nucleates within primary fcrritc dendrites. 

AM Austenitc which forms during the solid c ta te transformation of fcrritc 

by a massive phase transformation within a fcrrite matrix. 

Aw Widmanstattcn austcnite "platelets" which nucleate and grow limn the 

grain boundaries in single phase fcrritc solidified alloys. 

A A Acicular austcnitc "needles" which nucleate intragranulark in the heal 

iffeclcd /"ne of single phase ferritc solidified alloys 

F K - A K i , i u v i i c I ' cMtc . eu tcc t ic aus tcn i t c . 
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There are four basic morphologies which develop from the FA mode of 

so l id i f icat ion. Intercellular austcnitc. vermicular fcrritc. lacy fcrritc and blocky 

austcnitc. The vermicular and lacy ferrite morphologies have been recognized by 

other authors while the intercellular fcrritc and blocky austcnitc morphologies have 

not been given unique dist inction in the past. 

Figure 5.3a shows the a p p c r a n c c of intercellular austcnite which can occur under 

two condit ions. At moderately high cool ing rates the microstructurc consists of 

primary fcrritc cells growing approximately parallel to the heat f low direction. The 

sol id i f icat ion mode is FA and each cell is surrounded by second phase austcnite. This 

microstructurc has an appearance of a scmiregular array of fcrritc cores with 

austcnitc at the cell walls. During the solid state transformation of fcrritc, the 

fcrritc which is located at the cell cores partially transforms to austenitc. The final 

microstructurc is an array of fcrritc cores which have angular edges because of the 

solid state transformation. The orientation relationship between fcrrite and austcnitc 

is known to be of a Kurdjumov-Sachs type [5.19] and leads to the angular edges at the 

transformation interface. The resulting microstructurc shows fcrrite cores surrounded 

by a layer of transformed austcnite. Ax. and an outer layer of second phase austcnitc. 

A E . A second set of condit ions that produce this type of microstructurc arc those 

where equiaxed ferrite cells form in the center of melts which were cooled at low 

rates. Here the cellular mode is produced by nuclcation of fcrritc cells in the 

cquiaxed zone but the microstructurcs are quite similar. 

Figure 5.3b shows the typical appearance of vermicular fcrritc. This morphology 

form 1 : at low cool ing rates and is the result of columnar dendrit ic ferrite 

so l id i f i ca t ion fol lowed by a substantial amount of solid state transformation. The 

fc r r i t c d e n d r i t e s h : i \e well de f ined secondary a rms wi th second phase austcnitc 

present at the s econda ry a n ! p t t m a r y d e n d r i t e a rm walls. D u r i n g the solid s ta te 

t r a n s f o r m a t i o n , the second phase aus t cn i t c . A j . grows into the f c r r i t c d e n d r i t e s 

leaving t r a n s f o r m e d a u s t c m t . - \ T . beh ind . The t r a n s f o r m a t i o n is seldom c o m p ' ' e , 

and leaves the res idual f e n . 1 d e n d r i t e core in the m i c r o s t r u c t u r c 

f i g u r e 5.3c shows the l a . , fc r r i t e morphology which » a s oh erved only in Alloy 

5. This mic ros t ruc t nrc forms from pr imary fc r r i t c d e n d r i t e s which occur at low 

cooling ra tes and h igher Cr Ni ratios than v e rmicu l a r f c r r i t c I hese al loys sol idify 
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with a very high volume fraction ferritc and some of the morphological features arc 

the same as dendritic fcrrite. The second phase austcnitc. Ag. is present between the 

secondary arms and provides heterogeneous nuclcation sites for the ferritc 

transformation. This austcnite grows into the secondary fcrritc arms and into the 

dendrite core leaving a roughened outline of the original fcrritc dendrite. Howes cr. 

because of the large volume fraction fcrritc. the transformation docs not appear to be 

completed by the growth of secondary austcnite into the fcrritc dendrite alone. 

Austenite may possibly nucleate within the dendrite core which would help to explain 

its microstructural appearance shown in Fig. 5.14. Intradcndritic austcnitc. A -̂. 

appears to nucleate at many sites within the dendrite and its growth is controlled by 

the diffusion of ferrite stabilizing elements ahead of austcnitc fcrritc interface. 

When adjacent austcnite regions approach each other, the transformation stops and 

leaves a wall of ferrite between the two advancing fronts. The microstrucuiral 

appearance of lacy ferrite in its three principal directions is shown in Fig.5.14. The 

top of the cube shows dendrites with their axes normal to the plane of the 

mctallographic cross section while the sides of the cube show the dendrites with their 

axes parallel to the plane of the section. However, in order to definitely prove the 

existence of intradcndritically nucleated austcnitc, additional experimental work 

would have to be performed. 

Figure 5.3d shows the microstructural features of blocky austcnitc. Austcnitc 

blocks outline the columnar dendrite boundaries and were only observed in Alloy 6 

at low cooling rates. This alloy solidified with a volume fraction fcrritc which is 

close to 100% and the origin of the austenitc blocks is most likely to be that of 

hcterogeneously nucleated grain boundary allotriomorphs. Since the fcrritc has a 

higher Cr/Ni ratio, it is more stable than the ferrite of the previous two cases. This 

stability prevents intradendritic nucleation of austcnitc and only growth of the 

allotriomorphs occurs and is restricted to the grain boundary vicinity for certain 

cooling rates. Therefore, the microstructurc consists of a high volume fraction fcrritc 

with blocks of austcnite. Ax, oriented along the columnar grains This austcnitc 

grows as the ferritc transforms, however, because of the higher stability of the 

fcrritc, less transformation occurs. 
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Figure 5.14 Microstructural features of lacy ferr i te along its three principal directions. 
The pr imary dendrite core and the secondary dendrite arms can clearly be 
d is t inguished. 
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Occasionally, austcnitc blocks are located between the dendrites, ind icat ing that 

possibly some second phase austenite may ha\e been present at the secondary dendri te 

arm locations to provide a location for heterogeneous nuclcnt ion of austcnite. 

5.3.1.4 Single Phase Ferrite Solidified Alloys 

Fig.5.2a shows the appearance of the single phase f c r r i t c grain*; which fo rm f rom 

the f u l l y f e r r i t i c so l id i f ica t ion mode in high Cr N'i rat io alloys. Fcrr i te cells grow at 

high rates and fer r i tc dendrites grow- at low rates. The cell boundaries do not etch as 

prominent ly as the grain boundaries which makes the f c r r i t c grains the must 

prominent features in the microstructure. The microstructurc remains fu l l y fe r r i t i c 

as the alloy cools i f the nuclcat ion of austcnitc can be surprcsscd. This can be 

accomplished by rap id ly cool ing the alloy through the t ransformat ion temperature 

range. This occurred in the melts that so l id i f ied at 10 4 O C s or faster. 

At lower cooling rates, there is suf f ic ient t ime to nucleate and grow austcnitc as 

the f c r r i t c cools. The grain boundaries, which may have some second phase austcnitc. 

provide heterogeneous nucleation sites for Widmanstattcn austcnitc. Figure 5.2b 

shows this microstructurc before s igni f icant growth has occurred and indicates that 

th in adjacent platelets of austcnitc nucleate at the grain boundaries and grow into the 

fc r r i te matr ix. Fig.5.2c shows the Widmanstattcn microstructurc at low cooling rate 

when the austcnitc platelets have grown ent i re ly across the fe r r i t c gram. This 

microstructure has been called acicular f c r r i t c by other authors, however, since the 

mechanism is the same, both morphologies w i l l be referred to as Widmanstatten 

austenite. Figure 5.2d shows that the plate- l ike appearance <>l the Widmanstattcn 

.'. : - tcnitc which can be observed when the plane of the platelet lies ncarlv parallel 

w i th the polished surface. 

The format ion of massive austenitc was only observed in Alloy 5 and nnlv at high 

ce i l i ng rates. This al loy sol id i f ies in the fu l l y f c r r i t i c mode pr ior to t ransformat ion 

and this microstructurc undergoes a massive t ransformat ion to austcnitc ai suhsolidus 

temperatures. The morphology of massive austcnitc has been studied in stainless steel 

allnys [5 20J and is the result of undercooling the fc r r i t c below the ausicni ic I'crntc 

I temperature and wi l l be discussed in detai l in Chapter 8. 



144 

lntragranular austcnitc needles were observed in the heat affected zone of the 

high Cr Ni ratio alloys. Examples of this microstructure are shown in Chapter 8 and 

indicate that this microstructurc presumably forms during the reheating of single 

phase fcrrite which can occur in the heat affected zone of a weld. The nucleation 

characteristics of acicular needles arc discussed in detail in Chapter 8. 

5.3.2 The Combined Effects of Cooling Rate and Composition 

The microstructurcs which develop during rapid rcsolidification were first shown 

to be related to the primary solidification mode and second, to compositional and 

cooling rote \arialions within a given PSM. Table 5.6 summarizes the solidification 

and solid state transformation sequences that lead to the different morphologies. 

These morphologies were described in the previous section and all were observed 

during surface melting and rcsolidil"ication except for acicular austcnitc, which was 

observed onl\ in the heat affected zone. 

The relationship between the various morphologies can be plotted on a scan-speed 

versus composition diagram in the same way as the four PSM regions were plotted. 

Figure 5.15 shows the map of the morphologies and since the morphologies arc 

"subsets" of the PSM, each PSM region is divided into several different areas which 

represent the predominant morphology. 

Variations in the cooling rate exist within each resolidified zone. Therefore, a 

mixture of morphologies may be present for a given set of electron beam parameters. 

The higher cooled regions of the melt which have small dendrite arm spacings tend to 

be located close to the melt periphery and at the root of deep penetrating welds. 

These regions tend to have morphological characteristics which do not represent the 

bulk of the solidified metal but do have characteristics which are more like the allovs 

solidified at the next higher travel speed. These aspects were taken into account in 

drafting I ig 5.15. 
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Tab le 5.6 : The so l id i f i ca t ion mode , so l id i f i ca t ion sequence and so l id -s ta te t r ans fo r ­

mat ion even t s respons ib le for the d i f f e r e n t m i c r o s t r u c t u r e s . 

Mode Sol id i f i ca t ion 

Sequence 
Solid S ta te 

T r a n s f o r m a t i o n 
Morpho logy 

A L - (L+Ap) - A None D e n d r i t i c A 
Ce l lu l a r A 

A F L - (L+Ap) -
(L + A P + F E ) ~ ( A P + F E ) 

F E " A T I n t c r d c n d r i t i c F 
In t e r ce l l u l a r F 

E L - (L + F E + A E ) -
( F E + A E ) 

F E " A T 
Eutcc t i c 

FA L " (L + F P ) -
(L + F p + A E ) " ( F p + A E ) 

F P " A T In t e r ce l l u l a r A 
V e r m i c u l a r F 
Blocky A 

FA L " (L + F P ) -
(L + F p + A E ) " ( F p + A E ) 

F P - A T i A N Lacy F 

F L - (L + Fp) - F P 

Fp "* A w 
W i d m a n s t a t t e n A 

F L - (L + Fp) - F P 

F p " A M 
Massive A 

F L - (L + Fp) - F P F P - A A A c i c u l a r A F L - (L + Fp) - F P 

None D e n d r i t i c F 
Ce l lu l a r F 

The resul t s p resen ted in this d i a g r a m represen t the combined e f fec t s of two 

fac tors . F i r s t ly , the compos i t ion axis r ep resen t s the t h e r m o d y n a m i c s t ab i l i t y of the 

f c r r i t e phase . As the Cr, Ni ra t io is increased , a h igher vo lume f rac t ion of f e r r i l e 

so l id i f ies from the melt and the fe r r i t e tha t forms becomes more res i s tan t to the solid 

s ta te phase t r a n s f o r m a t i o n . Secondly , the scan speed (cool ing ra te ) ax is r epresen t s the 

k ine t i c response of the system. As the speed is increased , the re is an increased 

res i s tance to change . Tha t is. the a m o u n t of so l id i f i ca t ion segrega t ion decreases and 

the a m o u n t of f c r r i t e tha t t r a n s f o r m s to a u s t e n i t e decreases . In the l imit , 

pa r t i t i on l e s s so l id i f i ca t ion v%ould occur , however , these c o n d i t i o n s were not observed 

in this s tud>. A more tho rough ana lys i s of the m i c r o s t r u c l u r c s which were observed 

in the r c so l id i l i cd e lec t ron beam melts is p resen ted in C h a p t e r 8 which inc ludes 

d iscuss ions on the I hei mud \ namic and k ine t i c fac tu i s ic-^ponsihlc lor the t r a n s f o r m a ­

tion mechan i sms . 
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5.4 Conclusions 

In summary, five modes of solidification and eleven morphologies were obser\cd 

during the resolidification of the sc\cn allo>s. These microstruetural characteristics 

are believed to be a complete 'set' of the possible solidification and solid state 

transformation events that occur in typical stainless steel alloys and can be related to 

the alloy composition, the cooling rate and the extent of the solid state transformation 

of fcrritc. 

The results of this study were used to create diagrams which can be used to 

predict the primary solidification mode and the austcnitc and ferritc morphologies, 

based on chemical composition and cooling rate. Figure 5.6 shows the relationship 

between the primary mode of solidification and the cooling rate for the seven alloys 

which cross the line of two-fold saturation while Fig. 5.15 shows the microstruetural 

morphologies which develop from these solidification conditions. 

Careful mctallographic examination of the surface melts showed that fcrritc and 

austenitc grow cpitaxially from the base metal substrate. Epitaxial growth from the 

rcsolidification of a two-phase substrate requires that the two phases compete to 

become the primary solid phase to solidify in the remcltcd zone. At low cooling rates, 

the thermodynamic factors take preference and the PSM is dictated by the more 

thermody namically stable phase which can be predicted by the line of two-fold 

saturation. However, at high cooling rates, the growth kinetics of the mctastablc phase 

may supersede the formation of the equilibrium primary phase. This situation was 

observed in Alloy 4 which solidifies in the FA mode at low rates and in the AF mode 

at higher rates and in the fully austcnitic mode at the highest rates. 

One of the objectives of this investigation was to determine if the change in 

solidification modes with cooling rale was caused by the nuelcation of mctastablc 

phase- from within the melt. Although one cannot rule out the possibility of 

mctastablc phase nuclcation from within the molten /one at high cooling rates, it docs 

seem unlikely that this nuclcation event would occur because of the lack o'" 

heterogeneous sites in the liquid. It is a much more likely pir.ilnlity that the changes 

in stainless steel Solidification mode observed hv other investigators |5(i.5.7| is also 
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the result of the e p i t a x i a l U grown metas tab le a u s t e n i t e deve lop ing into the p r imary 

solid phase due to the f avo rab le growth k ine t ies of a u s t c n i t e u n d e r ce r t a in 

so l i d i f i ca t i on cond i t i ons . 

In the n e \ t c h a p t e r , the in f luence that cool ing ra te has on the f e r r i t e con ten t will 

be inves t iga ted wi th speci f ic r e fe rence to the pr imary modes of so l i d i f i ca t i on and the 

m i c r o s t r u c t u r a l morphologies p resen ted in f igures 5.6 a n d 5.13. 
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CHAPTER 6 

The Influence Of Cooling Rate On 
The Residual Ferrite Content Of Stainless Steel Alloys 

R e s i d u a l f e r r i t e is p resen t i n the m i c r o s t r u c t u r e o f d u p l e \ s t a i n l ess steel a l l o v s in 

v o l u m e f r a c t i o n s as h i g h as 50 p e r c e n t . F.ven at low v o l u m e f r a c t i o n s , f e r r i l e can 

i n f l u e n c e the i n t e g r i t y o f s ta in less steel a l l o y s a n d m a n v i n v e s t i g a t o r s h a v e t r i e d to 

d e v e l o p r e l a t i o n s h i p s b e t w e e n the a l l oy c o m p o s i t i o n a n d the f e r r i l e c o n t e n t o f 

s ta in less s tee l c a s t i n g s a n d w e l d s . A t s low c o o l i n g ra tes , t he p r i n c i p a l f a c t o r w h i c h 

c o n t r o l s the a m o u n t o f f c r r i t c is the c o m p o s i t i o n , h o w e v e r , r a p i d s o l i d i f i c a t i o n 

p r o c e s s i n g has been s h o w n to d r a m a t i c a l l y a l t e r t h e a m o u n t o f f c r r i t c i n t he 

m i c r o s t r u c t u r e . L ' n d c r these c o n d i t i o n s , the c o o l i n g r a t e becomes as i m p o r t a n t as t he 

c o m p o s i t i o n in d e t e r m i n i n g t he r e s u l t i n g f e r r i t c c o n t e n t . These e f f e c t s a r c not w e l l 

u n d e r s t o o d a n d an i m p o r t a n t aspect o f t h i s i n v e s t i g a t i o n was to d e v e l o p a r e l a t i o n s h i p 

b e t w e e n c o o l i n g r a t e a n d the r e s i d u a l f c r r i t c c o n t e n t i n s ta in less steels. 

T h i s c h a p t e r e x a m i n e s t he resu l t s o f the c o o l i n g r a t e e x p e r i m e n t s w h i c h w e r e 

p e r f o r m e d on t he sc r ies o f seven F c - N i - C r t e r n a r y a l l o v s t h a t span t he l i n e o f 

t w o - f o l d s a t u r a t i o n a l o n g the 5 9 % Fc i s o p l c t h . C o o l i n g ra te v a r i a t i o n s w e r e p r o d u c e d 

by e l e c t r o n - b e a m s u r f a c e m e l t i n g t he a l l o v s at ra tes b e t w e e n - l . T v I O - - C s a n d 7.5.x lO"'1 

°C s. T h e r esu l t s s h o w t h a t t he c o o l i n g ra te has a s i g n i f i c a n t e f f e c t on t he f e r r i t e 

c o n t e n t b u t t h a t i ts i n f l u e n c e is no t eas i ly g e n e r a l i z e d . T h e s o l i d i f i c a t i o n m o d e . 

c o o l i n g ra te a n d con p o s i t i o n w e r e s h o w n to be e q u a l l y i m p o r t a n t , a n d i n t e r r e l a t e d , 

f a c t o r s in the d e t e r m i n a t i o n o f t he f e r r i l e c o n t e n t . 

F o r p r i m a r y a u s t e n i t c s o l i d i f i e d a l l o v s . the f e r r i l e c o n t e n t was s h o w n to decrease 

w i t h i n c r e a s i n g c o o l i n g r a t e , w h i l e f o r p r i m a r y f e r r i t e s o l i d i f i e d a l l o v s the f c r r i t e 

c o n t e n t was s h o w n to i nc rease w i t h i n c r e a s i n g c o o l i n g ra te . These e f f e c t s a re so 

d r a m a t i c t h a t at h i g h c o o l i n g ra tes ( J I O 1 " ( ' s) the a l l o v s a re c i t h e r f u l l v a u s i e n i l i c or 

f u l l y f c r r i t i c d e p e n d i n g on t h e i r p r i m a r y mode o f s o l i d i f i c a t i o n . I he rca ' .u i is f o r t h i s 

b e h a v i o r can be e x p l a i n e d I n the i n f l u e n c e o f c o n l i n i ; r a l e i>i) s o l i d i f i c a t i o n 

s e g r e g a t i o n . C h a p t e r 7. a n d s o l i d s la te t r a n s f o r m a t i o n . C h a p t e r X 
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6.1 The Ferrite Content at Slow Cooling Kates 

1 he a m o u n t of res idua l fc r r i i c present in s ta inless steel a l loys is equa l to Ihe 

a m o u n t of I 'crriie which forms d u r i n g so l id i f i ca t ion minus the a m o u n t of f e r r i t e 

wh ich t r a n s f o r m s as the melt cools to room t e m p e r a t u r e . Both the so l id i f i ca t ion and 

solid s ta te t r a n s f o r m a t i o n e f fec t s are i n f luenced by cool ing ra te a n d a re d i f f i c u l t to 

isolate f rom each o ther . At slow cool ing ra t e s , the largest a m o u n t of f c r r i i c 

t r a n s f o r m s as the melt cools and this sect ion e x a m i n e s the f e r r i t e con t en t of slow 

cool ing ra te melts bv first e s t ima t ing the a m o u n t of f c r r i i c wh ich would he present if 

e q u i l i b r i u m c o n d i t i o n s could be ach ieved . T h e n , these resul ts a re c o m p a r e d with the 

f c r r i l c con t en t of the s low-cool ing- ra tc are-cas t bu t tons . 

6.1.1 Full Diffusional Equilibrium 

fu l l d i f f u s i o n a l e q u i l i b r i u m means tha t t he re is enough t ime d u r i n g the 

so l id i f i ca t ion process so that compos i t ion g r a d i e n t s a re e l i m i n a t e d in both the l iquid 

and solid phases . I ' n d e r these cond i t i ons , the a m o u n t of f c r r i i c which so l id i f ies f rom 

the melt , the so l i d i f i ca t i on pa th , and the compos i t ion of the l i qu id and solid phases 

can be d e t e r m i n e d from the e q u i l i b r i u m phase d i a g r a m . 

The l i q u i d u s a n d so l idus p ro jec t ions a rc shown on a po r t i on of the Fc-Ni -Cr 

system in I ig.o.la. These da t a arc t aken f rom e x p e r i m e n t a l m e a s u r e m e n t s [6.1] and 

the compos i t i ons of the seven al loxs e x a m i n e d in th i s i nves t i ga t i on a re p lo t t ed on th i s 

f igure . The locat ion of these al loys with respect to the l i q u i d u s a n d so l idus l ines 

shows that Alloy 1 will so l id i fy in the ful ly a u s t e n i t i c mode . Alloys 2 and 3 in the 

A I-' mode . Alloys 4. 5 and 6 in the FA mode and Alloy 7 in the ful ly f e r r i t i c mode. 

The re is good a g r e e m e n t wi th the p r i m a r y modes of so l id i f i ca t ion p red i c t ed In Fig. 

6.1a and those e x a m i n e d in Chap t e r 5 for the slow cool ing rate a rc cast bu t tons , 

howeve r , the line of two-fold s a tu r a t i on p red i c t ed hv t h e r m o d y n a m i c ca l cu l a t i ons 

d e v i a t e s at h igher c h r o m i u m conten ts . 

f i g . 6.1b shows Ihe locat ion of the line of two-fold s a t u r a t i o n as d e t e r m i n e d hv 

va r ious inves t iga to r s . T h e resul ts ol" K u n d r a t \u.2\. C h a n g |fv.i] and I h c r m o c a l c |6 .4 | 

a re p r e d i c t i o n s based on t h e r m o d y n a m i c ca l cu l a t i ons whi le those ol" Kivl in el al. ( o . l | 

were d e r i v e d from exper imcnis . I he thermmiv n a m i c ca l cu l a t i ons all fall wi th in 2 

percent c h r o m i u m of the expe r imen ta l ly d e t e r m i n e d va lue , however , th is re la t ive ! ) 
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• mall .: : fcrcnce in the location of the line ol~ two- fo ld saturat ion can lie misleading 

when I rv ing to predict the PSM. Throughout this invest igat ion, the exper imental ! ) 

determined l iquidus and solidus lines by R i \ l i n and Ravnor w i l l be assumed to be the 

"true" values since they match the experimental results of this invest igat ion. However, 

when comparisons arc made between thermodynamic predict ions and experimental 

measurements, a shi f t in the alloy compositions needs to be made so that the two 

methods agree on the location of the line of two- fo ld saturat ion. 

For equ i l i b r i um so l id i f i ca t ion condit ions. Fig. 6.1 indicates that A l loy 1 cools 

through the L+- \ two-phase f ie ld and directly into the single phase austcnitc f ie ld 

w i th no 1'crrite in the microstructurc. Al loys 2 and 3 cool through the l. + A two-phase 

f ie ld and then into the L + A + F three phase f i e ld where second-phase fe r r i te forms in 

the microstructurc. Al loys -4. 5 and 6 cool through the L+F two-phase f i e ld and then 

through the L.+ A + F three phase f ie ld where second-phase austcnitc forms. F ina l ly . 

Al loy 7 cools through the L + F two-phase f ie ld and d i rect ly into the single-phase 

fer r i tc f ie ld w i th no austcnitc in the microstructurc. 

From this f igure, the amount of f c r r i t c that forms in the alloys can be estimated 

by app ly ing the lever rule to the l ie lines in the F+A two phase f ie ld which arc 

nearly parallel to the constant Fc section at these temperatures. Table 6.1 shows the 

amount of fe r r i t c which w i l l sol id i fy f rom each alloy under equ i l i b r i um condit ions. 

These calculat ions were predicted f rom Fig. 6.1a and indicate that the fc r r ' *c content 

at the solidus temperature varies f rom 0% in A l loy I to 100% in A l loy 7. 

The phase diagram can also be used to estimate the amount of f c r r i t c which 

transforms to austenitc under equ i l ib r ium condit ions. At elevated temperatures, the 

l ie-l ines in the F+A region are nearly parallel to the 59% Fc isoplcth and the isoplcth 

can be used to estimate the f c r r i t c content. Table 6.1 shows the equ i l i b r i um residual 

fe r r i le content of the alloys at 1000°C. At this temperature, all of Ihe f c r r i t c has 

transformed to austenitc in A l loy 2 and 60"'" has transformed in Al loy 7. By 

extrapolat ing the f c r r i t c and austcnitc solvus lines to lower temperatures one can sec 

that ihc second phase fc r r i t c in Al loys 2 and 3 should completely t ransform and that 

a major i ty of the pr imary f c r r i t c contained in Al loys 4-7 should t ransform by the 

time the alloy cools to room temperature under equ i l i b r ium condit ions. However, in 

actual melts, k inet ic l imi la t ions prevent the t ransformat ion at low temperatures and 

some residual f c r r i t c remains in the microstructurc. 
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Table 6.1 Fquilibrmm I'errite contents at the solidus and at 1000"C" 

Mlo> 
"n Fcrr i te 

that sol idi f ies 

"n Residual Ferr i tc 

at IO00°C 

1 0 0 

: :o 0 

3 35 8 

-1 55 14 

5 70 24 

6 9 : 31 

7 100 40 

6.1.2 The Arc Cast Buttons 

The arc cast buttons represent the slowest cooling rates examined and were used as 

a standard with which to compare the high cooling rate mierostructurcs. In Chapter 4 

it was shown that the primary and secondary dendrite arm spacings of the arc 

castings were 42 and 18 ..•« respectively and that this spacing corresponds to a cooling 

rate of about 7 °C-s. Arc welds typically solidify with cooling rates between 10 and 

1000°C s. therefore, the cooling rate in the arc cast buttons can be considered to be 

similar but on the slow cooling rate side of arc welding. 

The Schacfflcr diagram was used to predict the fcrritc content of the arc cast 

buttons. The allov compositions arc plotted in Fig. 6.2. Alloy 1 is in the fully 

austcnitic region and Alloys 2-7 are in the duplex, fcrritc-austcnitc. region. The 

fcrrite contents estimated from the Schacffler diagram arc shown in Table 6-2 and 

range from 0% for Alloy 1 to 32% for Alloy 7. 

A second, and less conventional, method was used to cst'Miatc the amount of 

residual fcrritc. Based on several investigations [6.5.6.6.6.7], where the I'crritc content 

of a large number of commercial stainless steel (AISI 304. 308. 309. 3161 arc-welds was 

measured. Fig. 6.3 can be used to predict the fcrritc content for different C'r Ni ratio 

alloys. 
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Table 6.2 Predicted and measured ferrite contents of the arc cast buttons 

Alloy 
Predictive Methods 

(%) 
Measured 

A\ g. Alloy 
Schaefflcr Cr ,Ni MG VSM QTM 

A\ g. 

1 0 0 0 0 0 0 
L. 5 7 5.4 4.6 5.4 5.5 
3 7.5 11.5 8.7 9.8 11.0 9.7 
4 12 14.8 14.6 15.8 14.2 14.3 
5 16 23.5 23.6 23.2 22.8 21.8 
6 27 29.7 27.4 26.4 32.4 28.6 
7 32 35.9 36.5 32.1 39.2 35.1 

CHROMIUM EQUIVALENT 

figure 6.2 Location of the seven Te-Ni-Cr alloys on the Schaefflcr dingrnm 
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For Cr Ni ratios below 1.20 the fcrritc content is zero while for Cr \ i ratios between 

1.20 and 2.0. a regression analysis shows the following relationship between Cr Ni 

ratio and fcrritc content: 

'if. I- = 36. t. ( C I / \ I ) - 13.8 ( 6 . 1 ) 

The fcrritc is estimated in weight percent and the Cr and Ni equivalents suggested by 

Dclong (cq. 1.1 and 1.2) should be used. Table 6.2 shows that this approach also 

predicts fcrritc contents of the cast alloys should \ary from 0 to above 30 percent. 

The fcrritc content of the castings was measured using several techniques. Since 

the castings had a thickness greater than 10 mm. the fcrritc number could be 

measured using the Magnc-Gagc. Since the castings had a coarse microstructurc. the 

ferritc could be directly measured using quantitative metallography. These 

Magnc-Gagc readings were converted to percent fcrritc using the procedure that was 

discussed in Chapter 3. L'sing the extended fcrritc measurement method [3.4] the 

fcrritc content was determined and the results arc shown in Tabic 6.2. These 

measurements indicate that the ferritc content varies from 0 to 35%. The V'SM 

technique was used as the second measurement method and is also described in 

Chapter 3. The results of these measurements are also presented in Table 6.2 and 

indicate that the ferritc contents vary from 0 to 32.1 percent. Finally, quantitative 

mciallographic measurements were used to confirm the ferritc content of the seven 

alloys. 

r i gu rc 6.4 compares the measured fcrritc content (VSM) with the predicted fcrritc 

content (Schaefflcr) along the 59 wt. % Fe composition axis of the Fc-Ni-Cr ternary 

system. The Schacfflcr prediction shows that the fcrritc content varies from 0% at 

23.3 wt."'o Cr to 100% at 34 wt.% Cr and predicts a linear increase in fcrritc content 

for the compositions studied that varies from 23.3 to 26.5 wt.% Cr. The predicted 

amount of fcrritc deviates sharply from this linear relationship to higher fcrritc 

contents at chromium levels greater 26.5 wt. %. The measured fcrritc contents arc 

close to the predicted values and follow an interesting trend. For chromium contents 

above 26.5%, i.e. in the nonlinear Schacfflcr region, the measured values arc lower 

than the predicted values. For chromium contents below 26.5%. i.e. in the linear 

Schacfflcr region, the measured values arc higher than the predicted values. 
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The differences between the measured and predicted values can be explained b\ 

the fact that the cast alloys cool at a slower rate than what the Schacffler predictions 

are based on. It was shown in Chapter 5 that below 27 wt. % chromium, the cast 

alloy s containing 59% Fe solidify in a duplex fcrrite-austcnitc modes while abo\e 2" 

HI. "n chromium, the alloys solidify in the fully fcrritic mode. This change in 

solidification modes at 27% Cr can be used to explain the deviation in linearity of the 

Schacfflcr prediction and also can be used to explain the difference in predicted and 

measured values above and below 27% Cr. 

The deviation of the Schaefflcr prediction from its initial, low Cr. linear 

behavior is associated with the change in solidification modes from the f \ to the l; 

mode. In the FA mode, increases in chromium content increase the amount of ferrne 

that solidifies from the melt. Therefore, there is a general increase in the ferritc 

content with increasing chromium. When the chromium level is increased to the point 

where the solidification becomes fully fcrritic. there is no further increase in the 

amount of ferritc that forms during solidification with increasing chromium and the 

resulting fcrritc content is solely dependent upon the amount of ferritc to austcnitc 

transformation that occurs. This transformation requires nuclcation of \\ idmanstatten 

austcnitc at the ferritc grain boundaries. Since the grain boundary area is much less 

than the intcrdendritic area where austcnitc is present in the FA mode, less 

transformation occurs in the fully fcrritic mode. 

The difference between the measured fcrrite content of the castings and the 

predicted values from the Schacffler diagram can be explained by transformation 

kinetics. The ferrite content of alloys which solidify in the fully fcrritic mode arc 

very sensitive to cooling rates. A slower cooling rate allows more time for austcnite 

to nucleate and grow from the fully ferritic microstructure. Therefore, slower 

cooling rates always result in lower residual fcrrite contents. Since the castings cool 

at a slower rate than the Schacfflcr predictions, a lower fcrritc content is expected in 

the castings. 

In the FA mode however, the situation is more complicated because two phases 

solidify from the melt. A slower cooling rate allows for more segregation, creates a 

large dendrite arm spacing and allows more time for the I'crritc to austenite 

transformation. These factors have mixed effects on the residual fcrritc content. In 

the FA mode, more segregation means less fcrritc, however, the I'crritc that forms will 
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have a higher Cr Ni ratio and will be more resistant to transformation. A larger 

dendrite arm spacing has less austcnite ferrite intcrfacial area which provides less 

area for austcnitc growth during the transformation, however, the slower cooling rate 

allows for more transformation and helps to balance this factor. Therefore, the 

situation is complicated and the effect of a slower cooling rate is difficult to predict 

in the FA mode. The experimental results show that the castings have more ferrite 

than the Schaeffler diagram estimates and indicates that the larger dendrite arm 

spacing and higher stability of the fcrriic outweigh the lower initial amount of 

ferrite and the greater time for the ferritc to transform at lower cooling rates. 

6.2 The Ferritc Content of Electron Beam Surface Melts 

Flection beam surface melts were performed on each of the alloys to produce 

cooling rates that varied from 4.7 x 1 0 2 o C s to 7.5 x 10 6 oC/s. The ferritc content was 

shown to change significantly with cooling rate. These changes can be described by 

[he influence of cooling rate on the mode of solidification, the amount of 

solidification segregation and the extent of the solid state transformation of ferritc. 

The ferrite content of each alloy was measured by the vibrating sample 

magnetometer method which is described in Chapter 3 and the results of the fcrritc 

measurements arc presented in Table 6.3 for each of the seven alloys and each of the 

solidification conditions. Three readings were made on each cast alloy and one 

reading was made on each electron-beam melt. At the highest travel speed, 5 m/s, the 

samples were too small to be extracted without substrate contamination. Nevertheless, 

the results showed the ferritc content of these melts to be close to !00% fcrritc for 

the primary fcrritc solidified alloys and close to 0% ferritc for the primary austenitc 

solidified alloys. 

Two types of diagrams representing the ferritc content as a function of cooling 

rate are shown in this chapter. The actual measured fcrritc content is plotted versus 

scan speed on figures 6.5, 6.7, 6.9. 6.11 and 6.14. The second type of diagram is 

schematic in nature and represent the estimated amount of ferritc for particular 

idealized solidification modes. Figures 6.6, 6.8. 6.10, 6.12 and 6.13 arc plotted as 

approximate ferrite content \crsus approximate cooling rate where the cooling rate 

scale of these figures is similar to that of the actual fcrritc content versus scan speed 

file:///crsus
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figures. B\ selecting the scales of fcrritc content and cooling rate to be the same for 

the actual and schematic drawings, figures 6.5 through 6.13 can be directly compared 

to observe changes in the fcrritc content with cooling rate. 

6.2.1 Primary Austenite Solidified Alloys 1, 2 and 3 

The behavior of alloys which solidify in the A or AF modes will be described b\ 

examining the behavior of alloys 1. 2. and 3. Alloy 1 solidifies in a fully austcnitic 

mode at all cooling rates and contains no fcrritc. Alloys 2 and 3 both solidify in an 

austcnitic-fcrritic mode at low cooling rates and in a fully austcnitic mode at high 

cooling rates. Therefore, the fcrritc content of these alloys decreases as the cooling 

rate increases. The results presented here show that the amount of second phase 

fcrritc decreases with increasing scan speed. This behavior can be explained by 

undercooling at the dendrite tip. Chapter 7 will present calculations which show that 

the dendrite tip undercooling increases with increasing scan speed and that the 

amount of second phase which forms decreases accordingly. 

Figure 6.5 shows the measured fcrritc content versus scan speed relationship for 

alloys 1. 2 and 3. Alloy 1 is fully austcnitic at all speeds and its fcrritc content is 

zero regardless of the cooling rate. Alloys 2 and 3 both have fcrritc contents in the 

arc cast condition (0.7 mm/s equivalent speed) which arc close to the SchaclTler 

prediction and both have a gradual decrease in fcrritc content as the scan speed is 

increased. Alloy 2 reaches zero percent fcrrite at a scan speed of about 100 mm/s 

while Alloy 3 reaches zero percent fcrritc at slightly higher speeds. The fact that 

Alloy 3 has more fcrritc and requires higher scan speeds to reach zero percent fcrritc 

than Alloy 2 is a result of its higher Cr/Ni ratio. 

The cooling rate influences the fcrrite content in two ways. Firstly, it influences 

the amount of fcrritc which solidifies from the melt. Sarrcal and Abbaschian [6.9] 

have shown that the amount of second phase that forms reaches a maximum value at 

intermediate cooling rates. At high rates, dendrite tip undercooling increases the 

percentage of primary phase and reduces the amount of second phase that forms. 
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•\i low c e d i n g rates , back d i f fus ion in the solid I . d u c e s ihe amoun t r-f second phase 

which fot ms Hetwccn these ex t r cnKs . the second p h a s . reaches a m a x i m u m a m o u n t 

ai .1 cool ing ra te ol' about l o P l ' s in the M- i 'u s\si L-m and this a m o u n t co r r e sponds to 

the amoun t of second phase pred ic ted In the Scheil equa t ion Secondly , the cool ing 

rate in f luences the amoun t of f e r r i t c which t r a n s f o r m s to aus t en i t e . At high ra tes 

the re is no t ime for t r a n s f o r m a t i o n to occur whi le at low rates the m a x i m u m a m o u n t 

of f e r r i t e t r a n s f o r m s and the f e r r i t c con ten t a p p r o a c h e s it e q u i l i b r i u m va lue . 

These two fac tors are schemat i ca l ly shown in I-ig. 6.6. At low cool ing ra tes , a 

high pe rcen tage of f c r r i t e t r an s fo rms to a u s t c n i t c whi le at high cool ing rates , the 

p e r c e n t a g e that t r a n s f o r m s a p p r o a c h e s zero. There fore , a m a x i m u m in the a m o u n t of 

res idual f e r r i t e also occurs at an i n t e r m e d i a t e cool ing ra te for p r imary aus t en i t e 

so l id i f ied al loys. C o m p a r i n g the ac tua l a m o u n t ol" res idua l f c r r i t e in Alloys 2 and 3 

(Fig. 6.5) wi th big. 6.6 shows that the tests p e r f o r m e d in this stud> all occur at the 

high cool ing r a t e s ide of Fig. 6.4 since a peak in the a c t u a l f e r r i t e c o n t e n t was not 

observed. I h i s fact is c o n f i r m e d by a small xa lue ( K 0.1) of the Urody-I lemings back 

d i f fus ion p a r a m e t e r in the a rc cast b u t t o n s and even smal ler va lues for the 

e l ec t ron -beam melts. 

6.2.2 Alloy 4 

Alios 4 behaves uniquely because it sol id i f ies in a p r i m a r y f c r r i t i c mode (1 A) at 

low cool ing ra tes and MI a p r imarx aus t en i t i e mode ( A b or A) at high cool ing rates, 

t h i s c h a n g e in so l id i f i ca t ion behav io r has a s i gn i f i c an t e f fec t on the f e r r i t e con ten t , 

f i g u r e 6.7 shows the ac tua l f c r r i t c con ten t of Alloy 4 as a func t ion ol' the e lec t ron 

beam scan speed. T h e fe r r i t e con ten t vvas measured In the v i b r a t i n g sample 

m a g n e t o m e t e r and the resul ts a i e compared to the a m o u n t p r ed i c t ed In the Schacf f l e r 

d i a g r a m . 

As the scan speed increases from 0.7 to 100 mm s. the fc r r i t e level increases from 

14 to 18 percent . In this region, the mode of so l id i f i ca t ion is I A and the increase in 

f e r r i l e con ten t is caused bv the increase in the a m o u n t of p r ima l \ f e r t i l e that 

so l id i f ies and the decrease in the amount of f e r t i l e that t r an s fo rms At scan speeds 

above 100 mm s. the fe r r i t c con ten t decreases because Ihe I A mode of so l id i f i ca t ion 

is b e n g replaced In the AI- or I. mode of so l id i f i ca t ion and finally 
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the fully austenitic mode of solidification. The change in solidification modes with 

scan speed was discussed in Chapter 5 and is shown in Fig. 5.11. 

The separate contributions of solidification and solid-state transformation are 

schematically shown in Fig. 6.8 for primary ferrite solidified alloys. This figure 

illustrates both the amount of fcrritc that solidifies from the melt and the amount of 

ferrite tl.at transforms as a function of cooling rate. The ferrite content versus 

cooling rate behavior passes through a minimum for primary fcrritc solidified alloys 

rather than a maximum as it did for primary austenitc solidified alloys and the 

minimum occurs at an intermediate cooling rate when the highest \olumc fraction of 

second phase austcnite solidifies. The range of cooling rates over which alloy 4 

solidifies in the FA mode is indicated on this diagram and occurs where the amount 

of ferrite is shown to increase with cooling rate. 

At scan speeds greater than 100 mm s. the residual ferrite content of Alloy 4 

decreases and reaches zero percent at speeds above 500 mm s. The decrease in fcrritc 

content can not be explained by primary fcrritc solidification. Examination of the 

microstructurc showed primary austcnitc (AF and A) solidified regions in the high 

speed melts. At 100 mm s, approximately 20% of the microstructurc solidified in the 

AF mode but at 2000 mm/'s. 90% of the microstructurc solidified in the A or AF 

modes. This change in solidification mode explains the decrease in fcrrite content 

after the initial increase in fcrrite with increasing cooling rate. The microstructurc 

of Alloy 4 at low and at high scan speeds was discussed in Chapter 5 and is shown in 

Fig. 5.12. 

6.2.3 Alloy 5 

Alloy 5 solidifies in a fully fcrritic mode or in an FA mode at low cooling rates 

and follows a similar pattern as Alloy 4 up to 100 mm s. However, at higher travel 

speeds. Alloy 5 solidifies only in the fully fcrritic mode and the low cooling rate 

portions of the melt undergoes a transformation to Widmanstattcn austcnitc while the 

high cooling rate portions of the melt undergo a transformation to massive ausicnitc. 

therefore, the amount of ferrite which solidifies from the niell in Alloy 5 is quite 

different from that in Alloy 4. but. because of the massive transformation of ferrite. 

the residual ferrile conicnl in Alloy 5 also decreases at high cooling rales. 

file:///olumc
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The measured fc r r i t c content of Al loy 5 is plotted versus scan speed in Fig. ( i f 

The so l id i f i ca t ion mode is pr imary f c r r i t c . FA. at scan speeds below 100 mm s The 

fe r r i t c content increases w i th cool ing rate just as in the FA so l id i f i ca t ion mode region 

of Al loy -4. At scan speeds greater than 100 mm s. the so l id i f i ca t ion mode begins to 

convert to the f u l l y f c r r i t i e mode. At 100 mm s. approximately 30% of the melt 

sol id i f ies in the F mode and these regions are concentrated close to the melt 

per iphery. At scan speeds of 500 mm s and higher. 100% of the melt sol id i f ies in the 

f u l l y f c r r i t i c mode. This t ransi t ion was discussed in Chapter 5 and the microstruc-

tures of the melts are shown in Fig. 5.10. 

The massive t ransformat ion only occurs in alloys which sol id i fy in the fu l ly 

f c r r i t i c mode. I f second phase austcnitc is present. FA mode, the austenitc provides 

heterogeneous nuclcat ion sites which begin to t ransform before the allov has reached 

su f f i c ien t undercool ing to nucleate the massive austcnitc grains. A l loy 5 becomes 

f u l l y f c r r i t i c at cool ing rates of I 0 5 °C or greater but the actual fe r r i t c content of 

A l loy 5 docs not show a sharp drop in f c r r i t c content w i th t ravel speed. This occurs 

because the surface melts do not cool at a u n i f o r m rate and al lows a percentage of 

the melt to t ransform as massive austcnitc and the remainder of the melt to t ransform 

as Widmanstattcn austcnitc. The percentage of Ihc n i icrostruc iurc that t ransforms 

into massive austenitc grains increases w i th cool ing rate and creates a smooth 

t ransi t ion between the FA and F modes. This behavior is responsible for the 

max imum in the f c r r i t c versus cooling rate curve. 

At scan rates greater than 2000 mni/s the f c r r i t c content begins to increase. 

Examinat ion of the microstructurc shows that these melts also so l id i f y in a fu l ly 

f c r r i t i c mode and thai this f c r r i t c also undergoes a massive t rans format ion , however, 

some of the or ig inal f c r r i t c is left behind in the microstructurc because only a 

port ion of the fe r r i t c transforms to austcnite. This behavior w i l l be discussed in 

more detai l in Chapter 8 and is a result of incomplete m ix ing in the high speed 

surface melts vvhich leave regions of high Cr Ni rat io f c r r i t c thai arc resistant to the 

massive t ransformat ion. 

Figure 6.10 schematically shows the behavior of Allov 5 which sol id i f ies as 

primarv fe r t i l e and then undergoes a massive tran.sformaiion al' f c r r i l e in the fu l ly 

f c r r i t i c so l id i f ied regions. The amount of f c r r i t c that sol id i f ies I'mni ihc melt is the 

same as that which is schcmaii i ,iilv indicated in I ig. 6.8 in the I A regions, however. 
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because o l ' the c h a n g e in the s o l i d s ta te t r a n s f o r m a t i o n m e c h a n i s m at h i g h c o o l i n g 

ra tes , the r e s i d u a l f e r r i l e c o n t e n t is d r a s t i c a l l y r e d u c e d . The mass i ve t r a n s f o r m a t i o n 

o c c u r s w i t h o u t l o n g - r a n g e d i f f u s i o n a n d r e q u i r e s u n d e r c o o l i n g be low us I , 

t e m p e r a t u r e , t h e r e f o r e it is on l> o b s e r v e d at h i g h c o o l i n g rates, A l l o y > is the on l y 

a l l oy to show t h i s b e h a v i o r because the r e m a i n i n g a l l o y s w h i c h s o l i d i f y i n a f u l l v 

f c r n t i c mode have h i g h e r Ct N i r a t i o s a n d have f e r r i t c c o m p o s i t i o n s w h i c h are s tab le 

e n o u g h to p r e v e n t the mass i ve t r a n s f o r m a t i o n . 

6.2.4 Fully Ferritic Solidified Alloys 6 and 7 

• \ l l ov " s o l i d i f i e s in the f u l l v f c r r i t i c mode at a l l o f the scan speeds i n v e s t i g a t e d 

in th i s s tudy a n d A l l o y 6 s o l i d i f i e s in the f u l l v f c r r i t i c m o d e at scan speeds g r e a t e r 

t h a n 25 m m s. I ' n d c r these c o n d i t i o n s , changes in the f c r r i t e c o n t e n t w i t h c o o l i n g 

ra te are d i r c c t l v r e l a t e d to the e x t e n t o f the f e r r i t c to a u s t c n i t e s o l i d s ta te phase 

t r a n s f o r m a t i o n . 

I he f e r r i t e c o n t e n t ve rsus scan speed r e l a t i o n s h i p is s h o w n f o r A l l o v s 6 a n d 7 in 

I ig . 0 .11 . T h i s d i a g r a m i n d i c a t e s t h a t t he r e s i d u a l f c r r i t e c o n t e n t inc reases f r o m its 

a rc cast v a l u e o f a b o u t 3 0 % to 100% at a scan speed o f 6 m m s in A l l o y 7 a n d c5 

m m s in A l l o y 6. T h e f c r r i t c c o n t e n t s a re c o m p a r e d w i t h the S c h a c f l T c r p r e d i c t e d 

v a l u e s a n d show t h a t i n the cast c o n d i t i o n (0.7 m m s e q u i v a l e n t scan speed) the 

f c r r i t c c o n t e n t s a rc s l i g h t l y l o w e r t h a n p r e d i c t e d by the S e h a c l T l c r d i a g r a m . T h i s 

f a c t has a l r e a d y been d i scussed a n d is caused bv the d i f f e r e n c e in c o o l i n g ra tes 

b e t w e e n the cas t i ngs a n d a r c w e l d s . T h e i n f l u e n c e o f c o o l i n g ra te on the 

m i c r o s t r u e t u r c o f f u l l y f c r r i t i c s o l i d i f i e d a l l o v s is the best u n d e r s t o o d o f the cases 

s t u d i e d because the a m o u n t o f f c r r i t e t h a t s o l i d i f i e s f r o m the m e l t is k n o w n to he 

100'"'! a n d the a v e r a g e f c r r i t c c o m p o s i t i o n is the same as the n o m i n a l a l l oy 

c o m p o s i t i o n . 

T h e s c h e m a t i c s o l i d i f i c a t i o n a n d s o l i d - s t a t e t r a n s f o r m a t i o n b e h a v i o r o f these 

a l l o v s is s h o w n in F i g . 6.12. T h e 100"'" f c r r i t c l i n e rep resen ts the a m o u n t o f f c r r i t c 

t h a t s o l i d i f i e s f r o m the me l t a n d the r e s i d u a l f e r r i t c is r e l a t e d to the a m o u n t o f t i m e 

f o r the s o l i d s ta te t r a n s f o r m a t i o n to o c c u r . At slow c o o l i n g ra tes , m o r e t i m e is 

a l l o w e d f o r the t r a n s f o r m a t i o n a n d a l o w e r f e r r i t c c o n t e n t resu l t s 
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Figure 6.11 The measured f e r t i l e contents or the f u l l y Terr i f ic so l id i f ied 
A11 o > s 6 and 7 as a func t ion of electron beam scan speed. 
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Figure 6.12 1 he estimated trend of f c r r i t c content in f u l l y Tcrr i t ic so l id i f ied 
alloys as a func t ion of so l id i f i ca t ion rate. Ihc amount of f c r r i t e 
that sol id i f ies and the residual f c r r i t e , after solid state 
t rans format ion , is indicated. 
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Therefore, the fc r r i te content increases w i th cool ing rate to the point where no 

t ransformat ion occurs and the microstructure remains ful lv f e m t i c . The cr i t ica l 

cool ing rate where t ransformat ion is suppressed is a func t ion of composit ion and this 

cr i t ica l cool ing rate decreases w i th increasing Cr Ni rat io of the alio;.. 

6.3 Summary and Conclusions 

For allovs which sol id i fy in the -\F mode, the residual f c r r i te content was show n 

to decrease wi th increasing cool ing rale. This behavior is easily explained In the 

decrease in the amount of f c r r i t c that sol id i f ies f rom the melt as the cool ing rate is 

increased and a quant i tat iv e analysis of so l id i f i ca t ion segregation w i l l be presented in 

Chapter " to describe this bcha\ ior . Figure 6.13 shows that the I c r r i t c content of 

• \ l lo \s 1. 2. and 3. which sol idi fy in the AF mode, approaches zero as [he scan speed 

is increased. The measured residual f c r r i t c content of .Allovs 1. 2. and 3 is shown in 

f igure 6.14 to con f i rm this behavior. The scan rate required to produce fu l ly 

austenit ic behavior increases wi th increasing Cr \ i rat io of the alloy due to the 

higher amounts of chromium and nickel "solute* that arc associated w i th higher Cr \ i 

rat io alloys. Alloy 4 sol id i f ies in the AF mode at scan speeds greater than 100 mm s. 

therefore, its fer r i tc content also approaches zero at the high speeds. 

•Mlov 4. at scan speeds less than about 100 mm s. and Al loy 5. at scan speeds less 

than about 10 mm s. so l id i fy in the FA mode and the amount of f c r r i t c that forms 

dur ing so l id i f i ca t ion increases wi th increasing cool ing rate. The approximate amount 

of f c r r i te that sol id i f ies f rom the melt in these alloys is indicated in Figure 6.1.3. The 

equ i l i b r ium fer r i tc content is represented at low cool ing rates and this f igure shows 

that a smaller amount of second phase fc r r i t c forms at intermediate cooling rates. 

However, this trend is reversed at higher cooling rates which leads to a m in imum in 

the fc r r i t c cooling-rate curve. Neither Al loy 4 nor Alloy. 5 so l id i fy in the FA modes 

at high cool ing rates and their so l id i f ica t ion behavior becomes fu l l y austenit ic or 

fu l lv f c r r i t i c respectively. 

The ef fect of cooling rate on the solid state t ransformat ion behavior in the i \ 

so l id i f ied alloys is such that less of the f c r r i i e transforms a* the cooling rate 

increases. This fact is discussed in Chapter 8 by considering both the reduction in 
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dendr i te arm spacing and the reduct ion in character ist ic d i f f us i on distance as the 

cool ing rate is increased. Therefore, the residual f e r r i t e of F \ so l id i f ied al loys, 

shown in Figure 6.14, is reduced more at low cool ing rates and this tends to remove 

the m i n i m u m in the residual f e r r i t c versus cool ing rate behavior of these alloys. 

A l though A l loy 4 and A l loy 5 so l id i fy w i th d i f f e ren t p r imary modes of 

so l id i f i ca t ion at h igh cool ing rates, their Territc versus cool ing rale behavior is 

s imi lar. This apparent anomaly was related to the fo rmat ion of massive austcnitc in 

A l loy 5 at high cool ing rates which rap id ly t ransforms the f c r r i t e to austcnitc because 

of its high inter face \ c loc i t y . These aspects w i l l be discussed in more detai l in 

Chapter 8 and since the massive t ransformat ion leaves some residual f c r r i t c in the 

microst ructure. A l loy 5 does not approach zero f c r r i t e at high cool ing rates. 

7 

FA MODE 
AF MODE 

< I0 " 2 - l o ' > ' 0 7 

Log Cooling Rate CC/s) 

! igurc ft H Summary of the estimated trends of the amount of l e i r i i c that 
sol id i f ies for each of the sc\cn alloys, as a func t ion of c i o l i ng 
rate. 
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Al loys 6 and 7 sol id i f \ in the fu l l s f c r r i t i c mode for al l of the condit ions studied 

Dur ing cool ing, the f c r r i t c t ransforms by the nuclcat ion and growth of \\ idmanstattcn 

platelets. Therefore, the residual fc r r i te content of these alloss increases wi th 

increasing cool ing rate due to the reduced amount of t ime for growth of austcnitc A 

c r i t i ca l cool ing rate was obscrsed, where no t ransformat ion occurs in these alloys 

This cool ing rate is higher for the lower Cr Ni rat io alloys due to the reduced 

thermodynamic s tab i l i ty of f c r r i t c of the lower Cr N i compositions. 

Based on the measured fc r r i te contents of the electron beam melts and the 

metal lographic observations of the microstructurc, the f o l l ow ing conclusions can be 

made re lat ing the effects of cooling rate to the fe r r i te content of stainless steel alloys 
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to 

Figure 6 ! 4 Summary of the measured residual fe r r i t c contents in the sc\cn 
alloys as a func t ion of electron beam scan speed. 
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Conclusions 

1. The compos i t ion and the p r i m a r y mode of so l id i f i ca t ion d e t e r m i n e how the 

cool ing ra te will i n f luence the a m o u n t of f e r r i t c tha t so l id i f ies from the melt . 

2. At high cool ing ra tes the al loys so l id i fy in c i t he r the fully f e r r i t i c or fully 

a u s t e n i t i c modes wi th no second phase in the m i c r o s t r u e t u r c . 

"i. At low cool ing ra tes , the res idual f c r r i t e con ten t increases for F and F-\ 

so l id i f ied al loys but decreases for AF so l id i f i ed al loys. Th i s b e h a v i o r can be 

exp l a ined by the combined ef fec ts of the dec reas ing a m o u n t of solute 

segrega t ion and the d e c r e a s i n g a m o u n t of f e r r i t e t r a i ^ l ' o r m a t i o n \*iih 

inc reas ing cool ing ra te . 

4 Based on c o n ^ . j s i o n s 2 and 3, one would expec t the f c r r i t c con ten t in the a l leys 

to c i t he r increase t o w a r d s the fully f c r r i t i c c o n d i t i o n or dec rease t o w a r d s the 

fully a u s t c n i l i c cond i t i on as the cool ing ra te increases . Howeve r , the res idual 

f c r r i t c con t en t of Alloys 4 and 5 goes t h r o u g h a m a x i m u m at i n t e r m e d i a t e 

cool ing rates . Th i s b e h a v i o r was exp l a ined by 1) the c h a n g e in so l id i f i ca t ion 

mode of Alloy 4 from FA to AF wi th inc reas ing cool ing ra te and 2) the 

f o r m a t i o n of massive a u s t e n i t c in Alloy 5 at high cool ing rates . 



173 

CHAPTER 7 

The Influence Of Cooling Rate On 
Solute Redistribution And Second Phase Formation 

T h e p roceed ing c h a p t e r s inves t iga ted the e f fec ts that cool ing ra te and composi t ion 

h a \ e on the f e r r i t c content and morphology of reso l id i f ied s ta inless steel al loys, l o r 

the most pa r t , the results were empi r i ca l and were based on the obse rva t ions of the 

e lec t ron beam u i r f a c c melts. This c h a p t e r takes a more f u n d a m e n t a l a p p r o a c h , by 

s t u d y i n g the effect of cool ing ra te on the fac tors which arc respons ib le for 

so l id i f i ca t ion segrega t ion . 

Microsegrcga t ion can he modeled su f f i c i en t ly well to p red ic t the in f luence of 

cool ing rate on solute r ed i s t r i bu t i on in b i n a r y al loy systems [7.1], The fac tors which 

in f luence mic rosegrcga t ion inc lude the phys ica l p ropc r i c s of the al loy, the 

so l id i f i ca t ion p a r a m e t e r s and the k ine t i c response of the sys tem, all o( which are-

known or can be es t imated in many b ina ry alloy systems. In ternary alios systems, 

such as the Fc-Ni -Cr . the r e d i s t r i b u t i o n of solute d u r i n g so l id i f i ca t ion is much more 

d i f f i c u l t to m o d e ' and to ver i fy because of the lack of i n f o r m a t i o n about the 

behav io r of te rnary alloys. 

The d i f f i c u l t i e s associa ted vvith p r e d i c t i n g mic roscgrcga t ion in t e r n a r y alloy 

systems a re re la ted to the lack of i n f o r m a t i o n abou t the so l id i f i ca t ion p a r a m e t e r s . 

For e x a m p l e , the t e r n a r y componen t gives the system an a d d i t i o n a l deg ree of f reedom 

which leaves the so l id i f i ca t ion pa th unspec i f i ed , t he r e fo re , it must be d e t e r m i n e d 

e x p e r i m e n t a l l y or es t imated by so l id i f i ca t ion model ing . Methods to p red ic t the 

so l id i f i ca t ion pa ths in the Fc-Ni-Cr system will be p resen ted in the first section of 

this chap te r and once the so l id i f i ca t ion path has been es t ab l i shed , the r e m a i n i n g 

p a r a m t c r s which in f luence so l id i f ica ion can be d e t e r m i n e d from the e q u i l i b r i u m 

phase d i a g r a m . 

P red i c t i ng the amount of microsegrcga t ion involves o the r d i f f i c u l t i e s as well 

In t e r f ace ins tab i l i t i e s l ead ing to ce l lu lar or d e n d r i t e g rowth need to be taken into 

account and the solute r ed i s t r i bu t ion models are based on a s sumpt ions which have to 
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be ca re fu l ly jus t i f i ed . These fac tors were s tud ied in the Fc-Ni-CT te rnary system and 

the resul t s were used to ca l cu la t e solute r e d i s t r i b u t i o n as a func t ion of in t e r face 

veloci ty for the e l ec t ron -beam su r f ace -me l t ed al loys. The solute r ed i s t r i bu t i on 

ca l cu l a t i ons i nco rpo ra t e unde rcoo l ing at the d e n d r i t e t ip using a c o n s t r a i n e d d e n d r i t i c 

g rowth model and the resul ts were used to p red ic t the a m o u n t of p r i m a r y and second 

phase f c r r i t e that so l id i f ies in each alloy as a f unc t i on of e lec t ron beam scan speed. 

T h e so l id i f i ca ton segrega t ion model p r ed i c t s the a m o u n t of f e r r i t e that forms 

d u r i n g so l id i f i ca t ion but docs not i nco rpo ra t e the e f fec ts of the solid s ta te 

t r a n s f o r m a t i o n that occurs in the low cool ing ra te melts. T h e r e f o r e , the ca lcu la ted 

f c r r i t c con t en t s represent an upper bound for the r e s idua! f e r r i t c con ten t and this 

upper bound p rov ides a useful s t a r t i ng poin t for u n d e r s t a n d i n g m i c r o s t r u c t u r c s which 

deve lop in reso l id i f ied s ta inless steel al loys. In a d d i t i o n , the d e n d r i t e t ip ca l cu l a t i ons 

can be used to predic t the so l id i f i ca ton c o n d i t i o n s that lead to the unde rcoo l ing 

necessary for the g rowth of mc tas tab lc phases by c o m p a r i n g the u n d e r c o o l i n g at the 

d e n d r i t e t ip with the t h c r m o d y n a m i c a l l y c a l c u l a t e d e q u i l i b r i u m and mc tas i ab lc phase 

d i a g r a m s . 

7.1 Solidification Paths and Parameters in the Fe-Ni-Cr System 

D u r i n g the so l id i f i ca t ion of b ina ry a l loys , the e o m p o s i ' ; o n of the solid and l iquid 

phases arc given bv the sol idus and l i qu idus l ines respec t ive ly . Therefore , the 

so l id i f i ca t ion path and tic lines arc known by v i r tue of the fact tha t the Gibbs phase 

rule a l lows ?cro degrees of f reedom for two phases in e q u i l i b r i u m at cons tan t 

t e m p e r a t u r e and pressure . 

If a th i rd componen t is added to the system, two phases will be in e q u i l i b r i u m at 

cons tan t t e m p e r a t u r e and pressure but one degree of f reedom still exists . This 

compos i t iona l degree of f reedom ex tends the l i qu idus and sol idus l ines into sur faces . 

The tie l ines which join the l i qu idus and sol idus su r faces arc not f ixed in anv given 

t e m p e r a t u r e - c o m p o s i t i o n p lane and arc not known u prmn. T h e r e f o r e , wi thout 

knowledge of the tic l ine locat ions , the path that the solid and l iquid compos i t ions 

follow d u r i n g so l id i f i ca t ion is also not known. 
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F o r t u n a t e l y , t h e r m o d y n a m i c ca lcu la t ion of phase equ i l i b r i a in te rnary alios 

systems has been re f ined to the point where t ic l ines can be p red ic t ed in many 

systems. These types of ca l cu l a t i ons will be br ie f ly s u m m a r i z e d in this sect ion and 

resul ts will be p resen ted which show the locat ion of tic lines and so l id . f i ca t ion pa ths 

for the a l loys s tud ied in th i s inves t iga t ion . F rom these so l id i f i ca t ion pa ths , 

p s e u d o b i n a r y d i a g r a m s will be d e t e r m i n e d to represent the so l id i f i ca t ion b e h a \ ior of 

each alios and the so l id i f i ca t ion p a r a m e t e r s can be d e t e r m i n e d from these d i a g r a m s . 

7.1.1 Solidification Paths 

I so thermal sect ions were ca l cu la t ed in the Fe-Ni-Cr system using the T h e r m o c a l c 

so f tware package . Detai ls of the c o m p u t a t i o n s and plots of the i so thermal sect ions 

are s u m m a r i z e d in A p p e n d i x C. The resul ts of the c a l c u l a t i o n s give i n f o r m a t i o n 

regard i . ig phase e q u i l i b r i a , i nc lud ing tie l ines in all of the two-phase reg ions , for 

t e m p e r a t u r e s r a n g i n g from 107.3K to '.h*- mel t ing point of c h r o m i u m . 

F rom a so l id i f i ca t ion s t a n d p o i n t , the most i m p o r t a n t i so the rmal sec t ions a re those 

which are close to the l iquidu.; t e m p e r a t u r e . F igure 7.1 shows the 1412°C iso therm 

and i l lus t ra tes the tie line locat ions for p r i m a r y a u s t c n i t c and p r i m a r y I 'crrite 

so l id i f i ca t ion . The Fe-Ni-Cr system has a small t e m p c a t u r e d i f f e r e n c e be tween the 

l i qu idus and sol idus and the o r i e n t a t i o n of the tie l ines docs not c h a n g e s ign i f i can t ! ) 

f rom the b e g i n n i n g to the end of so l id i f i ca t ion . T h e r e f o r e , these tie l ines can be used 

to a p p r o x i m a t e the so l id i f i ca t ion path because segrega t ion will be in the genera l tic 

l ine "d i rec t ion" unti l the r e m a i n i n g l iquid reaches the line of two-fold s a t u r a t i o n . At 

this t e m p e r a t u r e , the l iquid composi t ion follows the line of two-fold s a t u r a t i o n whi le 

th ree phases ( l iqu id , a u s t e n i t e and fe r r i t e ) coexist unt i l so l id i f i ca t ion is comple ted ai 

the m i n i m u m in the line of two-fold s a t u r a t i o n (-WoCr. -43%Ni. 8%Fc). The 

so l id i f i ca t ion pa ths for alloy I (p r imary aus ten i t e ) and al ios 7 (pr imary fe r r i t e ) are 

shown in Fig. 7.; , based on the ex t r apo la t ed tie l ines, the ini t ia l compos i t ion of the 

.i11>• ys and the line of two-fold s u t u r a t i o n | l 37]. 

I he so l id i f i ca t ion path can be d e t e r m i n e d more accura te ly by a c c o u n t i n g for tie 

line niiivcnicni with tempera lure, l h i s r equ i t e s a so l id i f i ca t ion model which 

inci'i (in i ales thei mods namical ly ca lcu la ted lie l ines and ad jus t s the in ie r fac ia l 
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compositions as a func t ion of so l id i f i ca t ion temperature. One -such model was 

developed by Kund ra t [1.2. 7.3] and uti l izes the Schcil approx imat ion to represent 

solute red is t r ibu t ion . Kundra t 's model was used to calculate so l id i f i ca t ion paths fo i 

alloys 1 and 7 in the Fe-Ni-Cr ternary system [7.4] and these paths arc shown in Fig. 

7.3. Also plotted in this f igure are the tic lines p ied ic tcd by Ihe rmoca lc to show that 

the two methods of pred ic t ing the so l id i f i ca t ion paths g i \ c s imi lar results. The 

closeness of these estimations is related to the narrow separation between l iqu idus and 

solidus temperatures and the fact that the t ie-l ines generated by Kundra t 's model are 

nearly ident ica l to those generated by Thcrmocalc. 

F e 10. 2 0 . 3 0 . 4 0 , 5 0 . 6 0 . 7 0 . 8 0 . 9 0 . N i 

f i g u r e 7.1 1 hern odynamical ly calculated isothermal so-l ion through the 
I e-Ni-C'r ternary system at I 4 I V C show'ng the or ientat ion el 
t ie-l ines in the two-phase regions at temperatures close in the 
so l id i f i ca t io t range of the seven alloys. 
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Figure 7.2 shows that the solidification paths do not curve significantly from the 

initial solidification composition to the composition where the liquid reaches the line 

of two-fold saturation. Therefore, the solidification paths can be approximated by 

straight lines which is fortunate because it allows (he ternary alloys to be treated in a 

manner similar to that of binary alloys. The pseudobinary diagram, which represents 

the solidification behavior along these paths, can be determined by plotting the 

temperature-composition vertical plane containing these paths. 

0 5 10 15 20 25 30 35 

Nickel (wt.%) 

Figure 7.2 Solidification paths for Alloys 1 and 7 estimated from the linear 
extrapolation of the tie lines shown in Figure 7.1. 
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7.1.2 I'seudobinarj Diagrams to Represent Solidincation Beha\ior 

Pseudobinary diagrams were determined for primary austcnite and primary fcrritc 

solidification behavior using the thermody namically calculated isothermal phase 

diagrams and the solidification paths presented in Fig. 7.3. These diagrams are shown 

in Figures 7.4 and 7.5 and represent the solidification behavior for primary fcrritc 

and primary austenite solidified alloys that contain 59 wt.% Fe. Constant Fe vertical 

sections have been used in the past to estimate the solidification behavior or stainless 

steel alloys by many investigators. However, these diagrams do not accurately 

50 * Tie-Line Approximation 

15 20 
Nickel (wt.%) 

35 

Figure 7.3 Solidification piths for Alloys 1 and 7 calculated by solidifica­
tion segregation modeling. 
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r ep resen t the so l id i f i ca t ion segrega t ion since the tie l ines in the L.+S phase f ields do 

not lie in the cons tan t F'c p lane . By choos ing the ver t ica l sec t ions p resen ted in 

F igu res ~.A and 7.5 to lie a long the so l id i f i ca t ion pa th , the t ie - l ines also lie in these 

p lanes . T h e r e f o r e , the d i a g r a m s presen ted in F igures 7.-1 and 7.5 accura te ly represent 

the so l id i f i ca t ion behav io r of p r i m a r y f e r r i t e and p r imary a u s t e n i t e so l id i f i ca t ion 

cond i t i ons . Tliese new d i a g r a m s a r e s ign i f i can t i m p r o v e m e n t s over the cons tan t Fc 

ver t ica l sec t ions used in the past . 

Pa r t i t i on ra t ios , k. and the slope of the l i qu idus s u r f a c e , nij. . can be d e t e r m i n e d 

for Cr and for \ i p a r t i t i o n i n g from the pscudob ina ry d i a g r a m s using the fo l lowing 

e q u a t i o n s | " . 5 | : 

A - ' . ( .-. I ) 
I 

?r • 

w h e r e I. r e fe rs to l iqu id , the subscr ip t i deno tes Cr or Ni and the subscr ip t j deno tes 

the aus t en i t c or I 'erritc phases . The o the r n o m e n c l a t u r e which a rc used in this c h a p t e r 

a rc s u m m a r i z e d in Tab le 7.6. F igure 7.4 can be used to ca l cu l a t e k and ni[. for Alloy 

1 ( p r i m a r y aus t en i t c ) where the subscr ip t j deno tes the a u s t e n i t e phase whi le F igure 

7.5 can be used to ca l cu la t e k and nii, for alloy 7 (p r imary f c r r i i e ) where the subscr ip l 

j now deno te s the f c r r i t c phase . 

Since the l i qu idus and sol idus l ines a long the so l id i f i ca t ion p a t h s are nearly l inear 

wi th compos i t i on , k and ni[, can be t r ea t ed as cons tan t t h r o u g h o u t the so l id i f i ca t ion 

process and the i r n u m e r i c a l va lues arc s u m m a r i z e d in Tab le 7.1. Since the in i t ia l 

compos i t ions of the p r imary aus t cn i t c so l id i f ied a l loys (1.2,3) a re s imi la r it can be 

assumed that k and mi, will not be s ign i f i can t ly d i f f e r e n t for a l loys 1. 2 and 3. 

L ikewise , the compos i t ions of the p r i m a r y f e r r i t c so l id i f ied al loys (-1.5.6.7) arc s imilai 

and should have s imi lar so l id i f i ca t ion segrega t ion behav io r . T h e r e f o r e , the values of 

k and niL ca lcu la t ed for alloy 1 can be used to represent the behav io r of a l loys 2 and 

3 whi le k and nt|, ca l cu la t ed for alloy 7 can be used to represent Ihc behav ior of 

a l loys 4. 5 and 6. 



180 

1750 

1700 _ 

n 

<v 
CL 

E 
I -

1650 _ 

1600 — 

1550 
Cr io.o 

Ni 21.6 

20.0 30.0 40.0 50.0 

19.6 17.6 15.6 13.6 

Composition (wt. %) 

Figure 7.4 Pscudobinary diagram along the solidification path of Alloy I, 
based on thermodynamic calculations. The solidification behav­
ior of primary austcnitc sol id if ice alloys is represented for 
chromium contents up to 3I.5 wt%. 
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Figure 7.5 Pscudobinary diagram along the solidification path of Alloy 7, 
based on Thermodynamic calculations. The solidification behav­
ior of primary ferrite solidified alloys is represented for Ni 
contents up to 16.3 wt.%. 



is: 

T a b l e 7.1: Pa r t i t i on coef f ic ien ts and the slope of the l i qu idus l ines for 

p r i m a r y f c r r i t e and pr imary a u s t e n i t e so l id i f ied ullov•>. 

Pr imary Phase Quan t i ty Va lue 

1 err ite 

m F

L - C r l . v I ' T "nCr 

1 err ite m K L - . \ i -7.4»C "nN'i 1 err ite 

k F C r 1.10 

1 err ite 

k F N , 0.74 

A u s t e n i t c 

m A L , C r -5.6"C \.Cr 

A u s t e n i t c m A L , N i \ZA"C "„Cr A u s t e n i t c 

k A C r O.SO 

A u s t e n i t c 

k A N, 1.05 

A n o t h e r essent ia l so l id i f i ca t ion p a r a m e t e r is the compos i t i on tha t c o r r e s p o n d s to 

the line of two-fo id s a t u r a t i o n of the l iqu id wi th respect to f e r r i t c and a u s t e n i l e , Cg. 

When the l iqu id compos i t ion reaches this po in t then a second solid phase begins to 

cosol idify wi th the p r i m a r y phase . Since Cg is the in te r sec t ion of the so l id i f i ca t ion 

pa th and the l ine of two-fold s a t u r a t i o n , each al loy has a d i f f e r e n t C E compos i t ion . 

Assuming the so l id i f i ca t ion pa th ' d i r e c t i o n ' for a l loys Z and 3 a re para l le l to al loy 1 

and that the so l id i f i ca t ion pa th d i rec t ion for a l loys J. 5 and 6 are pa ra l l e l to alloy 7, 

Cp, can be d e t e r m i n e d for each al loy. F igure 7.0 shows the so l i d i f i ca t i on p a t h s for the 

seven al loys and the i r in t e r sec t ion with the l ine of two-fo ld s a t u r a t i o n . Compos i t ions 

of C"K for each of the seven a l loys arc l isted in T a b l e 7.: . 

In s u m m a r y , the ' l i nea r ' so l id i f i ca t ion pa ths which where d e t e r m i n e d in section 

7.1.1 a l lowed p s c u d o b i n a r y d i a g r a m s to be d e t e r m i n e d for primary, a u s t e n i l e and 

p r imary f e r r i t e so l id i f i ca t ion . These d i a g r a m s were used to p red ic t va lues of k and 

niL for (7r and Ni p a r t i t i o n i n g lor p r imary a u s t e n i t e and p r imary fe r r i t e 

so l id i f i ca t ion behav io r . T h e composi t ion of the l iquid where the second phase first 
1 - . " i n s to deve lop d u r i n g so l id i f i ca t ion was also d e t e r m i n e d for each alloy by the 

tersect ion of the so l id i f i ca t ion path with the line of lwo-1'old s a t u r a t i o n . These 

so l id i f i ca t ion p a r a m e t e r s will be used in fo l lowing sect ions .o quan t i fy solute 

r e d i s t r i b u t i o n d u r i n g so l id i f i ca t ion . 
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Table 7.2: Nominal, cutcctic and maximum solid compositions ;wt.' 

Alloy 

Primary 

Phase 

c„ CE ^S.M 

Alloy 

Primary 

Phase Cr Ni Cr Ni Cr Ni 

1 

Austcnite 

22.0 19.0 31.0 18.0 25.0 18.5 

2 Austcnite 23.7 17.3 28.0 17.0 24.0 17.1 

3 

Austcnite 

24.6 16.4 26.2 16.1 22.0 16.6 

4 

Fcrrite 

25.4 15.6 25.5 15.9 26.8 11.8 

5 Fcrrite 26.6 14.4 26.0 16.0 27.5 12.0 

6 

Fcrrite 

27.4 13.6 26.5 16.1 28.0 12.1 

7 

Fcrrite 

27.8 12.8 27.0 16.3 28.5 12.2 

10 15 2 0 
Nickel (wt.%) 

25 30 35 

Figure 7.6 The estimated solidification paths and the intersection or these 
paths with the line of two-fold saturation, for the seven Fc-Ni-Cr 
alloys. 
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7.2 Interface Stability 

During plane front solidification, the liquid solid interface is assumed to be a 

smooth plane tra\cling in a direction normal to its surface. A solute-rich boundary 

layer builds up ahead of the interface and this configuration is stable at low growt.i 

rates. R. and high temperature gradients. G. However, typical castings, welds and 

surface melts solidify by a cellular or dendritic mode rather than by a plane front. 

Constitutional supercooling, caused by the solute-rich boundary layer, is responsible 

for instabilities in the plane-front that lead to cellular dendritic growth. Since this 

theory is well developed it will only be briefly discussed here. 

The conditions necessary to cause instabilities in the plane front arc related to G. 

R and the alloy properties k. C 0 . niL, and D by the following equation [7.5]: 

Where D refers to the diffusivity and the subscript L refers to the liquid. If the 

above inequality is satisfied, solidification will take place via a plane-front. If the 

inequality is not satisfied, the interface is unstable but equation 7.3 only indicates 

that instability is present and docs not relate any further information about the 

details of the I. S interface. 

In 1963. Mullins and Sckcrka [7.6] provided a rigorous solution to the dynamics of 

the L S interface in a constitutionally supercooled liquid. They analyzed the 

conditions under which a small sinusoidal perturbation will grow or shrink by taking 

into account solute and thermal fields, L/S surface energy <> , and Kinetics of the 

interface. Their results incorporate the solidification parameters and alloy properties 

and rcf-nc the stability criteria presented in equation 7.3. 

Mullins and Sekcrka predict a transition from plane front to the cellular mode as 

the growth rate is increased. They also predict a reverse transition from cellular to 

plane front at high (>I.O m/s) growth rates. This reversion to plane front 

solidification is termed absolute stability and is caused by the reduction in dendrite 

arm spacing at high rates. The small dendrite arm spacing, and associated small 

dendrite tip radius, give the interface a high surface area. This factor increases the 

surface energy of the interface which opposes the driving force produced by 



185 

c o n s t i t u t i o n a l supercool ing . T h e r e f o r e , a lower l imit is placed on the d e n d r i t e a rm 

(cell) spac ing when these two effec ts are equal and below this l imit , the i n t e r f ace 

becomes p l ana r . 

The above men t ioned s tabi l i ty c r i t e r i a h a \ c been i n t r o d u c e d to i l lus t ra te the th ree 

i n t e r r e l a t ed so l id i f i ca t ion p a r a m e t e r s which arc i m p o r t a n t to the s t ab i l i ty of the 

in t e r face : the growth ra te R. the t e m p e r a t u r e g r a d i e n t G, and the d e n d r i t e t ip r ad ius 

r t . I he ex ten t to which these fac tors are known d e p e n d s on the so l id i f i ca t ion process, 

l o r e x a m p l e , d u r i n g the su r f ace r e s c ' i d i f i c a t i o n e x p e r i m e n t s p e r f o r m e d in this s tudy . 

R can be e s t ima ted from the imposed scan xcloci ty of the e lec t ron beam, however , (i 

and r, must be ca l cu la t ed from first p r inc ip les . 

In the fo l lowing sect ion, me thods for e s t i m a t i n g R and for c a l c u l a t i n g G will be 

app l i ed to the d i f f e r e n t so l id i f i ca t ion cond i t i ons used in this s tudy , f r o m these d a t a . 

r t will be ca l cu la t ed and used to p red ic t unde rcoo l i ng at the d e n d r i t e t ip . 

7.2.1 Growth Rate and Temperature Gradient 

The g rowth rate is de f i ned as the local ra te of a d v a n c e of the l iquid solid 

i n t e r f ace Tor su r f ace resol id i f ied melts , the quas i - s t cady - s t a t c heat flow as sumpt ions 

were discussed in Chap t e r 4. These a s sumpt ions a l low the L S i n t e r f a c e shape to he 

t r ea t ed as cons t an t , t he r e fo re , the g rowth ra te can he e s t ima ted from the t ravel speed. 

S. and the weld pool shape . 

[ o r a given q u a s i s t a t i o n a r y su r face melt , g rowth ra tes vary from zero to a 

m a x i m u m value which can not exceed the t ravel speed of the source. V a r i a t i o n s in 

g rowth ra tes a r o u n d the melt pool su r f ace were shown in C h a p t e r 4 to be re la ted to 

changes in the so l id i f i ca t ion d i r ec t ion with respect to the d i r ec t ion of the heat source. 

A l though the g rowth ra te var ies f rom 0 to a m a x i m u m of S, the major i ty of the L S 

in t e r f ace moves at some i n t e r m e d i a t e g rowth ra te . T h i s "average" g rowth ra te of a 

g iven weld can be a p p r o x i m a t e d from the geometry of the mol ten zone and can be 

d e t e r m i n e d by m c t a l l o g r a p h i c e x a m i n a t i o n of the reso l id i f ied zone. 

At slow t rave l speeds, the width of the fusion zone is smal ler than its dep th and 

the g rowth d i r ec t ion is p r e d o m i n a n t l y across the wid th of the weld, l o r these 

cond i t i ons , the su r f ace t opog raphy of the reso l id i f ied melt can be used to e s t ima te the 
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growth rate. f l i c . r angle which represents tlie t ra i l ing edge ol' the melt pool and is 

observed on the surface of resol id i f ied melts is i l lus t ia tcd in f i g . 7.7. Ihc angle of 

interest. •• . lies between R and S and can be calculated f rom •. or f rom the length. I.. 

and the w id th . \ \ . In the fo l low ing geometric equation: 

d ' ' 0 - lai ( . ' , ! ) 

Ihc so l id i f ica t ion f ront vc loc i lv . R. can be calculated f rom In the fo l lowing 

equation 

• • , • • • o ( . • ' . : . ) 

where " represents the average so l id i f ica t ion rate of the melt. 

At high travel speeds, the depth becomes smaller than the w id th and the growth 

direct ion is predominantly f rom the bottom to the surface of the weld. Tor these 

condit ions, should be estimated f rom the length and depth of rfacc melt: 

/ ) s •, 

. / 

where I) represents the depth of the melt. The average so l id i f i ca t ion f ront velocitv 

can then be calculated for these condit ions using eqn. "".5. 

1 he average length, w id th and depth of the surface melts performed in this 

investigation are shown in fable "\3. f r o m these data. • . •• and • were calculated 

and arc also summarized in fable ".3. f qua t i on 7.4 was used to calculate for the 

low speed melts I. ; and 3 whi le equation ".b was used to calculate for the high 

speed melts 4. 5 and 6, Vhc average growth rate for each travel speed was calculated 

ft >m S and •• using equation 7.5. 
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Resol id i ( i ed Metal 

L iquid Meta 

Top View 

Cross Sect ion 

Figure " " Schematic representation of a surface melt showing the re lat ion­
ship between the travel speed, S, melt geometry and the 
in te r fac ia l vc loc i tv , R. 

l ab l c 7 1 Weld pool dimensions and average inter face vclocitv for each of the six 

electron beam surface mel t ing condit ions. 

Melt S 

(mm s) 

W,2 

(mm) 

L 

(mm) 

D 

(mm) 

0 

(deg) 

rosO ft 

(m m s) 

1 6.3 2.5 5.4 53 31 0.86 5.4 
T 25 1.5 5.8 3.1 76 0.26 6.5 

3 100 0.8 5.1 1.1 81 0.16 16 

4 500 0.63 2.0 0.20 84.3 0.10 50 

5 2,000 0.60 0.80 0.040 89 62 0.08 100 

6 5,000 0.50 0.55 0.008 89.92 0.02 175 
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The average calculated growth rates were shown to vary f rom 5.4 to 175 mm s for 

var iat ions in travel speed f rom 6.3 to 5000 mm s respectively. The 5000 mm s melt 

was too shallow to mctal lographical ly examine for its melt pool length. Therefore, its 

length was in i t i a l l y assumed to be equal to the radius of the electron beam spot. 

Table 2.A gives this radius as 0.55 mm and using this value, an average interface 

velocity of 100 mm s was calculated. However, this value of R is questionable since 

there was no apparent increase in velocity as the travel speed was increased f rom 

2000 to 5000 mm s. Therefore, the average interface vr loci tv for the 5000 mm s 

speed melt was estimated by extrapol la t ing the S versus R behavior of the f i i s t 5 

melts. This gave the average interface velocity of 175 mm s which is reported in 

Table "..v 

It is apparent tha. at the high travel speeds, the shallow n a i m : i f the surface 

melt reduces the growth rate substantial ly. This fact has sometimes been ignored bv 

other investigators who have used either the travel speed or the v e l ^ c m estimated 

f rom the melt w id th to incorrect ly represent the interface \c loc i iv ..f high-speed 

directed-energv resol id i f ied melts. The maximum interface vclocitv nb eived in the 

high speed electron beam melts in this study was only 175 mm s which is not high 

enough to produce the condit ions necessary for part i t ionlcss so l id i f i ca t ion 

Equation 44 was used to determine the average temperature gradient surrounding 

the electron beam melts produced in this invest igat ion. As discussed in Chapter 4. 

this equation relates R, G and ihe cooling rate, <. Assuming the temperature gradient 

is in the d i rect ion of heat f low, G is normal to the L S interface and R can be 

assumed to be in this same direct ion. Therefore, the average cool ing rates which were 

estimated by the dendri te arm spacing measurements in Chapter 4 and s which was 

calculated above f rom the melt pool geometry were used to determine the average 

temperature gradient on the L/S interface: 

R v 

Using this relat ionship, c was calculated for each surface mel ; and these values arc 

summarized in Table 7.4. 

file:///clociiv
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Table ",-4 Average temperature gradients during solidification of the 6 electron 

beam melts. 

Melt i 

("C s> 

ft 

(mm s) 

G 

<°C s) 

k , / k ', C . c ; . 

1 47x102 5.4 8.7x101 0.4 6 .1x10 ' 1.5x102 

; I . 9 x l 0 3 6.0 3.3.\102 0.5 2.5x102 4.9x102 

% 1.7N 10* 16 1.3x103 0.3 9.8x102 2.0x103 

•1 4 . 4 v l 0 5 50 8.0x103 1 8.0x103 8.0x103 

5 1 .5 \ I0 6 IOO 2.0x10* -\ 3.0x10* 1.5x10" 

b 7 5 \ I 0 6 175 4.6.x 10* -̂  6.9x105 3.5x10* 

fhe average temperature gradient varies from 8.7X101 to 4.6x10* "C'mm as the 

travel speed is increased from 6.3 to 5000 mm s. These values arc plotted in Fig. 7.8. 

" can also be defined as the conductiv in-weighted thermal gradient 17.7]: 

k t; • k i. 

k k ' ( / ' H ) 

and using the relationship between G s and Gt (Gs=(k L k s)G[,). the a\cragc 

temperature gradient in the solid, " , and liquid. " , can be calculated. Values for 

" and " arc reported in Table 7.4 and are plotted in Fig. 7.8. At low travel speeds 

the Pcclct number is large and '. is less than " because convection in the melt is 

important. At high travel speeds, the Pcclet number is small and convection becomes 

less important, reversing the relationship between " and '".. 

The a crage temperature gradient in the solid was also calculated by the finite 

element method for two travel speeds. These calcu.ations arc summarized in Chapter 

4 and arc plotted in Fig. 7.8. There is good correlation between the calculated 

temperature gradients and the estimated temperature gradients. The calculated values 

of " are within a factor of two and have the same apparent slope as the estimated 

values of " based on the weld pool geometry and DAS calculations. 
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F i g u r e 7.8 A v e r a g e t e m p e r a t u r e g r a d i e n t on t u e melt pool s u r f a c e . -:. and the 
e s t i m a t e d t e m p e r a t u r e g r a d i e n t s in the l iqu id , '", , and sol id . " . 
at the L /S i n t e r f ace . F-'EM t e m p c r r t u r e g r a d i e n t c a l c u l a t i o n s arc 
p lo t t ed for c o m p a r i s o n . 
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7.2.2 Dendrite Tip Characteristics 

The d i f f us ion of solute awav f rom the solid l iqu id interface contro l* the gi.-wth 

rate of columnar dendrites growing paral lel to the heat f l ux d i rect ion | " 8 | t o r 

solute d i f fus ion-cont ro l led growth, needle-like crystals can grow, at higher rai than 

a planar interface because the redis t r ibut ion of solute is more e f f i c ien t around a t ip 

wi th a sma'l radius of curvature. The rejected solute creates a boundarv lavcr. 

around the t ip and the d i f f us i on of solute is control led bv the solute gradients 

created in the l i qu id . Therefore, the growth rate and morphological characterist ic* of 

the dendrites are dependent on the bcha\ ior at the dendr i te t ip . 

The d r i v i ng force for d i f f us i on of solute at the dendr i te t ip is represented b> the 

supersaturat ion. 

•>• " . = . ( • ' • " ) 

It C , ( l - A ) 

Since a relat ionship exists between the temperature and the composit ion o f Ihc l i q u i d . 

also represents the related undercool ing. " . wh ich drives the so l id i f i ca t ion process: 

I ^ 
1/ = in (.' - ( . , = m f , I - ( / . 10 ) 

"[ I - i)(\ -K) 

The shape o\' the dendri te t ip is closclv represented b> a paraboloid of revolut ion 

[".8) and for this geometric shape, the mathematical solut ion to the d i f f u s i o n problem 

was derived bv Ivanstov (7.9]. This relat ionship equates .. to r, and R via the solutal 

Peclct number. l ' c . and the Ivanstov func t ion 1 (P,.): 

w here 

and 

/ / ' . ( / . I I ) 

fir . 
( / . I:M 

/ /•. = / ' i'\p i\ /• / ' , (/. r.i) 

Here. Ei is the exponential integral funct ion and r is the i n t c rd i f f us ion coef f ic ient in 

the l i qu id . For numerical calculations E)(PC) and I(P C) can be approximated f rom the 

fo l l ow ing equations [7.8J: 



i 1 ) : 

lo r o ^ r ^ i 

v. here. 

/ / ' , - ( ' . - ( ' , / ' » < • / ' • - ( • / ' - . , / ' - i / ' I n /• v ' - ' l ' - ' ^ 

c 0 = -0.577:16 Ci = 0.99999; 

c 2 = -0.24991 1 c 3 = 0.055:00 

c, = -0.009760 c 5 = 00010-9 

for 1 -. /> t , 

/ /• = ' ( /. I H O 

where. 

a, = 8.573329 b, = 9.5733: : 

32=18.059017 b 2 =:5.63:956 

a 3 = 8.634761 b 3 = : 1.099653 

a< = 0.:67774 b, = 3.958497 

Equation 7.11, 11 =1(PC), docs not specify a unique func t iona l dependence between 

the t ip radius and the inter face veloci ty, therefore, another equation is required. 

This addi t ional equation comes f rom the stabi l i ty cr i ter ion and relates the t ip radius 

to the surface energy and the temperature gradient. Accord ing to T r i x c d i [7.10). a 

relat ionship can be der ived to describe growth at the l im i t of morphological s tabi l i ty . 

The marginal s tabi l i ty theory is based on a dendr i te t ip ha\ ing a small radius would 

increase its radius due to the growth of perturbat ions close to the t ip. However, a 

dendri te t ip w i th large radius would decrease its curvature due to instabi l i t ies 

Consequently, growth occurs at an intermediate l i p radius which is represented b> the 

fol low ing equation: 

\n-I 
mL , - 6 
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where is the Gibbs-Thompson parameter ( rat io o f surface energy to mel t ing 

entropy). G c is the concentrat ion gradient in the l i qu i d and G is the temperature 

gradient in the l iqu id at the L S interface. G c is given by L ip ton ct al |~7 ] to be 

?P,C'( \ - k) 

Therefore, by combin ing equations 7.9, 7.11. 7.12, 715 a n ( j 7.I6 the fo l l ow ing 

relat ionship can be der ived wh ich relates R, r t and G: 

f l)r:rn(\ -k)C„ \ (D:I",C^ 
R • - I A* - , I = 0 ( / . I / ) 

\>f I I I ' , (\-k)- ! J V n'r J 

This equation is ident ical to that described by Esaka and K u r z [7.11] as the 

parabol ic model I I . Solving equation 7.17 exp l ic i t l y fo r r, is an impossible task since 

the product Rr , is incorporated in P c. Therefore, the equation is solved by choosing 

specif ic values fo r P c and G and calculat ing R f rom equation 7.17. Know ing R and 

P c . the t ip radius can be calcualted f r o m the d e f i n i t i o n of the Pcclct number, 

equation 7.12. For surface mel t ing. R is considered the independent variable and vet 

it must be calculated f r o m a selected value of P c. Therefore to calculate r t fo r a 

specif ic R and G combinat ion requires an i terat ive scheme to guess the Pcclct number 

wh ich corresponds to the desired velocity. A l te rnate ly , a plot o f r, vs. R can be 

generated by selecting a range o f Pcclct numbers and calculat ing the relat ionship 

between these variables. 

Once the dendr i te t ip radius is known, the undercool ing created by the solutal 

boundary layer, .17,, can be calculated f rom equation 7.10 and undercool ing caused by 

the radius of curvature, . ] / , can be calculated f rom the Gibbs-Thompson relat ionship: 

1 / , = ' ' • , - / , = ^ ( / • ! » ) 

'•' describes the depression of the equ i l ib r ium melt ing point of solid w i t h i n f i n i t e 

radius of curvature, Ti . w i th the actual temperature at the t ip . T t . 



I'M 

f-'inallv. the composition of the liquid at the dendrite up cm be calculated bv 

combining equations "» and " II. 

1 . 1 - A '!/ ; ' 

A computer program was used to generate P c vs R. r t vs R and 1, i i R curves for 

all sc\cn allovs. To simplifv the calculations, the nscudobinarv approximations 

described in section 7.1 were used and onlv partitioning ol" the dominant segregating 

clement was considered, ie.. Ni lor primar> fcrritc allovs and C'r lor pnniar> 

austcnitc allovs. The physical property values for the allovs ate listed in Tabic "> 

and the calculations were performed for a scries of temperature gradients that ranged 

from 105<K. ml to 10 3lK m). 

Table .5 Properties used to calculate the dendrite tip characteristics. 

Property Units Alloy 1 Allov •" 

mL.Ni (K %) • -7.4 

mL.Cr (K %) -5.6 -
k.N, - -1 .0 0.74 

k C r 
• 0.8 -1 .0 

DL , , ( m 2 s) - 4.6" x I0- ' J 

n. ,, l m ' s) 3.0 x 10'-' -
(I (J m ' l 0 4 0 3 0 269 

i . • ; ; (J m 3 K ) i . ; i x i o 6 9.37 x l() 5 

/" I m K ) 3.33 x I 0 - 7 : . 86 x 10 7 

f> (kg m 3 ) 8.000 ".750 

1 ( m 3 mole) 6.98 x I 0 f i ~.:i \ io • 

T L 
(K) 1691.0 1 709.4 

1/ . = / ' ; - / , ( K j 46.0 24 4 

r>' s , ( m 2 si 1.14 x 10-1 = 

r> •: . ( m 2 s) 1 . 4 0 x [()•'• 
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1 i g u r e " .9 shows the p l o t s ol" Pcc lc t n u m b e r ve rsus \ e l o c i t \ f o r a l l o \ s 1 a n d "" A t 

l a rge 1'eclet n u m b e r s I P f > 10-1 a c r i t i c a l v c l o c i t v is a p p r o a c h e d t \ .- = l " P ) w h i c h 

c o r r e s p o n d s to the l i m i t ol* c o n s t i t u t i o n a l s u p e r c o o l i n g . As R is i n c r e a s e d . 1\. d r o p > 

r a p i d l v to a m i n i m u m \ a l u c w h i c h is s t r o n g l v d e p e n d e n t on the t e m p e r a t u r e g r a d i e n t 

As R is i n c r e a s e d f u r t h e r . P c c o n t i n u e s to i nc rease b u t becomes i n d e p e n d e n t o l ' the 

t e m p e r a t u r e g r a d i e n t at h i g h g r o w t h v e l o c i t i e s . A l l o v s I a n d " b e h a \ e in a s m i i l a i 

m a n n e r a n d t h e r e is l i t t l e d i f f e r e n c e b e t w e e n the P c ve rsus K c u r v e s f o r t he t w o 

a l l o v s . T h e b e h a v i o r o f the r e m a i n i n g a l l o v s f a l l s b e t w e e n these t w o e x t r e m e s 

l i g u r c " 10 shows t he p l o l s o f d e n d r i t e t i p r a d i u s ve rsus v e l o c i t v f o r a l l o v s I a n d 

". L a r g e t i p r a d i i a re f o u n d a l low v e l o c i t i e s As t he v c l o c i t v is i n c r e a s e d , the r a d i u s 

d r o p s s h a r p l v a n d is s t r o n g l v d e p e n d e n t on t he t e m p e r a t u r e g r a d i e n t I h is r e g i m e 

c o r r e s p o n d s to t he p l a n a r ( r t = - l to c e l l u l a r t r a n s i t i o n . A t h i g h e r v e l o c i t i e s t he l i p 

r a d i u s becomes i n d e p e n d e n t o f t e m p e r a t u r e g r a d i e n t . H e r e , s o l i d i f i c a t i o n t akes p lace 

in a d e n d r i t i c m o d e u n t i l the l i p r a d i u s is r e d u c e d l o t he p o i n t w h e r e c a p i l l a r i i > 

e f f e c t s become d o m i n a n t a n d t he s t r u c t u r e r e v e r t s to c e l l u l a r a n d I ' i na l l v p l a n a r at 

the l i m n o\ a b s o l u t e s t a b i l i t y . I h e t i p r a d i u s ve rsus v e l o c i t v b e h a v i o r o f a l l o f the 

a l l ov s a re q u i t e s i m i l a r . 

1 i g u r e " I I s h o w s I he p l o t s o f d e n d r i t e t i p t e m p e r a t u r e . I , . ve r sus v c l o c i l v f o r 

a l l o v s 1 a n d " T h e a m o u n t o f u n d e r c o o l i n g - • • can be d e t e r m i n e d f r o m 

these p i n t s bv s u b t r a c t i n g the e q u i l i b r i u m t e m p e r a t u r e . I , „ . f r o m t h e t i p t e m p e r a t u r e 

At h i g h g r o w t h ra tes , t he u n d e r c o o l i n g inc reases w i t h i n c r e a s i n g v e l o c i t v a n d is 

i n d e p e n d e n t o f t he t e m p e r a t u r e g r a d i e n t . 1 h is b e h a v i o r is assoc ia ted w i t h the 

c a p i l l a r i t v c o n t r i b u t i o n . ' . to the u n d e r c o o l i n g . As the v e l o c i t v decreases , d e v i a t i o n s 

f r o m t h i s g e n e r a l b e h a v i o r o c c u r a n d a re d e p e n d e n t on t he t e m p e r a t u r e g r a d i e n t . 

I hese d e v i a t i o n s are caused bv s o l u t a l e f f e c t s . . a n d are asso v i . i i ed w i t h the 

t r a n s i t i o n f r o m d e n d r i t i c to p l a n a r s o l i d i f i c a t i o n as the g r o w t h r a l e a p p r o a c h e s i i s 

c r i t i c a l v e l o c i t v . I h e m a x i m u m a m o u n t o f u n d e r c o o l i n g t h a t can be a c h i e v e d b \ 

s o l u t a l e f f e c t s is e q u a l l o a n d i h e l o w e r l i m i t o f the t i p t e m p e r a t u r e at low 

v e l o c i t i e s is the e q u i l i b r i u m s o l i d u s t e m p e r a t u r e A l l o v s 1 t h r o u g h "* a g a i n b e h a v e in 

a s i m i l a r m a n n e r . T h e r e m a i n i n g a l l o v s we re s h o w n to h a v e s i m i l a r c h a r a c t e r i s t i c s 

a n d the resu l t s o f the c a l c u l a t i o n s are s u m m a r i z e d in A p p e n d i x I ) 
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Figure 7.10 Dendrite radius versus interface velocity calculations for a) Alloy 
1 and b) Alloy 7. 
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Figure 7.11 Dendrite tip temperature versus interface velocity for a) Alloy 1 
and b) Alloy 7. 



7.2.3 Cellular to Dendritic Transition 

I h c s t a b i l i t y o f the H q u d - s o l i d i n t e r l a c e was s h o w n t o be r e l a t e d to ' l i e - m o u n t 

o f u n d e r c o o l i n g in t he so lu te b o u n d a r y l a y e r a n d the g r o w t h k i n e t i c nl" s u r f a c e 

p e r t u r b a t i o n s . These f a c t o r s w e r e in t u r n s h o w n to be r e l a t e d t o t he s o h d i f i c a t i o r , 

p a r a m e t e r * Ci a n d R. F q u a t i o n ~ 3 can be used to d e s c r i b e the c o n d i t i o n s u n d e r w h i c h 

a p l a n e f r o n t w i l l b r e a k d o w n i n t o ce l l s based on c o n s t i t u t i o n a l s u p e r c o o l i n g t h e o r \ 

a n d the a l Io> p r o p e r t i e s l i s t e d in Tab le " .5 w e r e used to show t h a t t he c r i t i c a l ( i R 

\ a l u e f o r t he p l a n e f r o n t to c e l l u l a r (P O t r a n s i t i o n is 3.50 \ 10-' K s m : f o r \ l l o v I 

a n d " id \ 1 0 ' K s m 2 f o r A l l o y "". A p l o t o f t h i s r e l a t i o n s h i p is s h o w n is I ig . " I ? 

w h e r e G K va lues h i g h e r t h a n t h i s r e l a t i o n s h i p w i l l r e s u l t i n p l a n e f r o n t 

s o l i d i f i c a t i o n w h i l e G R va lues l o w e r t h a n t h i s r e l a t i o n s h i p w i l l be u n s t a b l e 

Ci R va l ues w h i c h c o r r e s p o n d to an u n s t a b l e i n t e r f a c e c a n s o l i d i f y as ce l l s or 

d e n d r i t e s H o w e v e r , t he c o n d i t i o n s u n d e r w h i c h , t he c e l l u l a r t o d e n d r i t i c ( C H i 

t r a n s i t i o n takes p l ace a r c n o t as eas i l y d e f i n e d as the p l a n a r to c e l l u l a r t r a n s i t i o n 

O n e t h e o i v i V r the c e l l u l a r to d e n d r i t i c t r a n s i t i o n is based on t he P c ve r sus R c u r v e s 

w h i c h w e r e c a l c u l a t e d f r o m the d e n r i t e t i p c h a r a c t e r i s t i c s . 

S o m b o o n s e r k ct al | 7 . I D ] p r o p o s e d t h a t the c e l l u l a r to d e n d r i t i c t r a n s i t i o n takes 

p lace close to t he m i n i m u m i n t he P c v e r s u s R r e l a t i o n s h i p . I ct P-" r c p r e s e n i the 

Pec lc t n u m b e r at the m i n i m u m in the c u r v e , see I ig . ~ 9. a n d let R' r e p r e s e n t t he 

v e l o c i t y at t h i s p o i n t . P c " a n d t h u s R' a rc f u n t i o n s o f the t e m p e r a t u r e g r a d i e n t . 

t h e r e f o r e , a p l o t o f R ' versus Ci w i l l separa te the c o n d i t i o n s f o r c e l l u l a r a n d d e n d r i t i c 

s o l i d i f i c a t i o n . T h e Pcc lc t n u m b e r versus v e l o c i t y p l o t s p r e s e n t e d in f i g . " L> f o r A l l o y 

I a n d " w e r e b o t h s h o w n t o have s i m i l a r c r i t i c a l v a l u e s a n d a r c p l o t t e d as a s i ng l e 

l i n e in f i g . " . 12 . Fo r t e m p e r a t u r e g r a d i e n t s be low t h i s l i n e , d e n d r i t i c s o l i d i f i c a t i o n 

b e h a v i o r w o u l d be e x p e c t e d bv t h i s t h e o r y . 

A c o m p a r i s o n can be m a d e b e t w e e n the c e l l u l a r to d e n d r i t i c t r a n s i t i o n p r c d i . t e d 

bv the d e n d r i t e t i p c h a r a c t e r i s t i c s a n d the e x p e r i m e n t a l resu l t s . The s p e c i f i c " a n d -" 

va lues f o r each o f the s ix s u r f a c e m e l t i n g c o n d i t i o n 1 a rc l i s t e d in Tab le " 4 a n d a rc 

also p l o t t e d in F i g u r e " . 12 . T h e m o r p h o l o g i c a l c h a r a c t e r i s t i c s o f each me l t was 

d i scussed in C h a p t e r 5 a n d d e n d r i t e s w i t h w e l l d e f i n e d seconda ry a r m s we re on l y 

o b s e r v e d in the t w o lowes t g r o w t h - r a t e me l t s . I he r e m a i n i n g f o u r , h i g h e r 

g row i h - r a t c . me l t s we re c o m p o s e d e n t i r e l y o f ce l ls T h e r e f o r e , the t w o low speed 
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melts which solidified in a dendritic manner shot. Id lie below the ( I) transition line 

while the remaining melts should lie above the C D line but below the P C transition 

line. The experimental results show that all of the melts lie below the P c" transition 

as they should, however, the C D transition is not correct!} predicted bv the 

minimum in the Pcclct number versus vclocil} curve thcorv 

The experimental data points which arc plotted in figure ~!.\2 arc coded. The 

solid circles represent the melts that contained dendrites with well defined secondary 

arms and 'he open circles arc entirely composed of finely spaced cells. 

10 " 10 " 10 
Interface Velocity (m/sl 

10 10 

Figure 7.12 Temperature gradient versus interface velocity comparing the 
calculated and measured transitions for planar, cellular and 
dendritic growth conditions. 
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Therefore, the C I) tr.insi[i.cn sho'ild separate the solid from the open circles jrui this 

would require a lowering of the C D line from 1 2 \ I0 9 Ks m : to ".0 \ I0 7 Ks m-

which is a factor of about 1" Several possible explanations for this discrepanc> 

exist. 

First, although the C O transition is known to take place close to the minimum in 

the Pcclct number \ersus growth rate curse, it most likely occurs at higher \clocnics 

Miyata ct al ["M?) have evidence for this but their data only appears to account for a 

factor of 5 or so and docs not in itself explain the factor of [~ Second, the S9wt 

percent iron alloys studied in this investigation contain a large percentage of solute. 

The dendrite lip characteristics were calculated based on assumptions that arc more 

likely to be \al id for less concentrated solutions. Third, concentration independent 

diffusi\ itics were assumed and the effect of ternary alloy additions on diffusivity 

was not taken into account when calculating the dendrite up characteristics. These 

effects might change the calculated Peclct number versus growth rate characteristics. 

Finally, the fine cells that appear in the microstructurc may possibly have solidified 

as dendrites which have coarsened during solidification. It is not possible to 

determine which of these effects has contributed to the differences between 

observation and theory without further investigation. 

In summary, the growth rate and velocities were calculated for each of the surface 

melting conditions. These measurer..cr.ts were used to calculate the dendrite tip 

characteristics and one of these characteristics, the minimum in the Pcclct number 

versus velocity curve, was used to predict the cellular to dendritic transition. This 

transition was compared to the experimental data and was shown to be off by a 

constant multiplying factor of about 17. This difference can be rationalized by the 

asumptions used to calculate the dendrite tip characteristics and uncertainty in the 

C D transition theory itself. 

7.3 Solute Redistribution Models 

Solute redistribution occurs during the cellular or dendrite solidification of all 

alloys. The amount of solute which segregates is related to the solidification 

parameters. G. R and r t. Solute redistribution ca . influence the amount, composition 
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in f luence mcchar ica l pr ipcmcs M a m investigators h j \ e j i t c rop tcd «v umicTMjnJ 

a::J model solu'e redis t r ibut ion dur ing so l id i f i ca t ion , however, because ot the 

numerous f ac to r involved, no analvt ical treatment has been developed w h u h is 

capable of desc rb ing sohdi l ication redis t r ibut ion u i t f u u i m i k i n g assumptions 

In this section, the more prominent modeK for solute red is t r ibut ion in binars *.''••'• 

sv stems w i l l bs discussed The classical nonequ i l ih r lum treatment bv Schcil " i l l be 

presented f i rst alone w i th its ranges of appl icabi l i ty Modi f ica t ions to this treatment 

include the e' fects of undercooling at high cooling rates and back, d i f f us i on at low 

covlm •. rates 1 he behavior of the more complicated tcrnarv allovs w i l l be addressed 

and approximat ions w i l l be made to a l i o " the ternarv alios svsicm to be treated as a 

binarv alio- svstcm These approximat ions w i l l be used to predict solute red is t r ibu­

t ion and the amount of f c r r i t c which sol id i f ies f rom the seven allovs for each of the 

so l id i f i ca t ion condit ions studied in this invest igat ion 

7.3.1 The Schcil Approximation 

Chemical potent ial di f ferences which exist between the solid and l iqu id phases 

p r " \ ide the str iv ing force for solute red is t r ibut ion dur ing so l id i f i ca t ion In an 

attempt to minimize chemical potential gradients, the elements preferent ia l ly d i f fuse 

to their respective phases 7 his requires a red is t r ibut ion of the atoms f rom their 

random solution in tne l iqu id state Dur ing the red is t r ibu t ion , c mcentrat i m 

gradients are established in the l iqu id and solid phases because of k inet ic l imi tat ions 

placed on the d i f f u s i n g atoms. Therefore, the factors which control a steadv-state 

red is t r ibut ion of solute become those factors which attempt to remove concentrat ion 

gradients f rom the svstcm 

l o r the special case of equ i l ib r ium so l id i f i ca t ion , concentrat ion gradients arc 

e l iminated and the solid and l iqu id phases have un i fo rm composit ion. I 'ndcr these 

condit ions, the Lever rule can be applied to calculate the composit ion as a funct ion of 

temperature or f rac t ion so l id i f ied. Tor linear hquidus and so'ndus lines these 

equations arc : 
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Tabic 7.6 summarizes the nomenclature used to represent the solidification related 

variables. 

During most solidification processes, the concentration gradients can not be 

eliminated and noncquilibrium conditions c\ist For these cases, assumptions arc 

made to simplifv the problem. The classical noncquilihi ium treatment assumes 

perfect diffusion in the liquid phase and no diffusion in the solid phase These 

assumptions provide for a maximum amount of solute to be stored -n the remaining 

liquid, which represents an upper limit on the amount of second phase which can 

form during solidification This treatment is often referred to as the Sihcil approach 

and represents the intcrl'acial composition in terms of temperature or fraction 

soiidif icd: 

' ' . ! » ) 

' - , ' . • : i • i 

The differential firm of equation ~ 2\ a can casil> be derived b\ a mass balance and 

is often useful: 

The Schcil equation can be used to predict the composition and relative amounts 

of the primarv and sccondarv phases. However, this method can onlv be applied t" 

svstcms in which the dil'fusiv itics of the aliening elements arc similar and for 

intermediate cooling rates [".!). At slow cooling rates ("\1. " . I5 | or for svstcms with 

fast diffusing elements such as interstitial? (~.MJ. back diffusion into the solid phase 

limits the applicability of the Schcil equation. -\t high cooling rates, dendrite tip 

undercooling [" I. ".lb. ~ 1~] and cutcctic temperature depression [" I. " 18] also hmn 

the applicabiliiv of the Schcil equation Therefore, the Scheil equation represents 

solute redistribution reasonably well, but onlv for intermediate cooling rates 

Modifications are required for the high and low cooling rate regimes 
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Table 7.6 Nomenclature used to describe solute redistribution 

Variables Description 

C,T composition, temperature 

k equilibrium partition ratio 

fs fraction solid 

D volume diffusion coefficient 

of local solidification time 

a .a' coefficient for back-diffusion 

a solutal supcrsaturation 

r Gibbs-Thompson parameter 

Subscripts Description 

s solid, solidus 

L l iquid, liquidus 

o nominal 

Superscripts Description 

' nterface 

E.M.C eutcctic, maximum, solutal 

r,t radius of curvature, dendrite tip 

7.3.2 Back-diffusion and Undercooling 

Brody and Flemings [7.15] modified the Scheil equation to account for the 

back-diffusion which occurs at low cooling rates. In their model, they assume perfect 

diffusion in the liquid and account for volume diffusion in the solid for two types of 

dendrite shapes: linear and parabolic plates. In practice, cells and dendrites tend to 

be shaped close to a parabloid and this approximation is more accurate. For this case, 

the composition of the solid at the interface was shown to be |7.15J: 

C\ = VC° ] - ( | - ^ * • ) / 5

l " " " " ' " • , 0 " 1 (V.23) 
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C'lvnc and i \u r / | " I J ] show that these equations remain approximately va l id . 

pr.cxidini: ihc : :uM.>n boundary layer in the sol id is small (small •«) compared to Ihc 

cc'.l sp.i . ina • • •hc runc . for large " solute is not conserved and errors become 

a pf-i re - ' ('!••• . inci K u r / | " 1-4| modi f ied equation 7.24 to ensure that the model 

approaches the v-hc i l equation as i approaches zero and that the model approaches 

the lev e;r rule :- i approaches i n f i n i t y . Thei r mod i f i ca t ion to J for a parabolic 

dendri te ^hape -

- i ! 1 i : -1 
a I I ? ; ?a 

Al though this equation is not based on a physical model at intermediate values o f ° 

[7.1]. it remains to be a useful relat ionship fo r desc rb ing solute d i f f u s i o n at low to 

intermediate cool ing rates. 

At high cool ing rates, back-d i f fus ion is e l iminated but other deviat ions f rom the 

Schcil equat ion occur. The lever law and Schcil models both assume that the 

temperature at the dendr i te t ip is the equ i l i b r i um l iqu idus temperature. However, 

because of incomplete d i f f us ion o f solute in the l i qu id and because o f radius of 

curvature effects, the dendri te t ip temperature is depressed. These condit ions cause a 

reduct ion in the amount of second phase which forms and can be described by the 

overal l undercool ing which is present at the dendr i te t ip . 

Dur ing surface mel t ing, the heat is extracted by the substrate and no thermal 

undercool ing exists ahead of the dendri te. Therefore, the only cont r ibut ions to the 

overal l undercool ing are the const i tut ional effects caused by solute bu i ldup at the t ip. 

.17 , radius of curvature effects ir and the attachment kinet ics of the atoms at the 

interface " . . The interface k inet ic term is known to be small for nonfacctcd 

materials and can be ignored [7.8]. This leaves two terms to represent the overal l 

undercool ing •'•': 

I / ' = . 1 / " , * I / ' . {/•'?(•>) 
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[Joth and depend on the radius of the dendrite tip. These quantities were 

calculated and the results were used to calculate solidification segregation and will be 

discussed in following sections. 

7.3.3 Ternary Alloy Systems 

The principles for solute redistribution in ternary alloy svstcms arc the same as 

those in binarv alloy svstcms. However, the additional degree of freedom in ternary 

alloy systems not only complicates the compulations bu: also results in additional 

problems caused bv a lack of phase diagram information regarding tic lines and 

solidification paths. Unless simplifying assumptions arc made, solutions to the solute 

redistribution equations require a numerical approach since the partition coefficient 

is a function of temperature. Although the tic-lines, which define the partition 

coefficient, arc not generally known in ternary systems, computer-calculated 

phase-diagram information can be used to generate the necessary data. In this 

section, the hasic solute redistribution equations for ternary allo> systems will be 

discussed and simplifications will be presented for the case where the solidification 

path allows the ternary system to be represented by a pscudobinary diagram. 

Interface stability and solute redistribution can each be mathematically described 

bv models of varying complexity in binary alloy systems. This ternary alloy 

representation of the basic models has been made. For example, the three-component 

analog to the Mul'ins and Sckcrka intcrfacc-stabililv analvsis and the three-compo­

nent analog to the Schcil equation have been investigated but 3re not widely used 

because of a lack in phase diagram and physical property data. However, to the 

author's knowledge, the more descriptive dendri 'e-tip radius calculations have not 

been applied to ternary alloy systems. 

The three component analog to the Scheil equation can be d c r i c d from a mass 

balance of the two segregating species. Initially, the primarv phase begins to solidify 

from the melt and assuming no diffusion in the solid and perfect diffusion in the 

liquid, the differential form of the Schcil equation 11.22) can be written with respect 

to each component. 
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Where CLA and CLB refer to the liquid composition of elements A and B rcspccti\ely 

while ',,. and \,. refer to the partition ratios between the liquid and primary phase •> 

for elements A and B respectiscly. Therefore, by knowing the tic line locations as a 

function of temperature CLA. CLB. k A and krj can be determined and equations 7.;~ 

can be sohed to predict the composition of the solid phase. 

At some point during the solidification process, the liquid will be sufficiently 

enriched in solute to reach the line of two-fold saturation. At this temperature a 

second phase starts to form and an additional term must be added to the solute 

redistribution equations: 

- / , .' k . . - k . .\ it I * 
( / / . ' H a ) 

( / . ; > H b ) 

where •,.•. refer to the weight fraction of second phase a and * rcspcctixcly while », 

and • refer to the partition ratio between the liquid and x phase for components A 

and 13 rcspccti\ Icy. If dCi, is taken to be the independent variable and the 

segregation ratios arc defined by the phase diagram then there arc two unknown 

quantities : :•. and f̂ . Therefore, equations 7.28a and 7.28b arc both required to 

solsc for the change in fraction liquid with a change in liquid composition along the 

line of two-fold saturation. 

7.3.4 The Influence of Solidification Velocity on the Partition Ratio 

The calculations presented so far have utilized the equilibrium phase diagram to 

determine the relationship between the solid and liquid composition. This relation­

ship is defined b> the tic-lines in the two-phase liquid and solid fields and is called 

the equilibrium partition ratio, k. At high intcrfacial telocitics. the local equilibrium 
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assumption used to represent partitionaing at the liquid solid interface has been 

shown to be invalid [7.20. 7.21]. Models of the interface kinetics have been dc\eloped 

to represent the deviations from equilibrium and indicate that k increases with 

increasing R from its equilibrium value at low rates to unity at high rates. 

One model for solute redistribution during rapid solidification was developed by 

Aziz [7.22] and predicts equilibrium partitioning from R < < D L a and complete solute 

trapping (k=l) for R > D L ' 3 where a is the interatomic spacing. For the alloys studied 

in this investigation. D L / 3 is approximately 7.5 m/s. 

Table 7.3 lists the average interface velocity for each imposed travel speed. 

Although the travel speed, S, reaches velocities close to that of 7.5 m s, the maximum 

interface velocity, R, is only 0.175 m/s at its highest value because of the geometry of 

the shallow surface melts. Therforc, assuming 0.175 m/s is significantly less than 7.5 

m/s, the partition ratio can be assumed to be close to its equilibrium value for all of 

the travel speeds investigated in this stuH y . 

7.4 Calculations of Solute Redistribution in the Electron Beam Melts 

7.4.1 Solute Redistribution and Second Phase Formation 

The Schcil equation can be used to predict solute redistribution and the amount 

of second phase that forms during solidification. This model relics on some basic 

assumptions which limit its uscfullness to a narrow cooling rate change. However, the 

results provided by the Schcil equation are an important point of reference because 

they predict the maximum amount of second phase which can form during any 

solidification process. The assumptions and details of the Schcil equation have 

already been discussed and in this section they will be used to provide firsi-ordcr 

solution to the amount of ferrite which solidifies from the melt for each of the seven 

alloys. 

Figure 7.13 shows the solute distribution predicted by the Scheil equation (7.20a) 

for a hypothetical binary alloy cutectic system with k<l. The composition of the first 

solid to form is kC 0 and since solute is rejected in the liquid, the composition of the 

solid increases with fraction solidified. When fs=l's*. tnc composition of the liquid is 
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enriched in solute to the eutectic composition and at this point the composition of the 

solid is C S M and the composition of the liquid is C E . The remaining liquid solidifies 

at this eutectic composition. 

The amount of primary phase « that solidifies is represented by the fraction fs* 

while the amount of second phase, 0, that solidifies is represented by ( l -f s *)x, where 

* - (c.-ci.Mci.-rj.i is derived from the lever rule at the eutectic temperature. The 

total amount of « phase is therefore the amount of primary a plus the amount of » 

that solidifies as eutectic ( l - f s ) ( l -x) . 

Scheil Prediction 

Figure 7.13 Schematic drawing showing the solute redistribution predicted by 
the Scheil equation. 
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A similar approach can be applied to the pscudobinary diagrams. Following the 

method described by equations ".27, segregation of Cr and Ni can be independently 

predicted using figures "A and 7.5. The amount of the primary phase can therefore 

be pre,luted b\ noting l"s when the eutcctic composition is reached. The amount of 

-e*"!-..! . •-..i'.c that I rms can then be predicted using equations 7.28 and partition 

i.r - ' in the thermody namically calculated isothermal sections. 

1 he Scheil equation can be used to predict I's* for either Cr or Ni partitioning and 

m •••;. •- both elements Mould gi\c the same numerical \a lue for I's*. Howcxcr. in 

prt . t ice. the approximations made in deriving the pseudobinarx diagrams result in 

'•ii:.i.l .; JILIK'CS in fs* when considering Cr or Ni segregation. The more accurate 

XJIUL "I I'S* is calculated b\ the element that partitions the greatest extent during 

solidification since this element averages out the uncertainties in the phase diagram. 

The solidification paths presented in Fig. 7.6 show that Ni segregates to a greater 

extent than Cr during primary I'crritc solidification and Cr segregates to a greater 

extent than Ni during primary austcnitc solidification. Therefore, the Scheil equation 

was solved by considering nickel segregation during primary fcrritc solidification 

• • t • • -i . and chromium segregation during primary austcnitc solidification 

Using the above partition ratios and the C 0 and CE compositions listed in Table 

7.2. the Scheil equation was used to calculate the amount ol" primary (P). secondary 

(S) and total (T) amounts of phases that form during solidification of the seven 

alloys. These values are listed in Table 7.7 and show that the amount of primary 

phase decreases as the nominal composition ncars the line of two-fold saturation, 

which is located between alloys 3 and 4. The amount of cutcctic is similarly 

presented. From this cutcctic. the second phase forms and additional amounts of the 

initial phase will also form, but of the cutcctic and not the primarx composition. 

file:///alue
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Table 7.7 The Schcil approx imat ion o f Ihc pr imar>. secondary and total 

amount of f c r r i te and austcnitc in Ihc s o en alloys: 

Allo> Fp Fs FT A,. \s Ar 

1 0 7.: 7.; 8: 10.8 i>:.8 

2 0 18 IS 55 27 s: 
3 0 30 30 26 44 "0 
4 7 3? 44 0 56 56 
5 33 27 60 0 40 40 
6 47 :i 68 0 ;,; 3; 
7 60 16 7o 0 :•» 24 

The amount of second phase thai forms is a f rac t ion of the amount of eutectic 

l i qu id . This f rac t ion can be estimated by the lexer rule and the isothermal section at 

the eutecl ic temperature. Comparison of the l ine of two- fo ld saturat ion w i th the 

t ie-tr iangles f rom the isothermal sections shows the percentage of the l i qu id that 

sol id i f ies as fc r r i te and the percentage that sol id i f ies as austenitc. Figure 7.14 shows 

the amount of f c r r i t c that forms f rom the eutcctic l i qu id as a func t ion of 

temperature, for l iqu id compositions ranging f rom 59"nl e 11450 "Cl to the m in imum 

in the line of two- fo ld saturat ion ( I3 I0°C) . I 's ing an average value of this rat io. 

25% I 'crritc. the amount of second phase that forms dur ing the so l id i f i ca t ion of 

eutcct ic-composit ion l i qu id was calculated and is listed in lab le ~~. 

A histogram of these results is shown in Fig.7.15. ind ica t ing the relat ive amounts 

of pr imary and second phase austcnitc and primary and second phase I'eriite that 

solidify, f rom the se\cn alloys. I he amount of pr imary f e r r i t " and the total f c r r i t e 

content increases f rom alloy 1 to al loy 7 as the amount of pr imary and secondary 

austcnitc decrease. The maximum fc r r i t c content predicted in alloy " is "h percent 

w i th a major i ty (60"nl being the primary phase. In subsequent sections of this 

chapter, a mode! w i l l be ut i l ized to predict segregation dur ing dendr i t ic so l id i f i ca t ion 

and the results of this model w i l l be compared wi th the results of the Schcil 

approx imat ion which arc summarized in I ig. '• 15. 
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7.4.2 Back-diffusion Effects 

The Brody and Flemings model was presented in section 7.3.2 to describe the 

effects of back-diffusion on solute redistribution. This model was shown to be useful 

at low cooling rates where diffusion in the solid is significant but is an unnecessary 

modification at high cooling rates where the characteristic diffusion distance is small. 

Therefore, there is a cooling rate that separates the low from the high rate 

behavior. This cooling rate can be estimated from the Brody and Flemings 

parameter «. For a values greater than unity, back-diffusion is important because the 

characteristic diffusion distance is on the order of the dendrite arm spacing. For a 

values much less than unity back-diffusion can be neglected. 
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Figure 7.14 The fraction ferrite that solidifies from the eutectic liquid as a 
function of temperature along the line of two-fold saturalion. 
based on thermodynamic calculations. 
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Figure 7.15 Results of the Scheil calculations showing the relative amounts of 
primary and second phase fcrrite and primary and second phase 
austcnitc that solidifies from each of the seven alloys. 
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Values of < lor the casting and each of the six election beam melts are presented 

in Tabic 7.S for primary austenite and primar) fcrnte solidification conditions. 

These calculations were made using the secondary dendrite arm spacings of 'he 

casting, melt 1 and melt 2 and cell spacing measurements for melts 4-(>. 

tabic 7.8 The Brod) and Flemings back-diffusion parameter calculated 

for alioss 1 and 7 at each of the solidification conditions: 

Melt t 

IK si 

0 . 

I S ) 

A A n 

Alloy 7 

a 

•Mloy 1 

Cast "'.O 5.7 - 18.0 7.4x10-2 8.4x10-2 

1 4.7x102 4.7x10-2 - 4.7 8 . 8 x l 0 - 3 1.2x10-2 

; 1.9x103 9 . 6 x l 0 - 3 - 3.0 4.4x10-3 6 . 0 x l 0 - 3 

3 1.7x I0< 1.3x10- 3 3.2 - 5.3x10" ' 1.9x10-3 

4 4.4x105 4.1x10-5 I.I - 1 -tv 10-4 1.9x10-4 

5 l.5.\ IOC 1.2x10-6 0.73 - 9.4x10-5 1.2x10-4 

b 7.5x106 :.4xio-<3 0.43 - 5.3x10-5 7.2.XI0- 5 

The highest •> va lue occur s in the slow cool ing . a t e ca s t i ng and is less than 0.1. 

The lowest " \ a l u c occurs in the highest cool ing ra te weld and is less than 10- 4 . 

T h e r e f o r e , s ince all the so l id i f i ca t ion c o n d i t i o n s h a \ c • \ a l u e s which are s ign i f i can t ! ) 

less t h a n u n i t ) , it was conc luded that the e f fec t s of b a c k - d i f f u s i o n on so l id i f i ca t ion 

segrega t ion could be neglected in this s l u d ) . 

7.4.3 Dendrite Tip Undercooling and Second I'hase Formation 

In sect ion 7.2.2. a method was desc r ibed to ca l cu l a t e the c h a r a c t e r i s t i c s at the t ip 

of a c o l u m n a r d c m i i i l e g rowing under s t ead) -slate c o n d i t i o n s In this sec t ion , the 

d e n d r i t e t ip model will be used to c a l c u l i t e the uiulercoul m\i for each of' the a l l o \ s 

file:///aluc
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and lo r each of the so l id i f i ca t ion c o n d i t i o n s s tud ied . I rom these d a t a , the a m o u n t o( 

solute segrega t ion will be p red ic t ed and these resul t s will he c o m p a r e d wi th the Scheil 

a p p r o x i m a t i o n . 

A c o m p u t e r p r o g r a m was wr i t t en to M ' I M ' e q u a l . >n ~ I " !••< the >!." !: ' p t i.liu^ 

and unde rcoo l ing . The input to the p r o g r a m con .-p> ul (. . m j . k. I : l>] . i n ! 

for each a l ios a n d G for each we ld ing c o n d i t i o n 1 he o u t p u t f rom t h . pt • iin i P . 

r t . and C L * as a fun t ion of vclocitv for each \ a l u e of (I I he >k iu l i i t . l ip 

r a d i u s c a l cu l a t i ons were pe r fo rmed on each oi the seven al lovs f. i c.i .h of the 

a v e r a g e t e m p e r a t u r e g r a d i e n t s listed in Table " -4 I he phvMC.il p r o p i i i v d i t . i for t ' e 

seven a l lovs is listed in Tab le ".5 and the nomina l and euiec' . ic conipo m. r- ,uc lifted 

in T a b l e ~.l. 

The ave rage i n t e r f a c e vclocitv for each me l t ing c o n d i t i o n is also listed in Table 

".4. These da ta were used to d e t e r m i n e . r t " . . and C[.* for each of the 

so l id i f i ca t ion c o n d i t i o n s f rom the c o m p u t e r g e n e r a t e d so lu t ions to e q u a t i o n 7.1". 

These da t a arc s u m m a r i z e d in A p p e n d i x D For each a l lov . the tota l u n d e r c o o l i n g 

increases wi th inc reas ing in te r face vclocitv, f rom va lues of a b o u t 10°C ill the cas t ing 

to values of abou t 30°C in the highest speed e lec t ron beam melt 

Sa r rca l et al | 7 . t | p resen ted a model for p r e d i c t i n g the a m o u n t of solute 

segrega t ion that occurs for undercooked d e n d r i t i c g rowth c o n d i t i o n s . In this model , it 

is assumed that the unde rcoo l i ng is d i s s ipa ted at the d e n d r i t i c t ip bv fo rming a 

ce r t a in f r ac t ion of the p i i m a r y phase solid. f s

n . c o r r e s p o n d i n g to the lever ru le at the 

unde rcoo led t e m p e r a t u r e The r e m a i n i n g l iquid ( l- l 's"> !>• then assumed to solidifv 

via the Scheil a p p r o x i m a t i o n . Solute c o n s e r v a t i o n e q u a t i o n s app l i ed to the d e n d r i t e 

l ip u n d e r these c o n d i t i o n s yield the fo l lowing e q u a t i o n s 

< - ( ' . 
•' ' I ,(k \ ) 

I ,, 
/ ; I / ' * ' • • : 

' k I . 

where Tj; re fers to I he f rac t ion ct i lcct ic for the u n d e r c o o k s ! d e n d r i t e 

file:///alue
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A mod i f i ca t ion to these equations is required i f the undercool ing brings the t ip 

temperature below the "cutectic' temperature. For this case. ' . .<s calculai«'-1 b> 

equation 7.29. is s t i l l accurate, assuming the mctasiablc extensions o f the l i qu id us and 

solidus arc l inear. However, the cutcct ic composit ion and the max imum solid 

so lub i l i ty increase to higher solute levels w i t h increasing undercool ing. These 

parameters in t u r n , in f luence the percentage o f l i qu id wh ich sol id i f ies as the primarv 

solid phase and C S M must be corrected to account fo i this d i f ference. Assuming 

l inear bcha\ io r for the mctastablc extensions. Fig. 7.|6 i l lustrates the adjustments that 

should be made to C S M b> the add i t ion of the quant i ty • . to account for the 

undercool ing below the cutcctic temperature " 

l / " f 
- < " „ - ' ( / . : n ) 

m , 

Therefore, equat ion 7.30 and 7.31 can be used to represent the f rac t ion of the l i qu id 

that sol id i f ies as eutcctic for the fo l l ow ing condit ions: 

for I/", < / ' . - / , ( u - (" „ ( / .'.YJ.i) 

l o r ! / , > / , - / , ( „ • ( u ( / . . ' * : • !>) 

Using the above equations and the dendr i te l i p undercool ing calculat ions, the 

amount of p r imary auslenitc and pr imary fe r r i t c that forms dur ing so l id i f i ca t ion was 

calculated for each so l id i f i ca t ion condi t ion. Once the amount of p r imary phase is 

known Ihc remain ing l i qu id sol id i f ies at the cutcct ic composit ion but the percentage 

of the cutectic l iqu id that sol id i f ies as fc r r i te must st i l l be calculated. Figure 7.14 is 

a plot of the percentage of the eutcctic l iqu id that sol id i f ies as f c r r i t c as a funct ion 

of temperature along the l ine of two- fo ld saturat ion. From this f igure, the average 

f rac t ion of the l iqu id that forms second-phase f c r r i t c was determined to be 0.32 and 

this value was used for a l l of the calculations. 
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COMPOSITION 

Figure 7.16 Schematic b inary al loy phase diagram showing the sh i f t in 
cutect ic composit ion w i th undercool ing below the eutcct ic 
temperature. 
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The results showing the amount of each phase that so l id i f ies f r o m the melt arc 

tabulated in Appnd iv D for each o f the seven a l ln \s ami I'm each of the 

so l i d i f i ca t ion condit ions. Also included in these tables arc the results of the Schcil 

analysis and the equ i l i b r i um so l id i f i ca t ion predict ions for comparison Since -\ l lov 4 

was observed to so l id i f y in the FA mode at low rates and in the \ l mode at high 

cool ing rates, the so l id i f i ca t ion segregation calculat ions were per formed for both 

modes of so l id i f i ca t ion in this al ien. 

The so l id i f i ca t ion segregation calculat ions, which incorporate dendr i te t ip 

undercool ing e f f ec t ' , are plot ted in the histograms presented in F iguics ~ I " . -• 18. and 

7.19 These I igurcs show the inf luence of composi t ion, al a given cool ing rate, on the 

amount of f c r r i t e and austcnitc that so l id i f ies in each a l l o v f i g u r e " I ' renrcsents 

the slowest cool ing rate (castl cond i t ion. I igurc 7 18 represents an intermediate 

cool ing rate cond i t ion (FB melt 2) and T igurc " |Q represents the highest cool ing rate 

condi t ion 11 H melt ft) 
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Figure 7.I7 Results of the so l id i f i ca t ion segregation mndcl showing the 
relat ive amounts of f c r r i t c and austenilc that sohdi tv tor the 
slow cool ing rate east condi t ion the so l id i l icat ion mode 
changes f rom pr imary austcnitc to pr imnrv f c r r i t c between 
Allov s 3 and 4. 
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F :igurc 7.18 Results of the solidification segregation model showing the 
relative amounts of ferrite and austenitc that solidify at 
intermediate cooling rates in electron beam melt No. 4 The 
calculations were performed for both primary phases in Alloy 
4. 
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Figure 7 .19 Results of the solidification segregation model showing the 
relative amounts of fcrrite and austcnite that solidify at high 
cooling rates in electron beam melt No. 6. The primary mode 
of solidification changes from primary austcnitc to primarv 
ferrite between Allovs 4 and 5 
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Of the seven so l id i f i ca t ion condit ions, the casting shows the highest amount of 

second phase fo rmat ion . As expected, the segregation calculat ions for the casting are 

s imi lar to the results predicted by the Schci! equation which were presented in Figure 

7.15. In the casting, the calculat ions indicate that for the primar> austcnitc so l id i f ied 

alloys I. 2 and 3, the amount of pr imary phase austcnitc decreases and the amount of 

second phase f c r r i t e increase w i th increasing Cr N i rat io. This results in a max imum 

second phase fe r r i t c content o f about 15% in al loy 3 as compared to about 23% 

predicted by the Scheil equat ion. For the p r imary fe r r i t c so l id i f ied allovs 4, 5. 6 and 

7. the amount of p r imary phase fer r i tc increases w i t h Cr Ni rat io at the expense of 

second phase austenitc. The total f c r r i t c content o f these alloys increases f rom 51" " 

in A l loy 4 to 74% in A l loy 7 as compared w i t h the range of 3""v» to "3' • predicted b> 

the Schcil approach. 

The major d i f fe rence between the Scheil approx imat ion and the castings is in the 

reduct ion in the amount of second phases that f o rm . These di f ferences become most 

apparent when comparing Al loys 3 and 4 wh ich have simi lar compositions but hn\c 

d i f f e ren t pr imary modes o f so l id i f i ca t ion . Where the Scheil equat ion predicts a small 

increase in the total f c r r i te content between Al loys 3 and 4 (13%). the segregation 

calculat ions for the casting show a larger increase (36%). This d iscont inu i ty (the 

d i f fe rence in total f c r r i t c content between Ihe p r imary austcnitc and p r imary fe r r i t c 

so l id i f ied alloys) increases as the cool ng rate increases and is responsible for the 

alloys sol id i fy ing in either the fu l l y f c r r i t i c mode or f u l l y austcni t ic mode at high 

cool ing rates. 

The so l id i f i ca t ion segregation calculat ions fo r EB melt 2 at 25 mm.'s and EB melt 

6 at 5.000 mm s are represented by Figures 7.18 and 7.19 respectively. The inf luence 

of cool ing rate on the phase which forms can be seen by comparing the results for the 

casting (7°C s). a 25 mm/s melt (1.9 x l0 3 °C 's ) and the 5 mm s melt (7.5 x l 0 6 " C s ) . 

The amounts of pr imary phase increase and the amounts of secondary phase decrease 

which creates the d iscont inu i ty in total fe r r i t c content between the pr imary fc r r i t c 

and pr imary austenite so l id i f ied alloys. At the highest cool ing rate, this d iscont inu i ty 

was calculated to be 77% between Al loys 4 and 5. However, the electron beam 

rcso l id i f i ca t ion experiments show Al loy 4 to be f u l l y austcnit ic and A l loy 5 to be 

fu l l y fe r r i t i c at this speed, i.e., the d iscont inu i ty in fe r r i t c content is actual ly 100%. 

The d i f ference between the calculations and experimental observations at high 
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cool ing rates is most l ike ly caused by the approximat ions that were made in der iv ing 

the pscudobinary diagrams or in the approximations made in est imat ing the inter lace 

veloci ty for the high scan speed melts. The fact that no second phase format ion is 

observed in the high speed melts suggests that these alloys arc being undercoolcd to a 

temperature where single phase so l id i f i ca t ion can occur, i.e.. below the sol id us 

temperature and into the stable (or mctastablc) single phase region. The necessary-

undercool ing to br ing the alloy into the single phase region can be def ined as T j , - Ts 

and is a func t ion of al loy composit ion. Table 7.9 summarizes T[, - Ts fo r each of the 

alloys and compares these values to the undercoolings calculated for the casting, EB 

melt 2 and EB melt 6. In the highest speed melt, where single phase so l id i f i ca t ion 

behavior was observed, the undercoolings that were calculated f a l l 10 to IS°C above 

the calculated solidus temperature. Therefore, it is apparent that cither the 

calculated solidus temperatures arc too low or the amount o f undercool ing calculated 

at the dendr i te l i p is too low. However, rince approximat ions were made in der i v ing 

the pscudobinary diagrams and since approximat ions were made in the dendr i te t ip 

calculat ions, c i ther one might be in error and add i t iona l analysis would need to be 

performed to specify the so l id i f i ca t ion condit ions more precisely. 

Table 7.9: Comparison of the solutal undercool ing w i th the undercool ing 
necessary to reach the solidus temperature. 

Alloy T L -Ts 
(°C) l / f 

Alloy T L -Ts 
(°C) 

Cast 
C O 

E-B 2 
<°C) 

E-B 6 
(°C> 

1 31.3 7.3 12.4 T i 1 

1 34.0 7.6 12.8 23.8 

3 35.0 7.8 13.5 24.6 

4-A 35.7 8.0 13.9 25.0 

4-F 41.0 6.8 12.9 25.5 

5 37.1 6.8 12.0 23.0 

6 35.6 6.5 11.5 22.8 

7 33.0 6.2 11.0 21.9 



7.5 Summary and Conclusions 

Solidification paths were calculated for primary ferritc and primnr> austcnite 

solidification conditions. These paths were used to determine pscudnVMnary diagrams 

through the Fe-Ni-Cr system to allow the solidification behavior ol" the ternary alloys 

to be treated like binary alloys. These diagrams are shown in Figures ~4 and ".5 and 

represent significant improvements over the constant Fc sections that have been used 

in the past to illustrate the solidification behavior of stainless steel alloys. 

Average temperature gradients and average interface velocities were calculated 

for each of the solidification conditions used in this investigation. These parameters 

were then used to calculate the dendrite tip radius, and dendrite tip undercooling for 

each alloy and each solidification condition using a constrained dendrite growth 

model. The results of these calculations showed that the solutal undercooling varies 

from about 5°C to about 30°C as the cooling rate is increased from the casting (7"C si 

to the highest speed electron beam melt (7.5 x I O ^ C ' S ) . 

Based on the minimum in the Pcclct number versus interface velocity curves, 

predictions were made for the cellular to dendritic transition as a function of growth 

rate and temperature gradient. These calculations were compared with the mi-

crostructurcs from each melt to show that the calculations appeared to be off by a 

constant multiplying factor. The difference in calculated and experimental behavior 

was rationalized by the uncertainties in the cellular to dendritic transition theory and 

in the uncertainties used in developing the assumptions for calculating the dendrite 

tip characteristics. 

Solutal undercooling at the dendrite tip results in an increase in the amount of 

primary phase and a reduction in the amount of secondary phase that 

solidifies from the melt. This factor was taken into account to predict the relative 

amounts of primary and secondary phases which solidify for each of the 

solidification conditions. 

The results of the solute redistribution calculations clearly show the influence 

that cooling rate has on the microstructure. At low cooling rates, there is a 

continuous increase in the total fcrritc content with Cr 'Ni ratio of the alloy. The 

calculations at slow cooling rates arc confirmed by the Scheil predictions and by the 

general trend in fcrrite content measured on the arc cast buttons. As the cooling rate 



is increased, the calculations indicate a discontinuity in the total ferrite content 

which develops between the primary ferrite and primar> austenitc solidifying alloys. 

The calculations show that this discontinuity reaches 77% between Alloys 4 and 5 in 

the highest speed melt, i.e.. these results indicate that Alloy 5 should solidifv with 

77% more I'errite than Alloy 4 in EB melt 6. 

The calculated discontinuity in fcrritc content helps to explain the single phase 

nature of the high speed electron beam melts. At high speeds, the reduction in the 

amount of the second phase that forms is so severe that the alloys solidify in the 

fully austcnitic or fully fcrrilie mode depending on their PSM. Although the 

calculations do not predict pure single phase behavior, they do show the trend which 

cvplains the experimental observations. The difference between the calculations and 

the experiments is a result of the approximations made in deriving the pscudobinary 

diagrams and made in the dendrite tip calculations. 
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CHAPTER 8 

The Influence Of Cooling Rate On 
The Solid State Transformation Of Ferrite 

Mctallographic analysis or the electron beam melts was presented in Chapter 5 

to illustrate the complex microstructures which develop during the rcsolidification of 

stainless steels. These observations indicate that (he fcrrite which forms during the 

FA or AF modes of solidification transforms by the diffusion controlled growth 

(DCG) of preexisting austenitc at the fcrrite/ausienitc interface. However, for alloys 

that solidify in the fully fcrritic mode, nucleation of austcnitc from the fcrritc 

matrix must precede its growth. For these cases, the transformation of ferrite was 

shown to occur by. 1) the growth of massive austcnitc, which was limited to alloy 5 

and was only observed at high cooling rates, and 2) the growth of Widmanstattcn 

austenite platelets or needles from grain boundary allotriomorphs. 

Qualitative analysir of the conditions responsible for the different transformation 

mechanisms was used to develop the microstructural map of the microstructures 

shown in Fig. 5.15. This figure shows the cooling-ratc and compositions ranges whire 

each transformation mechanism was observed. In this chapter, the empirical 

observations which were formulated in the previous chapters are studied through the 

quantitative application of nucleation and growth kinetic analysis applied to the 

transformation of ferrite in the resolidified melts. 

The growth kinetics of ferritc arc discussed in two models. The first model is a 

first order approximation to the diffusion equation, applied to the continuous cooling 

characteristics of the electron beam surface melts. This model correlates well with 

the experimental observations and was useful in describing the amount of 

transformation that occurs as a function of cooling rate for DCG conditions. A more 

careful analysis of the diffusion problem requires a numerical model to incorporate 

the complexities of ternary alloy diffusion and the moving boundary nature of the 

transformation. A mathematical formulation of this problem was developed 



specifically for the Fc-Ni-Cr system. When coupled with the thermodynamic 

equilibrium at the ferritc austcnitc interface, this approach can be used to predict the 

rate and extent of the transformation as a function of cooling rate. 

The microstructurcs which de\c!op during cooling of fully fcrritic solidified 

Fe-Ni-Cr alloys were shown to be analogous to the microstructurcs which develop 

during the decomposition of ausicnitc in the Fe-C system. This analogy proved to be 

useful in understanding the kinetics of the ferrite transformation by providing the 

wealth of analysis which has been performed on the Fc-C system to be applied to the 

Fe-Ni-Cr system. Experimental studies of the fcrritc to austcnitc transformation were 

also conducted on fully fcrritic specimens to determine the transformation rate at 

different temperatures. These results were analyzed by the Johnson-Mchl and Avrann 

approach to determine the transformation kinetics, and to estimate the influence of 

cooling rate on the amount of transformation. 

8.1 Diffusion Controlled Growth 

8.1.1 A First Order Approximation 

The solid state transformation of ferrite occurs as the alloy is cooled through 

the F+A two phase field. Orientation of the tie-lincs in the Fe-Ni-Cr system sho .s 

that the partitioning of Ni and Cr occurs along constant Fc isopleths at temperatures 

near the solidus. As the alloy cools, the fcrritc which forms during solidification 

begins to transform by the diffuJon of Cr to the fcrritc and Ni to the ausicnitc. The 

rate at which this transformation takes place is governed by the rate at which the 

slowest moving element can diffuse from the austcnitc fcrritc interface. 

Diffusion coefficients have been measured for Fc. Cr and Ni in fcrritc and 

austcnitc [8.1-8.8] and the results arc summarized in Table 8.1 and 8.2 These results 

suggest that the diffusion occurs at a slower rate in austcnitc than in I'crritc and that, 

in general, Ni diffuses at a slower rate than Cr. Therefore, estimations of the 

transformation rate can be made assuming . : controls the reaction. 

The reported rates for diffusion of Ni in austcnitc show that the activation 



encrgx tends to decrease as the allox content of the stainless steel increases has a 

measured act ivat ion encrgx. Q. ol' about 65 kcal mole and a precxponcnt ia l constant. 

D 0 . of about 5 x 10- 5 m- s: 

/>.[ / ' o \ p | 1,1/ Kl | . : - . • • 

where K is the gas constant and T is the temperature in K e U i n I his results in a 

d i i ' l 'us i \ i n of about 9 \ 10-• 4 m- s at 1350°C. 

I able 8.1: Volume d i f f us i on in HC'O f err i tc 

L lenient Allo> 
Q 

(kcal mole) (m- \ s- t | Rel". 

1 e - - - -

Ni 

Pure 1 c 62.7 4.7 \ 10-* S.l 

Ni 

Pure 1 e 56.0 1.3 x 10-< 8 . : 

Ni 1 e - l O C r 63.4 i . : x 10-5 8.3 Ni 

1 c-IOCr 65.6 3.6 \ 10-5 S 3 

Ni 

1 e - :0Cr 53.6 7.0 \ 10-7 8.3 

C'r Pure be 57.3 :.4 \ io-< 8.4 C'r 

1 e - : 5Cr -5Ni 50.7 6.0 x IO-« 8.5. 8.8 

Table 8.2: Volume d i f f us ion in I C C -\ustenite 

l l emcn t Allen 
Q 

l kcal m o l d 
1)., 

(m- \ s-M Kef. 

1 e 1 e - 1 7 C r - i ; \ i 66.8 3.6 \IO-5 8.6 

Ni 

Pure I e 67.0 ir \ io- s 8.: 

Ni l e - 9 \ i 66.4 5.0 \ IO- r' 8 3 Ni 

I c - l O N i 65.4 4.1 \ 10-5 S3 

Ni 

F c - I 7 C ' r - i : \ i 60.1 9.0 x I 0 - 7 8. T 

Cr 

Pure 1 e 60.3 6.3 x 10-'• 8 4 

Cr 1 c - 1 7 ( ' r - i : \ i 6 3.1 1.3 \ 10-5 8.6 Cr 

l c - I 7 C r - i : . \ i - 3 M o 58.1 6 3 x 10 '• 8.5. 8 8 
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A first order approximation of the amount of transformation that occurs during 

cooling in the rcsolidification melts can be estimated from the above diffusivitv of 

nickel in austenitc and the characteristic diffusion distance. L : 

/ - 7{D » ) ' ' ( H . : 0 

Where >.' represents the transformation time and is inversely related to the cooling 

rate. .. and the temperature range over which transformation is occurring, t: : 

I/" 
1/ = ( H . 3 ) 

( 

Since equation 8.2 is nonlinear, a numerical approach is required to calculate the 

amount of diffusion that occurs as the alloy cools to room temperature. By selecting 

a small temperature range, .u, estimating the diffusivity. Dm,, using equation 8.1 and 

estimating the transformation time. • ». over this temperature range using equation 8.3. 

the product /: n can be determined. The characteristic diffusion distance, L, can 

then be calculated from the summation of /'•. i< by the following equation: 

i. = ?[> J.";";"' / : ) . v , ( / ' ) [ ' ! ' j ) ( s - D 

The offusivi ty of nickel in austenitc was assumed to be the rate limiting 

factor and the continuous cooling characteristics of the E-B process were taken into 

account in calculating the diffusion distance by using equation 8.4 with a 

temperature increment of l°C. The results of these calculations arc summarized in 

Table 8.1 for each of the cooling rates studied in this investigation. The largest 

degree of transformation was observed in the casting which required 197s to reach 

room temperature while the least amount of transformation was observed in the 

highest speed electron beam melt which required only 1.9 x l O 4 s to reach room 

temperature. This difference in cooling rates reduced the characteristic diffusion 

distance from 2.9 ,.m for the casting to 2.8 x 10-3 um for the highest speed melt. 

During cooling, the percentage of fcrritc that transforms is related to the 

characteristic diffusion distance and the thickness of the fcrritc panicles. Both L 

and the dendrite arm spacing. ». decrease with increasing cooling rate. However, since 

the characteristic diffusion distance is proportional to " and since the dendrite arm 

spacing is proportional to about " . L decreases faster than i with increasing cooling 



::s 

rate. Therefore, as the cooling rale is increased, less percentage of (he ferrite in the 

microstructurc transforms, i.e., the solidification microstructurc becomes "quenched 

in" at high cooling rates. This fact becomes ob\ ious by comparing the ratio of L to > 

which is shown in Table 8.3 to decrease from 16.0% in the casting to 0.7% in the 

highest speed E-B melt. 

Table 8.3: Characteristic diffusion distance and dendrite arm spacings. 

Melt 

Cool ing Ra t e 

(°C s) 

Time to 

Reach R T 

(s) 

Dif fus ion 

D i s t a n c e . L A 

()irn) 

A . 

U<"0 

1 /A 

Cast 7 197 2.9 - IS 1.6 x 10-1 

1 4.7 x 102 2.9 0.35 - 4.7 7.5 x 10-2 

; 1.9 x 103 7.3 x 10-1 0.17 - 3.0 5.7 x 10-2 

3 1.7 x I C 8.2 x 10-2 5.8 x 10-2 1 "* - 1.8 x 10-2 

4 4.4 x 105 3.2 x 10- 3 1.1 x 10-2 1.1 - 1.0 x 10-2 

5 1.5 x 106 9.2 x 10-1 6.1 x 10-3 0.7 - 8.7 x I 0 - 3 

6 7.5 x I 0 6 1.9 x lO-i 2.8 x 10- 3 0.4 - 7.0 x 10-3 

The percentage of the microstructure that transforms can be calculated for each 

cooling rate. Figure 8.1 illustrates a simple model that can be used to predict the 

amount of transformation. The secondary dendrite arms are assumed to be equally 

spaced right circular cylinders and the distance between the fcrrite patticlcs is equal 

to the secondary arm spacing. To account for second phase austcnitc between the 

fcrrite dendrites, the diameter of the initial fcrrite 'cylinder' before transformation 

was mctallographically measured on sc\cral specimens to be about 2 3 of this spacing. 

Taking this factor into account, the percentage of ferrite that transformed can he 

approximated by the ratio of areas before and after transformation: 
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% Ti a n s f o i m o d = / ) ' v 1 0 0 (H . ' . i ) 

where r refers to the radius of the ferritc dendrite (2 6 DAS), and L is the 

characteristic diffusion distance reported in Table 8.3 

Table 8.4 summarizes the ferrite transformation calculations and the results 

show that 73.3% of the ferrite that solidifies in the castings will transform while only 

4.0% of the ferrite that solidifies in the highest speed electron beam melt will 

transform. Therefore, the residual ferrite content of primary ferrite solidified alloys 

should increase as the cooling rate increases. This behavior was observed in the 

actual electron-beam melts. For example Alloy 7 which solidifies in the fully fcrritic 

mode has a measured ferrite content of 32 percent in the cast condition which 

indicates that 68% of the microstructure has transformed. This measured value 

compares favorably to the predicted value of 73.3%. 

Figure 8.1 Illustration of a model to predict the percentage of fcrrite in the 
microstructure that transforms for a given characteristic diffu­
sion distance, L. 
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f a b l e 8.4: T h e a m o u n t 01 f c r r i t e t h a t t r a n s f o r m s as .1 f u n c t i o n o f c o n h n i : u t c 

Melt 

t r I 

tr.l nsf i .rmed 

Cast 18 6.0 : i » 
1 4." 1.3 0 33 4 1 : 

; 3 0 10 0 1- 31 1 

3 3.2 1 1 3 S \ 1 0 - 10.3 

4 1.1 0.2" 1 1 \ 10 - SO 

5 0." 0.24 6 1 \ 10- 3 3.0 

b 0.4 0.14 ; s \ 10- 1 4 0 

The t r a n s f o r m a t i o n c h a r a c t e r i s t i c s can a lso he o b s e r v e d hv o p t i c a l m c t a l l o i i r a -

ph> I i izurc S.2 shows t he m i c r o s t r u c l u r e o f A l i o s 4 w h i c h s o l i d i f i e d in the I \ mode 

in m e l t 1 at a co ' i n g ra te ol* 4.~ \ 1 0 2 ' ( ' s P r i m a r v f e r n t e d e n d r i t e s . I i g . 8.2a. a n d 

e q u i a x e d I ' c r r i t e ce l l s , f i g . 8.2b. we re p resen t in the n u c t o s t r u c t u r e . T h i s s p e c i m e n 

was e t c h e d w i t h a c o l o r m c t a l l o g r a p h i c t e c h n i q u e t h a t r e v e a l s I ) p r i m a r v I ' e r r i t e 

' w h i t e ) . 2 i a u s t e n i t c t h a t t r a n s f o r m e d f r o m f e r r i t c a n d e n v e l o p s the p r i m a r v f e r r i t e 

co re ( d a r k g rcv 1. a n d 3 | second phase a u s t e n i t e t h a t s o l i d i f i e d f r o m the me l t M i g h t 

grev 1. I he w i d t h o f t he t r a n s f o r m e d r e g i o n s v a r i es f r o m a b o u t 0.5 . • to 1 .0 . w h i c h 

•compares f a v o r a b l v to t he c a l c u l a t e d c h a r a c t e r i s t i c d i f f u s i o n d i s t a n c e o f 0.3 . 

8.1.2 Finite Difference Approach 

A p p e n d i x D s u m m a r i z e s a m a t h e m a t i c a l m o d e l w h i c h can be used to so lve the 

men i n g - b o u n d a r v . t c r n a r v - a l l o v d i f f u s i o n - c o n t r o l l e d phase 11 a n s f . i r m a l i u n p t o h l c m 

This f o r m u l a t i o n is an a p p l i c a t i o n o f the f i n i t e d i f f e r e n c e f o r m o f I i ck ' s second law 

a n d . s ince t h c r m o d v n a m i c e q u i l i b r i u m mus t be m a i n t a i n e d at the a u s t e n i t e - f e r r i t c 

i n t e r f a c e , the phase e q u i l i b r i a in the F e - \ i - ( ' r t c r n a r v s \ s t e m m u , l be Coup led w i t h 

the mass c o n s e r v a t i o n a n d the k i n e t i c e q u a t i o n s g n v c m i n e d i f f i r i - ' i i . I h i . m e t h o d is 

s u f f i c i e n t to d e v e l o p a c o m p u t e r p r o g i a m to p r e d i c t the I r a n - f o r m a t ion r a t e a n d the 

e x t e n t ol" the I ' c r r i t e to a u s t e n i t c phase t r a n s f o r m a t i o n as a f u n c t i o n o f c o o l i n g ra te 
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l i j iun X.2 Co" •>• nietallo(>raphic technique used to distinguish between the austenite 
which forms during scilidificatiun and Ihe austenite which forms during 
transformation of ferrile. a) shows ferrite dendrites and b) NIIOHS ferrite 
( e l l s , b o t h f r o m Allov 4 . 



8.2 The Massive Transformation 

Massive phase t ransformat ions change mctaslablc phases to equ i l i b r i um phases 

or other metastable phases by a d i f f us iona l process that involves a rapid 

noncoopcrativ c transfer of atoms across a high-energy interface. These t ransforma­

tions arc thermal ! ) ac t i \ a t cd and exhib i t nueleation and growth characterist ics but 

require only short range d i f f us ion of a few atomic jumps to change one crystal 

structure to another. The cool ing rates necessary for the massi\e t ransformat ion must 

be suf f ic ient ly rapid to suppress the format ion o f product phases that involve long 

range d i f f us ion . The result ing massive t ransformat ion docs not involve any change in 

the overal l composit ion. This composition invar iancc is an important characterist ic of 

the massive t ransformat ion and can be used to aid in its iden t i f i ca t ion Characteris­

tic patches of the massively formed phase appear as blocks in the microstructurc and 

exh ib i t ledge features, planar facets and tw inn ing in some alloy systems. The large 

d r i v i ng force for the t ransformat ion allows the product phase to cross grain 

boundaries and other obstacles. 

The massive t ransformat ion was observed in Alloy 5 at high cool ing rates but 

was not observed in any of the other al loys, even though they had simi lar 

compositions. One of the objectives of this chapter is to exp la in , through 

thermodynamic and k inet ic arguments, the condi t ions for which the massive 

t ransformat ion occurs in the Fc-Ni-Cr system and use these results to show why the 

massive t ransformat ion was only observed in Al loy 5. 

S.2.1 M i c ros ! met l i ra I Character is t ics 

\ : hiah .'••• ' :n ( r.iic->. Allov 5 sol idi f ies in the fu l l y f c r r i t i c mode and upon 

mi. ir. in h i - ;• i h " h v . lumc f rac t ion austcnitc by the growth of new 

.1 ' nit-.- i>r:i " ! : . i t v ! • r m r in has also been observed in a high pur i ty 20Cr 

I • '- ba I e i:. s " igh ; t i! ." >] Al though the nominal I c content of their a l ln \ 

v. ! "0 v. I '••• in.l ••. ' ' m i l l k ^"ntent of Alloy 5 is 59 w i . ' y both allovs h.nc 

!• ir <r 'x, • • i t , 7 and i S ^ i e • pectiv cl v. which places both al l " ' . 1 - .', 'M' !•• ' '. 

i i;l ' it I wn - t n l d i i . , ' . 1 ! I'.n 



Figure 8.3 compares the microstructurc of massivclv fo rmed austcnite in Mlov 3 

w i th single phase f c r r i t c in Al lov ~. The single phase f c r r i t c microsuuetuve is shown 

in Fig. 8.3 and indicates that the f c r r i t c grain boundaries etch prominent ly and a 

cel lular so l id i f i ca t ion "substructure" can be observed. This specimen is known to be 

ful l> f c r r i t i c because of its high \a luc of saturat ion magnetizat ion (10" emu g). 

The microstructurc of Allov 5. pr ior u> the t ransformat ion, is single phase 

f c r r i t c and should be simi lar in appearance to Fig. 8.3a. However, af ter the 

t rans format ion , the microstructurc is predominant ly single-phase austcnite grains and 

the grain boundaries tend to be aligned perpendicular to the so l id i f i ca t ion d i rect ion 

w i th a jagged appearance. Tw inn ing is observed w i t h i n the austcnitc grains and the 

specimen is known to have a high volume f rac t ion austcnitc due to its low saturat ion 

magnetizat ion (18 emu g). The microstructurc also shows that some fc r r i t e is present 

at the austcnitc grain boundaries as a result of the incomplete t ransformat ion to 

austcnite. 1 his f c r r i t c is responsible for what magnetic moment the specimen has: i f 

the t ransformat ion to austcnitc had been complete, the saturat ion magnetizat ion of 

the specimen would be zero. 

To prove that the microstructurcs observed in -Uloy 5 arc indeed formed b\ the 

massive t ransformat ion, the composition invariance across the I c r r i t e and austcnitc 

patches was determined by electron microprobc analvsis Tigurc 8.-la shows the 

microstrueture at the root of melt 3. This melt was moving at 100 mm s. has a 

so l id i f i ca t ion cell spacing of 3.2 .•'" and cooled at a rate of about 2000 °C s 

Two microhardncss indentions were placed on the specimen and between these 

two indentions is an austcnite fc r r i t c interface. The microprohc was used to measure 

the F c. \ i and Cr compositions at 2 . .- intervals w i th a 1 . •• focal spot size Figure 

8.4b shows the results of these measurements and indicate- thai the average 

composit ion of the austcnitc phase is ident ical to that of the Ic r r i te phase and that 

there does not appear to be a change in composit ion nc.n t • c austenite fc r r i te 

interface. I his evidence indicates the composition i n v a n a n . • ot' the t ransformat ion 

and. along w i th the microstructural features, shows that A, s can t ransform to 

. i i i - tcnite bv the massive t ransformat ion at Inch cooling rales 

file:///aluc
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8.2.2 Thermodynamics 

It is known that the massive transformation can begin in the F+A two phase 

region at a temperature. T„. where the Gibbs free energy of the fcrrite and austenitc 

of the same compositions arc equal. However, experimental evidence exists to show 

that the effective start temperature for the transformation requires additional 

undercooling so that the nucleation temperature is closer to the austcnitc solvus [8.10]. 

Therefore, the alloys which arc susceptible to the nassive transformation tend to be 

located close to the line of two-fold saturation to minimize the amount of 

undercooling required to bring the alloy close to the austcnitc solvus. 

Figure 8.5 plots the composition of the seven alloys on a vertical section through 

the Fe-Ni-Cr ternary phase diagram. This vertical section was taken along a 

composition path that represents the partitioning of Ni and Cr at temperatures just 

below the solidus temperature of these alloys, i.e.. the I400°C tie lines in the F+A 

two-phase field lies in the plane of Fig. 8.5 and was determined from the isothermal 

sections presented in Appendix C. As mentioned in Chapter 7. there is a difference 

in the location of the line of two-fold saturation calculated by Thcrmocalc and the 

experimental observations. Since the relative location of the alloys with respect to the 

line of two-fold saturation is important, this difference was taken into account by 

shifting the position of the seven alloys by subtracting 2.8% Ni from each composition 

before plotting them on the diagram. With this adjustment, the thermodynamic 

calculations can be correlated directly with the experimental observations. 

The location of the T 0 line can be determined from the Gihbs free encrgx u ' r .ns 

composition plots in the Fe-Ni-Cr system. These calculations were also pcrfurm-. 1 

using Thcrmocalc and the results for 58wt."n Fc alloxs are shown in 1 ig 8.6 at 1 ifio ' 

and 1?~5°C. The T 0 composition i1- defined where the free eners>> of the fcrritc and 

austcnitc of the same compositions arc equal. These two points that were calculated 

from Fig. 8.6 can be used to estimate the T n line in the fcrritc * austcnitc two ph:i>c 

field. 

The T :, line is indicated in Fig. 8.5 and is located approximately midw.iv 

between the fcrrite and austcnitc solvus lines. This figure indicaics that T„ rapidlv 

decreases in temperature with small changes in composition. 
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Figure 8.3 Comparison of al the single phase ferrite mitroslructure and b) massiw 
austenite which transformed "rom single phase ferrile in AHov 5. 
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Figure 8.4 Electron microprobe scan across an untransformed ferrite region, surrounded 
by massive austenite in Alloy 5. T h e results indicate the composition in-
variance of the massive transformation. F refers to the ferrite phase and A 
refers to the austenite phase. 
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For example, a 1% change in nickel content, drops the T 0 temperature 85°C. therefore. 

Alloys 5, 6 and 7 which solidify in the fully fcrritic mode at high cooling rates have 

significantly different T 0 temperatures even though their compositions arc similar. 

Defining J T„ to be undercooling required to bring the alloy from its solidus 

temperature to the T 0 temperature, -i T, will be an indication of how much 

undercooling is necessary for the massive transformation to become feasible. 

.i T, was determined to be 31°C, 10I"C and 186°C for Alloys 5. 6 and 7 

respectively. Additional undercooling would be required to bring these alloys closer 

to the austcnite solvus temperature where the massive transformation is most likely to 

occur. However, the trend in undercooling, required to nucleate massive austcnitc, 

will be the same: Alloy 5 will require the least undercooling and Alloys 6 and 7 will 

require significantly more undercooling to bring about the massive transformation. 

8.2.3 Nucleation Kinetics 

The rate at which the alloy cools through the austcnitc + fcrritc two phase field 

is largely responsible for the amount of undercooling prior to the nuclcation of 

austcnitc. At slow cooling rates, nuclcation of Widmanstattcn platelets occurs before 

the temperature reaches T 0 , i.e., there is insufficient undercooling at slow cooling 

rates for the massive transformation to occur because it is superseded by the 

formation of Widmanstattcn austcnitc. At higher cooling rates, nuclcation of 

Widmanstattcn austcnitc can be prevented because of the reduced time available for 

Widmanstattcn austenite nucleation. Under these conditions, the temperature drops to 

larger undercoolings before the austenite nucleates. The massive transformation of 

Alloy 5 was observed in the high cooling-rate portion of melt 2 and in all of the 

higher cooling rate melts. This places the necessary cooling rate for the massive 

transformation at about 2 x I0 3 K/s and greater for the 2(>.4 Cr.14.3 Ni al lm. 

The nuclcation kinetics [8.11] and growth kinetics |8.12) of the massive 

transformation have recently been reviewed. A relationship between the cooling rate 

and the undercooling for nuclcation can be derived from the classical approach. 'I he 

resulting expression relates the undercooling below >'. • ' . - . ' . . t o the cooling rate 

as follows: 

f < \ ' •' 
l / ' w - / ' „ • / • « - i < * • ' " 

v r ' 
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where < is the cooling rate C is a material-dependent and cmbryo-geomctry-depcndcnt 

constant [8.11J and TM is the nuclcation temperature for massive austenitc. Therefore. 

larger undercoolings precede the transformation at higher cooling rates. 

In order to explai.' why Alloy 5 undergoes the massive transformation while 

Alloys 6 and 7 do not, the effect of composition on the nucleation kinetics of 

austcnite must be examined. From the classical nuclcation theory, applied to 

nucleation at grain boundaries during isothermal transformation [8.13], one can derive 

the following relationship for the nuclcation rate, J": 

( 8 . / ) 

where Z is the Zeldovich nonequilibrium factor relating the percentage of atoms 

which attach to the number of attempts, e' is the rate at which individual atoms 

atiempt to attach to the critical nucleus, N is the number of atomic sites per unit 

volume, i G* is the free energy for the formation of a critical nucleus, i is the 

incubation time, t is the isothermal hold time and kT has its usual meaning. 

The most important factor in equation 8.7 is the free energy of formation of (he 

critical nucleus which is related to the volume free energy change .i G v and the strain 

encrg\ ! G 8 as follows: 

\6na\yk 
\G = , ( 8 . 8 ) 

3, J C , + . . lG s i 2 

where k is a factor related to the geometry of the embryo and a,, is the interfacial 

energy between the fcrrite and austenite phases. Alloys 5, 6 ana 7 differ only 

slightly in composition, therefore, only . i t . - c ; - t : changes significantly between these 

alloys. 

The free energy versus composition curve for 59 % Fc alloys at 1250°C is shown 

in Fig. 8.7. In addition to predicting the T„ temperature, these curves can be used to 

estimate the difference in free energy for the fcrritc :o austcnite transformation as a 

function of composition. At 1250 °C Alloy 5 is 119 °C below its T 0 temperature and 

] Gv=-150 J,'mole, Alloy 6 is 49°C below its T 0 temperature and i G v= -20 J/molc. 

Finally, Alloy 7 is 36 °C above its T 0 temperature and therefore has no driving force 

for the massive transformation. 

= / / ? .Yexp -AC 
kT ex p 
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The results of the electron beam mel t ing experiments c o n f i r m these calculat ions. 

At low cool ing rates the massive t ransformat ion was superseded by the fo rmat ion of 

Widmanstatten austenitc. At higher cool ing rates, nuclcat ion of \\ idmanstatten 

austenite platelets was suppressed and the massive t ransformat ion was observed in 

al loy 5 wh ich has the largest J G» for the nucleat ion at any given amount of 
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f i g u r e 8.7 Gibbs free energy versus composit ion plot nlone the 5ft ^ t ' ' " I c 
isoplcth showing the volume free cncrg> change l " i l e r i i t e 
t rans fo rming to austcnite in Allo> 5 
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unde rcoo l ing . Howeve r . Al iens 6 and " a p p a r e n t l y did not have su f f i c i en t d r i v i n g 

force for the nuc lca t ion of massive aus t cn i t e and r e m a i n e d fully f e r r i t i c u n d e r all of 

the high cool ing ra te cond i t i ons . 

8.2.4 Growth Kinetics 

T h e massive t r a n s f o r m a t i o n has been observed to grow at very rap id ra tes in 

many alloy systems |S. 1 — ]. The high g rowth ra les a re the result of I) the high 

t h e r m o d y n a m i c d r i v i n g force for the t r a n s f o r m a t i o n which is nearly p r o p o r t i o n a l to 

the degree of u n d e r c o o l i n g below T 0 [8.12] and 2) the n a t u r e of a t o m i c t r a n s f e r across 

the i n t e r f a c e which involves a noncoopc ra i i ve r e a r r a n g e m e n t of a toms invo lv ing only 

a feu a tomic j u m p s to change the crys ta l s t r u c t u r e [S.I2| . Because o[~ the high g rowth 

ra tes , c h a r a c t e r i z a t i o n of the in te r face ve loc i ty . R, is d i f f i c u l t , howeve r , the 

m e a s u r e m e n t s that have been made show tha t R is on the o r d e r of I to 10 mm s in 

the Ag-Al system [8.12]. 

The r e l a t i o n s h i p be tween unde rcoo l ing and in t e r f ace velocity has been s tud ied 

by Pe repczko |8.12] and the resul ts show tha t the behav io r at low u n d e r c o o l i n g s and 

high u n d e r c o o l i n g s are d i f f e r e n t . At low u n d e r c o o l i n g s I " < I 0 u C in the Ag-AI 

sys tem) the resul ts were i n t e rp re t ed by a step g rowth model , l o r the case of step 

f o r m a t i o n l imi t ing the reac t ion ra te , the fo l lowing express ion was deve loped : 

A1 = h i / r \ p in'' I /('Mi \ll I / /. /' ) ( ;••:.") 

where h is the step height and e is the cneigv per unit edge length of s tep I his 

r e l a t i o n s h i p p red ic t s a nearly l inear increase in vciucitv with R and agicc^ wiih 

e x p e r i m e n t s at low undercoo l ings . \ t high u n d e r c o n l i n g v the I I I ICI I ' .KC \clo. . ,i> 

increases but at a d e c e a s i n g ra te with undercoo l ing , l l n , k l m n n i Iv i tc i •• •• I. 

hv a c o n t i n u o u s g rowth express ion which can be taken to be 

/ • : \ ! . 

whe ie \ I is the inier l ice muhi lnv \1 and d v tend in K .o inpcn .1:10. l . i . t i- r i 

at h i i h undercooling-- whe ie </ v is large, [he m o h i l i t . i |, ^ , n d l ino; ih . . ' i . i ! i. 

velncitv I > about Id mm - i n AIJ -TJ y . A I a 1 lo\ , 



8.2.5 Massive Austenite Summary 

The ferritc content of Alloy 5 can be used as a measure of the degree to which 

the massive transformation has occurred in each of the electron beam melts. In 

Chapter 6, ferritc measurements were presented to indicate the total amount of fcrritc 

present in each melt. The results arc resummarized in Table S.5. In this Table, A w 

and A m refer to the percentage of the fully fcrritic solidified areas that transformed 

to Widmanstattcn and massive austcnitc respectively, while F u refers to the amount of 

untransformed single-phase fcrritc. The microstructurcs of these melts are shown in 

Fig. 8.8 to illustrate the regions of massive austcnite (light areas) and the regions of 

Widmanstattcn austcnitc (dark 3reas) 

Table 8.3 Percentage of massive and Widmansiattcn austcnitc that forms in the 

fully fcrritic solidified portions of the electron beam melts in Alloy 5. 

melt r % Phase 
A m A w 

F u 

1 4.7 x 102 0 100 0 

-> 1.9 x 10 3 10 85 5 

3 1.7 x 101 30 65 5 

4 4.4 x 10= 85 0 15 

5 1.5 x 106 75 0 25 

6 7.5 x 107 70 0 30 | 

8.3 The Decomposition of Single Phase Ferrite 

Section 8.1 discussed the transformation of fcrrite by the diffusion controlled 

growth of pre-existing austenitc which forms during the AF and FA modes of 

solidification. Because the austenitc was present prior to the solid state transforma­

tion, nuclcation was not required and the morphology of the resulting microstructurc 

was controlled by the solidification conditions. 
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Figure 8.8 The influence of scan speed on the percentage of the melt which undergoes 
the massive transformation in Alloy 5. Massi\el> transformed areas appear 
as white regions, while the remainder of the melt transforms hv Widman-
statten austenite formation, a) 6.3 mm s, h) 25 mm/s. c) 10(1 mm/s and dl 
500 mm/s. 



"* d . S ." i i v ' u ^ed t " c n u - M \ c f o r m a t i o n •<!' a u M c n i t e w h i c h rc<a.u i tc L u g e t l i c r m . i l 

; - i d c * I r ' . •• i I 'M! - .- the :- i n ^ f o r n u t u ;: t e m p e r a t u r e bch w t l ie I t e m p e r a t u r e 

\ u c k ' , ' n " f . h . I L ' I I I ! . e m i r . > occur a r I i l u . i . i p u i l v g rew hv an i n t e r ! a c c - c o n -
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d e v e l o p are e q u a l e d w i t h the n u c l c . H i o n r a l e r a t h e r t h a i t he g r o w t h k i n e t i c s o f 

mass i ve a u M e n i t c In i J i i ^ s e c t i o n , t he d e c o m p o s i t i o n o f f e r r i t e w i l l be s t u d i e d w i t h 
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m a t r i x b u t w h e r e t he m i c i o s t r u c t u r c is c o n t r o l l e d b> d i f f u s i o n a l g r o w t h m e c h a n i s m s 

T h e m o r p h o l o g i e s t h a t w e r e o b s e r v e d in t he l e - N i - C r s w e m can be d i r c c t l v 

e q u a t e d w i t h m o r p h o l o g i e s w h i c h d e v e l o p i n t h e F c - C svs tem G r a i n b o u n d a r v 

a l l o u i o m o i phs . \S i d m a n s t a t t e n s i d c p l a t c s . s i d e n e c d i e s a n d d e g e n e r a t e f o r m s o f the 

W i d m a n s t a t t e n m o r p h o l o g i e s w e r e a l l o b s e r v e d i n t h e e l e c t r o n b e a m w e l d s o f the h i g h 

CT Si r a t i o a i l o v s . T h e a n a l o g s b e t w e e n t he F c - N i - C r a n d F c - C s v s t c m a p p e a r s to be 

ve rv g o o d a n d a l l o w s the w e a l t h o f i n f o r m a t i o n a b o u t t he Fe -C s v s t c m t o be a p p l i e d 

to the l ess - s tud ied F c - N i - C r s v s t c m . 

In t h i s s e c t i o n , the m o r p h o l o g i c a l f e a t u r e s o f t he f e r r i t e d e c o m p o s i t i o n w i l l be 

p r e s e n t e d t h r o u g h t he e x a m i n a t i o n o f the e l e c t r o n b e a m me l t s . Because o f the l a r g e 

n u m b e r o f m o r p h o l o g i c a l f e a t u r e s t ha t w e r e o b s e r v e d , d e t a i l e d m o d e l i n g o f the 

n u c l e a t i o n a n d g r o w t h k i n e t i c s o f each v a r i a t i o n is no t poss ib l e H o w e v e r , g e n e r a l 

g u i d e l i n e s w i l l be e s t a b l i s h e d t o show how the d i f f u s i o n c o n t r o l l e d processes can be 

m o d e l e d f o r a s i m p l e s i d e p l a t e g e o m c t r v . 

I s o t h e r m a l t r a n s f o r m a t i o n e x p e r i m e n t s w e r e a lso c o n d u c t e d on f u l l v f e r r i t i c 

s p e c i m e n s to m o n i t o r the t r a n s f o r m a t i o n k i n e t i c s o f the f e r r i t e d e c o m p o s i t i o n . The 

r esu l t s o f these e x p e r i m e n t s w e r e a n a l v z c d I n t he J o h n s o n - M c h l - - \ \ r a m i a p p r o a c h 

w h i c h a l l o w s the e f f e c t s o f n u e l c a t i o n a n d g r o w t h to be c o m b i n e d i n t o a s i ng l e 

e q u a t i o n . 

8 .3 .1 M o r p h o l o g i c a l C l a s s i f i c a t i o n 

M a n v o f the a u s t e n i t e m o r p h o l o g i e s tha t f o r m d u r i n g the d e c o m p o s i t i o n o f 1 'en i l e 

in the l e - N i - C r s>stem have a s i m i l a r a p p e a r a n c e to the f e r r i l e m o r p h o l o g i e s w h i c h 

d e v e l o p d i n i n g the d e c o m p o s i t i o n o f ; iL is tcn i tc in the I c-C s v ^ i e m In the l e -N ' i -C ' t 

s vs t cm it is the d i f f u s i o n o f N i ;inii ( r at the t r a n s f o r m a t i o n i n l c i f . u ' e w h i c h c o n t r o l s 
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j . •••-o]v the U K ' i . • ^ i h \ - i d c f r o m the d i t l ' c r c n c c in m o b i l i t i e s b e t w e e n c a r h . r: 

. i nJ n i c k e l " r c l ' n i o : ' t i . ! I K - * " I K 1 st . i te t r i n s f o r m a t ions t h a t o c c u r in these |w -

- vs t cms a rc a n a l o g o u s I h c r c l o r c . the m o r p h o l o g i c a l c l a s s i f i c a t i o n s y s t e m d e v e l o p e d 

I n D u h c [ S . I 4 | a n d p r e s e n t e d I n - \ a r o n s o n | S I ? | . to d e s c r i b e t he I c - t " sys tem 

m o r p h o l o g i e s , can be used tn r e p r e s e n t the l c - \ i - ( r s y s t e m as w e l l . 

G r a i n B o u n d a r y A l l o l r i o m n r p h s 

G r a m b o u n d a r y a l l o t r i o m o r p h s are c r y s t a l s o f t he p r o d u c t phase w h i c h n u c l e a t e 

at g r a i n b o u n d a r i e s a n d g r o w p r e f e r e n t i a l ! } a l o n g t he b o u n d a r y T h e a l l o t r i o m o r p h s 

tend to h a \ e s m o o t h shapes a n d p r o v i d e h e t e r o g e n e o u s n u c l e a i i o n s i tes f o r the o t h e r 

g r o w t h m o r p h o l o g i e s , f i g u r e 8.9 shows t y p i c a l a u s t c n i t e g r a i n b o u n d a r y a l l o t r i -

o m o r p h - w h i c h f o r m in the F e - N i - C r a l l o } s . I he a l l o t r i o m o r p h s a r c v c r } c o m m o n a n d 

arc p resen t at nea r l y a l l o f the g r a i n b o u n d a r i e s in t he a l U n s t h a t h a v e u n d e r g o n e 

t r a n s f o r m a t i o n a n d p r o v i d e s i tes f o r v v ' i d m a n s t a t t c n a u s t c n i t e g r o w t h 

W i l l mans t a t t en P l a t e s 

\\ i d m a n s t a t t e n s i d e p l a t c s are p l a t e - s h a p e d c r y s t a l s t h a t g r o w f r o m the v i c i n i t y 

o f g r a i n b o u n d a r i e s i n t o t he i n t e r i o r o f t h e g r a i n a n d c an be c a t e g o r i z e d as h a v i n g 

c i t h e r p r i m a r y or s e c o n d a r y c h a r a c t e r i s t i c s . P r i m a r y s i d e p l a t c s g r o w d i r e c t l y f r o m 

the g r a i n b o u n d a r y a n d s e c o n d a r y s i d c p l a t e s d e v e l o p f r o m c r y s t a l s o f a n o t h e r 

m o r p h o l o g y o f the same phase. S e c o n d a r y s i d c p l a t c s w e r e I n f a r the most c o m m o n l y 

o b s e r v e d m o r p h o l o g y in the F c - N i - C r a l l o y s a n d p r i m a r y s i d c p l a t c s a r c not a b u n d a n t . 

F i g u r e 8.9 shows the s i d c p l a t c m o r p h o l o g y u n d e r h i g h a n d low c o o l i n g r a t e c o n d i t i o n s . 

A t h i g h c o o l i n g ra tes (8 .9a) the s i d c p l a t c s d o no t have t i m e to g r o w across the g r a i n 

a n d thev a p p e a r as f i n e l y spaced l a t hs g r o w i n g a l o n g c r v s t a l l o g r a p h i c a l l v d e f i n e d 

d i r e c t i o n s . A t l o w c o o l i n g ra tes (8 .9b) . \S i d m a n s t a t t c n s i d e p l a t c s g r o w across the 

e n t i r e g r a i n a n d a lso coa rsen as the m e l t coo ls t o r o o m t e m p e r a t u r e . 

W i d m a n s t a t t c n p la tes m a y a lso n u c l e a t e a n d grow f r o m the i n t e r i o r o f g r a i n s . 

T h i s i n t r a g r a n u l a r m o r p h o l o g y t ends to be p resen t in the F c - \ i - C ' r a l l o y s w h i c h coo l 

at low ra tes. F i g u r e 8.9c shows the i n t r a g r a n u l a r s i d c p l a t e m o r p h o l o g y . M i v e d in 

w i t h t h i s m i c r o s t r u c t u r c a rc s m a l l i n t r a g r a n u l a r b l o c k s o f a u s t e n i i e w h i c h a rc 

r e f e r r e d to as i d i o m o r p h s . I n d i v i d u a l p la tes n u c l e a t e a n d g row a l o n g ; r v s t a l l o g r a p h i -
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c.illv def ined direct ions as do the other platelet variants. These plates ma> provide 

nuclcat ion sites for other plates and when combined w i th the sideplatcs growing f rom 

the grain boundaries, they provide an e f fec t ive means for t ransforming t larije 

volume f rac t ion of the microsuueturc. 

Widmanstatten Needles 

Widmanstattcn needles, which arc sometimes referred to as acicular needles, arc 

needle-shaped crystals which also can be categorized as having pr imary and secondary 

characteristics. Pr imary sidcncedles are again the less dominant var ia t ion in the 

Fe-Ni-Or alloys studied. Figure 8.10a shows the morphologv of the austcnitc 

sidenecdlcs which grow " rad ia l ly " f rom the grain boundaries and al lot r iomorphs. The 

nuclcat ion frequency is easily observed since each needle has a d is t inct appearance 

and does not tend to degenerate to other morphologies. 

In t ragranular needles were also observed and arc a common feature of the 

microstructurc. These needles nucleate w i t h i n the grain and grow along wel l def ined 

crvstal lographic direct ions as wc l ' . Figure 8.10b shows this morphology and indicates 

that in t ragranular needles provide nuclcat ion sites for other needles. 

A l l of the Widmanstattcn needles observed in this invest igat ion were located in 

the heat af fected zone of a previous melt. Therefore, the needle morphology is the 

product of a high-tempcrature "heat t reatment" rather than the direct product of the 

reso l id i f ica t ion experiments. This behavior can be explained in terms of nuclcat ion 

behavior and w i l l be discussed in later section o f this chapter. 

Degenerate Widman .tatten Sideplates 

Var iat ions of the austenitc sideplatc morphologv may occur when the plates A) 

fo rm "facets" on their faces. B) branch to f o rm new plates or O "sympathet ical ly" 

nucleate new plates w i th new habit planes. Each of these var ia t ion was observed in 

the Fc-Ni-Cr alloys studied in this invest igat ion. The 'A ' morphologv was the most 

commonly observed degeneration of the sidcplatcs. Figures 8.11a and 8 Mb show this 

microstructure in Al loys 6 and 1 respectively. In this microstructurc. the l ight colored 

phase is austenite and the dark colored phase is fe r r i tc . Many facets have developed 

on the austenite plates and give a random appearance to the microstructurc 
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Figure 8.9 al VVidmanslallen austenite sideplates growing from grain boundary allotri-
omorphs al inlermediale cooling rales, b) W'idmanstalten sideplates al low 
cooling rales and c) inlragranular Widmanstatlen plales in Alloy 7. 
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Figure 8.10 a) Primary Widmanstatten side-needles growing from grain boundary allo-
iriotr.orphs in Alloy 7 and b) intragranular VVidmanstatten needles in the 
heal affected zone of Alloy 7. 
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Figure 8.11 Degenerate forms of Widmanstatten sideplates. a) indicates faceting of the 
austenite plates; b) and c) show sympathetically nucleated austenite side­
plates, and dl indicates branching of the austenite plates. 
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The 'B' morphology was less frequently observed and is shown in Fig. 8.1 Id. In 

this microstructurc, new austenite plates branch and grow with the same habit plane 

as the original plate. This gives the microstructure a ladder-like lattice structure. 

The ' C morphology of new austenite plates or needles nucleating as the result of 

the growth of other plates or needles. Examples of this microstructurc are shown in 

Figure 8.9c and 8.10b for intragranular plates and needles rcspccti\cly. The "C* 

morphology may also combine with 'A' morphology to create the complex 

microstructures shown in Fig. 8.11c. The micrograph was taken from a!lo> 5 and 

occurs in the slower cooling rate portions of melt 3. 

8.3.2 The Effect of Cooling Rate on Austenite Morphology 

The degree of supcrsaturation and the primary fcrrite grain size arc the two most 

important factors controlling the austenite morphology. Both of these factors arc 

influenced by the cooling rate since the grain size and the transformation 

temperature both decrease with increasing cooling rate. 

The effect that grain size has on the austcnitc morphology is to provide 

nuclcation sites for grain boundary allotriomorphs and Widmanstattcn sidcplatcs or 

sidcncedles. Therefore, as the grain size decreases, the larger grain boundary area 

results in a microstructure that has a larger percentage of the transformation 

originating from grain boundaries and a lesser percentage of intragranular 

morphologies. 

The degree of supersaturation (the amount of undercooling) increases with 

increasing cooling rate and provides the driving force for the transformation. Small 

supcrsaturations only provide small driving forces. Therefore, the austcnitc requires 

heterogeneous sites such as grain boundaries or allotriomorphs to provide nuclcation 

sites. The resulting microstructures consist of grain boundary allotriomorphs and 

Widmanstatten sideplates and sidcneedles. Large supersaturations provide large 

driving forces and the austcnite may nucleate at matrix or lattice defects within the 

interior of grains. The resulting microstructures at high supcrsaturations arc 

typically a combination of grain-boundary nucleated and intragranular morphologies. 



8.3.3 Nucleation and Growth Kinetics 

Crain Boundary Allotriomorphs 

Nucleation of grain boundary allotriomorphs. inuagranular plates and intra-

granular needles leads to the majority of the rr.icrostructurcs observed in this study. 

Of these ;hrcc. nuclcation of grain boundary allotriomorphs is important since the 

sidcplates that arc responsible for the majority of the transformation, grow from the 

allotriomorphs. Aaronson [8.15] developed an equation to represent the nuclcation 

rate. N„ for hemispherical shaped embryos hetcrogencously nucleated against a planar 

grain boundary in the Fc-C system. Again, using the analogy between the Fe-Ni-Cr 

system where diffusion is controlled by the diffusion of Ni in austcnitc instead of 

carbon in the Fc-C system, Aaronson's equation becomes: 

\ . K • c \ p 1C„ / ( /? / • ) ( 8 . 1 1 ) 
3 1C, + .1C, 

where K is a composition dependent constant, n.. and n.. are intcrfacial energies for 

fcrrite-austcnite and fcrrite-ferrite interfaces respectively. < j D is the activation 

energy for the diffusion of Ni in austcnitc and the remaining terms have been 

previously defined. 

The most important factor from the standpoint of nuclcation kinetics is •> G v 

because it varies considerably with transformation temperature. As transformation 

temperature decreases, .1 G» becomes more negative and N, increases accordingly. 

Therefore, with larger undercoolings, produced by rapid cooling rate conditions, the 

nuclcation rate increases. However, as the cooling rate increases, less time is available 

for the nuclcation events. Therefore, as experiments will show, the total number of 

nuclei that form and grow to a perceptible level per unit volume decreases with 

increasing cooling rate past some critical value. This critical cooling rate was shown 

to be about 2000 °C/s. Above this value the nuclcation of austcnitc allotriomorphs 

can be suppressed and the microstructures remain fully fcrritic. 

Growth of the allotriomorphs is also controlled by diffusion and, once again, the 

diffusion of nickel in austcnite is assumed to be the rate controlling step. The rate at 

which the allotriomorphs thicken can be shown to be proportional to (Dt) 1 2: 

\ = a (Dl)"' ( « • I 2 ) 



for planar and spherical geometries [8.15] where the constant \ is related to the 

degree of supcrsaturation and the diffusion geometry. As pre\ IOUSK discussed, the 

transformation time, diffusivity and diffusion distance decreases with increasing 

cooling rate which results in less transformation at high cooling rates 

Orientation Relationship 

Widmanstattcn plates and needles grow with a crystallographic orientation 

relationship with the parent phase. In plain carbon steels and in f-c-Ni-('r alloys this 

relationship is known to follow the Kurdjumov-Saehs specifications: 

( 1 1 1 ) , (1 1 0 ) a 

I 1 1 0 ] , [ I 1 1 l a (:••'.'•• 

where the subscript v refers to the FCC austcnitc and the subscripts refers to the 

BCC fcrrite. 

Widmanstatten Plates 

The spacing between adjacent Widmanstattcn sidcplatcs is related to the nuclcation 

frequency of the plates along the grain boundary allotriomorph interface Therefore, 

a model to describe the sideplatc spacing would need to explain how the initially 

planar austcnitc allotriomorph interface becomes unstable and forms a scries of 

relatively even spaced platelets growing towards the interior of the grain. Townscnd 

and Kirkaldy [8.18] applied the Mullins and Scrkerka [8.19] interface stability analysis 

to analyze the spacing of Widmanstattcn sidcplatcs in Fc-C alloys. Their analysis 

shows a good correlation between theoretical and experimental results. The details of 

these calculations win not be presented here, however, one result of their analysis 

indicates that the perturbation frequency increases parabolically with increasing 

transformation temperature: 

A „,« /' ' ' ( « . l l ) 

Therefore, the spacing of the sidepiatcs should also increase with increasing 

transformation temperature. 
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M u u structural examination was performed on the electron beam resolidified 

alloys ii determine how the cooling rate influence* the sidcplate spacing. In the cast 

condition. Alloy b showed a spacing of II mm whereas in the electron beam melts of 

Alloy 6. the spacing was 1 mm or less. The smaller spacing of the higher cooling rate 

melts is consistent with the theory proposed by Townscnd and Kirkaldy since the 

higher cooling rates would provide higher undercoolings prior to the nuclcation of the 

sidepkues. 

The platelet spacing of the castings is significantly smaller for Alloy 7 (Z mm) 

than for Alloy 6(11 mm). This difference in spacing cannot be to rationalized from 

simple transformation temperature arguments. Although Alloy 7 should have a lower 

transformation temperature because of its higher Cr Ni ratio composition, this 

difference alone docs not explain the order of magnitude difference in spacing for 

the alloys cooled at the same rate. Therefore, the effect of composition on the 

thermodynamic driving force for the allotriomorph interface instability must also 

play a significant role. This factor enters into equation 8.14 through the 

proportionality constant and is explained in more detail by Townscnd and Kirkaldy. 

The growth kinetics of the Widmanstattcn platelets were also studied by. 

lownsend and Kirkaldy for Fc-C alloys. Following the method developed by Zener 

IS.20J they derived an expression for the growth rate. R. of a platelet having constant 

radius of curvature, r: 

/.) '' ('I) -C, 
( H . I S ) 

l. 'sing the analogy be tween the Fc-Ni-Cr sys tem . the Ke-C sys tem. D is the 

d i f fus iv i ty of Ni in a u s t c n i t c . C°\y is the c q u i l i b r i i c o n c e n t r a t i o n of e lement i in 

f e r r i t e at i n f in i t e r a d i u s of c u r v a t u r e at the A F t r f a c c . and C',p, C ,A arc the 

c o n c e n t r a t i o n s of c lement i in fc r r i l e and aus ten i ; ; spcc t ivc ly at the r ad iu s of 

curv a t u r e equa l to r. 



8.4 Isothermal Transformation Experiments 

The t ransformat ion kinetics of the decomposition of f c r r i t c were studied under 

isothermal condit ions. Section 2.5 summarized the experimental procedure in which 

small specimens (~50mg) were heat treated in a salt bath for various times, at 625°C 

and 720°C. The f c r r i t e content of each specimen was measured before and af ter each 

heat treatment using the v ibra t ing sample magnetometer. This technique al lowed 

accurate fer r i te measurements to be made so that the percent f c r r i t c that had 

t ransformed could be determined as func t ion of t ime under the isothermal 

temperature condit ions. These experiments were conducted on Al loys 6 and 7 to 

evaluate the effects of ferr i te composit ion as wel l as temperature on the 

t ransformat ion kinetics. 

The experimental test matr ix was formula ted so that the amount of t ime that 

each specimen was transformed corresponded to a doubl ing o f the previous total 

t ransformat ion t ime. A t 720°C. the t ransformat ion rate was rap id and the i n i t i a l t ime 

increment was taken to be 15s, whereas at 625°C, the t ransformat ion rate was slower 

and the in i t i a l t ime increment was taken to be 120s. The experiments were cont inued 

to a total t ransformat ion time that corresponded to near equ i l i b r i um condit ions at 

.heir respective t ransformat ion temperature. 

Table 8.5 summarizes the results of these experiments and reports the percent 

f c r r i t c af ter each isothermal heat treatment. Figure 8.12 plots the results of Al loys 6 

and 7 as f rac t ion t ransformed (1- f rac i i cn fe r r i te ) versus log t ime at a t ransformat ion 

temperature of 625°C. For all cases. A l loy 6. which has a lower C r / N i rat io than 

A l loy 7, transforms at higher rates than A l loy 7. The t ransformat ion curves have the 

classic sigmoidal shape which is characterist ic of nuclcat ion and growth kinetics. At 

short times, the t ransformat ion rate is slow due to the incubat ion time required to 

fo rm austenite nuclei. Dur ing later stages, the t ransformat ion rate again reduces 

because of impingement effects. The maximum t ransformat ion rate occurs at 

intermediate times where the reaction is approximately ha l f -way to complet ion. 

Figure 8.12 also shows simi lar results for Al loys 6 and 7 at a t ransformat ion 

temperature of 720°C. At the higher temperature, the curves have the same general 

shape, however, the t ransformat ion rates arc much higher and (here is a larger ef fect 

of composition on the t ransformat ion rate at 720°C than at 625°C 
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Figure 8.12 Comparison of the isothermal transformation kinetics of Alloys 6 
and Alloy 7. 



The early studies oi the kinetics of nucleation and growth phase transformations 

were conducted bv Johnson and Mehl (8.16). these studies led to the development of 

the relationship between the fraction transformed, f. and the isothermal transforma­

tion time, t: 

/ = I c \ p A;' ( H . 1 6 ) 

For continuous cooling transformation kinetics. Christian [8.13] reports that the time 

exponent, n. is related to the precipitate morphology and the behavior of the 

nucleation rate with transformation time B is a material dependent constant. These 

variables can be determined from a linearization of equation 8.14 by taking repeated 

logarithms to give the following equation: 

I oi| | liU I - / ) ] = I o<| li ' n 1 o(| / (H. 1 / ) 

From a plot of ln(l-f) versus t on a Log-Log scale, n can be determined from the slope 

of the line and B from the intercept at t=ls. 

Figure 8.13a and 8.13b shows this relationship for Alloys 6 and 7 respectively. 

For each alloy, the relationship is approximately linear at short and intermediate 

transformation times but impingement effects at long transformation times reduce the 

slope dramatically. The initial slope provides the time exponent. For both alloys, the 

lower transformation temperature is associated with a lower slope. The measured 

values for B and n are reported in Table 8.6 and correspond to the coefficients for 

equation 8.16. At 50% transformation and 625 °C, the values of n arc 0.94 and 1.30 

for Alloys 6 and 7 respectively, while at 720°C, the values of n arc 1.40 and 1.74 for 

Alloys 6 and 7 respectively. 

It was once believed that from the value of n. one could determine the 

morphology of the precipitate. Although the morphology of the precipitate can 

influence the rate of transformation, other factors arc also incorporated into the rate 

exponent. Data in the literature seems to indicate that n= 3 2 for diffusion 

controlled growth of plates, spheroids or needles as long as the particles were all 

present at time zero and had negligibly small initial dimensions [8.I3|. I herefore. 

variations in the observed values of n are the result of non-zero finite initial particle 

size or non-diffusion controlled growth mechanisms. 
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The significance of differences in the measured values of n. is difficult to 

evaluate, however, a few observations can be made Kirstlv. n was observed to varv 

from va'ucs slii,htlv less than 4 4 to values of about ^ 4. This range is centered 

about n = 3 2 and suggests that diffusion limited growth is controlling the 

transformation. Secondly, for each allov. n is approximately 0.4 lower at 62SUC than 

at 720°C. Observations of the microstructurc indicates that there is a difference in 

particle morphology at these two temperatures. Optical metallography clearly 

indicates that \\ idmanstatten needles form at 625°C whereas W'idmanstattcn platelets 

form at 720°C for both Allovs 6 and 7. if the difference in particle shape is not 

responsible for these differences in the value of n. then other factors, such as the 

influence of temperature on nuclcation rate must be responsible Further studies 

would be required to evaluate the significance of the difference in rate exponents at 

the two temperatures. 

Table 86 Results of the isothermal transformation experiments listing « i . fraction 
fcrritc as a function of time. 

time 

(s) 

Alloy 6 Alloy 7 time 

(s) 625°C 720°C 625°C 720°C 

0 1.00 1.00 1.00 1.00 

1.3 x 10' - 1.00 - 1.00 

3.0 x 101 - 0.96 - 0.99 

6.0 x 10' - 0.89 - 0.97 

1.2 x 102 0.98 .071 1.0 0.88 

2.4 x 102 0.94 0.42 0.96 0.68 

4.8 x 102 0.89 0.27 0.91 0.38 

9.0 x 102 0.80 0.25 0.81 0.30 

1.8 x 103 0.64 0.24 0.67 0.29 

3.6 x 103 0.50 0.23 0.52 0.27 

7.2 x 103 0.38 0.2! 0.39 0.25 

1.44 x 10" 0.32 0.20 0.34 0.24 

2.88 x 10< 0.28 - 0.30 

5.76 x 10" 0.25 " 
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Tabic 8.7 Coeff ic ients for the Johnson-Mehl-A\ rami equation. 

Alloy 

Temperature 

(°C> n B 

6 625 0.94 3.8 x 1 0 " 6 

720 1.40 4.0 \ l O * 

7 625 1.30 3.0 x 10-5 7 

720 1.74 3.0 x 10- 5 

B. comparing the t ransformat ion rate at the two temperatures, an estimate of the 

act ivat ion energy for the t ransformat ion can be made. Assuming the t ransformat ion 

is thermal ly act ivated, given a t ime. t. required to t rans form a cc i ta in \o lumc 

f rac t ion fc i r i te, the temperature dependence of the t ransformat ion rate becomes: 

1 - < . , • * ( 
- 1c ( H . I K ) 

where Qx represents the combined act ivat ion energies o f nucleat ion. Qn;. and growth 

Q G By tak ing the rat io of equation 8.18 at the two temperatures and s imp l i f y i ng , the 

expression. Qx becomes: 

y . - - « ( , ' ; ! ' , / ) " , ( ; ; ) ( : i . i 9 ) 

where t j and l? represent the times required for 50% t ransformat ion at temperatures 

T i and T2 respectively. 

App ly ing equation 8.19 to the results presented in Figures 8.12 gives the 

act ivat ion energy for the t ransformat ion of A l loy 6 to be 53.6 Kcal mole and A l loy 7 

to be 44.2 Kcal mole. Compar ing these values to the act ivat ion energy fo r d i f f u s i o n , 

shown in Tables 8.1 and 8.2. shows that the apparent act ivat ion energy for the 

t ransformat ion is 10 to 20 Kcal mole less than the ant ic ipated act ivat ion energy lo r 

d i f f us ion of n ickel in austenitc. This behavior might be caused bv a non-?cro 

nuclcat ion rate throughout the t ransformat ion experiments, combined w i th an 

addi t ional dependence of the nuclcation rate on the temperature. I his ef fect would 

result in a higher volume f ract ion transformed than thai associated w i th the 

d i lTusional growth of a f i xed number of nuclei present at t ime /er' -\ second 

file:///olumc


: t . i 

possibil ity for the lower ac tua t i on cnerg> might be related to the asMimption- made 

about the mechanism for growth. 11' the t ransformat ion takes place b> an interface 

control led growth mechanism rather than the assumed d i f f us i on control led growth 

mechanism the analysis of the results would have to be altered - ign i f icanllv 

Add i t iona l experiments would have 10 be performed in order to separate out the 

reasons responsible for the act ivat ion energy of the t ransformat ion 

8.5 Summary and Conclusions 

The microstructurcs which were observed in the Fc-N'i-Cr al loys weie shown to 

depend on the primary mode of so l id i f i ca t ion , the specif ic allo> composit ion and the 

cool ing rate. Many of the mic ros t ru . .a ra l morphologies were related to the solid-state 

transformat ions that occur as the resol id i f ied alio* cools to room temperature. 

l o r alloys which sol idi fy in the AT or FA modes, the t ransformat ion occurs b\ 

the d i f f us ion control led growth of austcnitc. The resul t ing microstructurcs consist of 

isolated fe r r i t c part icles, vermicular fe r r i t c or lac> f c r r i t c . depending on the in i t ia l 

f e n i t e content and the cool ing rate. The t ransformat ion rate for the d i f f us ion 

control led growth of austenitc was modeled using the d i f f us i on of N i in austcnitc as 

the rate l im i t i ng factor. A simple, f i rs t -order , model al lowed the t ransformat ion rate-

to be calculated for each of the so l id i f i ca t ion condit ions that were studied in this 

invest igat ion. The results of these calculations showed that a decreasing percentage 

of the microstrueturc transforms as the cool ing rate increases, despite the fact that 

the "scale" of the microstructure also decreases w i th increasing cool ing rale. This 

simple model correlated well w i th experimental observations and provided a useful 

approximat ion 10 determine the inf luence of cool ing rate on the amount of fe r ruc 

that transforms by d i f f us ion control led growth. 

A second, and more accurate, model of the d i f f us ion control led t ransformat ion of 

fer r i tc was also developed. This model uti l izes the f i n i t e d i f fe rence form of l i c k s 

second law to calculate the rate of interface movement as the f c r r i t c transforms to 

ausienite. However, due to the complexity of apply ing this approach to a ternary 

alloy system, the appl icat ion of this model to Ihe t ransformat ion characteristics of 

f c r r i l e w i l l be postponed to future work. 



l o r the a l l o v s t h a t s o l i d i f y in the f u l l y f c r n t i c C o n d i t i o n , n u c l e a n o n , i | " a u s t c n i t c 

is necessary he Tore the t r a n s f o r m a t i o n can p r o c e e d a n d the t e m p e r a t u r e at w h i c h the 

a u s t e n i t e phase nuc lea tes d i c ta te - - the t>pe o f t r a n s f o r m a t i o n t h a t w i l l o c c u r At the 

s m a l l a m o u n t o\ u n d e r c o o l i n g w h i c h occu r at low c o o l i n g ra tes . \\ i d n u n s t a t t c n 

a u s i e n i t e p l a t e l e t s t r o w f r o m g r a i n b o u n d a r \ a l l o t r i o m o r p h s I he n u c l e . i t m n 

c h a r a c t e r i s t i c s a n d the i n s t a b i l i t i e s t h a t f o r m f r o m the a l l o t r i o m o r p h s a re r e s p o n s i b l e 

f o r the s p a c i n g of the W i d m a n s t a t t c n p l a t e l e t s O n c e the s p a c i n g has been 

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

t r a n s f o r m a t i o n occu rs at low c o o l i n g ra tes. 

A second t ype o f U i d m a n s t a t t c n a u s t e n i t e m o r p h o l o g y w a s o b s e r v e d in t he hea l 

a f f e c t e d / o n e o f the r e s o l i d i f i e d me l ts . Th is m o r p h o l o g y c o n s i s t e d o f a u s t e n i t e 

need les a n d t h r o u g h i s o t h e r m a l t r a n s f o r m a t i o n e x p e r i m e n t s , was s h o w n t o o c c u r at 

l a t g e r u n d e r c o o l i n g ' t h a n the p l a t e l e t s . 

The t r a n s f o r m a t i o n k i n e t i c s o f \ \ i d m a n s t a t t c n a u s t e n i t e w e r e s t u d i e d h \ 

i s o t h e r m a l e x p e r i m e n t s to measure the f r a c t i o n o f the f c r r i t c t h a t t r a n s f o r m s as a 

f u n c t i o n o f t i m e at t w o d i f f e r e n t t e m p e r a t u r e s . These e x p e r i m e n t a l m e a s u r e m e n t s 

w e r e i n t e r p r e t e d by a J o h n s o n - M c h l - - \ \ r a m i a n a l y s i s to q u a n t i f y the t r a n s f o r m a t i o n 

ra te a n d the e f f e c t s o f t e m p e r a t u r e w e r e used to e s t i m a t e t he a c t i v a t i o n ene rgy f o r 

t he t r a n s f o r m a t i o n . These c a l c u l a t i o n s s h o w e d the a c t i v a t i o n enc rgv to be a b o u t 50 

K c a l m o l e w h i c h c o r r e l a t e s w i t h the a c t i v a t i o n e n c r g v f o r a d i f f u s i o n c o n t r o l l e d 

t r a n s f o r m a t i o n w i t h a t e m p e r a t u r e d e p e n d e n t a n d n o n - z e r o n u c l e a t i o n ra te 1 he 

J o h n s o n - M c h l - A v r a m i a n d a c t i v a t i o n e n e r g y c a l c u l a t i o n s can be used to p r e d i c t the 

ra te a n d e x t e n t o f the phase t r a n s f o r m a t i o n as a f u n c t i o n of" t i m e a n d t e m p e r a t u r e . 

T h e mass i ve t r a n s f o r m a t i o n o f f c r r i t c to a u s t c n i t c was o n l y o b s e r v e d in -\11• >x 5 

T h i s t r a n s f o r m a t i o n o c c u r s at h i g h c o o l i n g ra tes a n d t h r o u g h the use id 

t h e r m o d y n a m i c a l l y c a l c u l a t e d G i b b s f r e e enc rgv ve rsus c o m p o s i t i o n c u r v e s , the 

p resence o f the mass i ve t r a n s f o r m a t i o n in A l l o y 5 can eas i ly be e x p l a i n e d I he 

t h e r m o d y n a m i c c a l c u l a t i o n s we re also used lo show why A l l o y s h a n d " . w h i c h have 

h i g h e r C"r S i r a t i o t h a n A l l o y 5 d o not u n d e r g o the mass i ve t r a n s f o r m a t i o n f o r the 

c o o l i n g ra tes i n v e s t i g a t e d in th i s s t u d y . 



CHAPTER 9 

Summary, Conclusions and Future Work 

1 he i n f luence of eool ing ra le on the m i c r o s t r u c t u r c ol" s ta in less steel a l ! o \ s has 

been inves t iga ted th rough the e x a m i n a t i o n and ana lxs i s ol' e lee t ron beam reso l id i f i ed 

melts. The Fc-Ni-Cr .illovs used in the e x p e r i m e n t s s p a n n e d the line of two-fold 

s a t u r a t i o n a long the ?'> » l . "•• isopleth and were cooled at ra tes be tween "••(" s and " 5 

\ i n ' ' ( ' s. I he m i c r o s t r u c t u r c s which deve loped from these a l lovs \ a r i e d from fullv 

a u s t e m t i e to I'uilv f c r n t i c and m a n \ dup lex m i e r o s i r u e t u r e s were c h a r a c t e r i z e d 

be tween these two ex t remes . 

I he complex microst i uc tu rcs which dexc lop d u r i n g the rcsol idi f icat ion expe r i ­

ments were c a m m e d and a n a l y z e d to separa te the e f fec t s of cool ing ra te on solute 

r e d i s t r i b u t i o n d u r i n g so l id i f i ca t ion from the e f fec ts of cool ing ra te on the solid s tate 

t r a n s f o r m a t i o n of I 'e r rue . This r equ i r ed a c o m b i n a t i o n of e x p e r i m e n t a l resul ts , 

t h e r m o d y n a m i c ana lys i s and k ine t i c ana lys i s of the d i f f e r e n t a l h n s and d i f f e r e n t 

so l id i f i ca t ion cond i t i ons . The t h e r m o d y n a m i c da ta was a c q u i r e d b \ c a l cu l a t i ons of 

i so thermal sect ions and ( i ibbs free encrgx \ c r s u s compos i t ion plots for the a l lovs used 

in this s iud>. I he k ine t ics of the so l id i f i ca t ion b e h a \ i o r were s tud ied b> a n a l v / i n g 

the g rowth c h a r a c t e r i s t i c s of c o l u m n a r dend r i t e s . These resul ts were used to model 

solute r e d i s t r i b u t i o n and to ca l cu la t e the pe rcen tage of p r imary and secondare phases 

that f i r m in each al ios as a func t ion ol" cool ing rate, f u r t h e r m o r e , the k ine t ics of 

the solid '•tale t r a n s f o r m a t i o n weie modeled b> a d i f fus ion con t ro l l ed g rowth a n a l s s i s 

and e x p e r i m e n t a l ^ ver i f ied th rough i so thermal t r a n s f o r m a t i o n s tudies . 

I his c h a p t e r s u m m a r i z e s the resul ts ol" this in\ cs l iga l ion ami is meant |o be an 

oxcrvicw of the work that was pe r fo rmed Section '>. 1 presents a summary uf the 

impor t an t e x p e r i m e n t a l resul ts and a summarv of the ana lvs i s that was pe r fo rmed . 

Section ') ." lisp- the conclus ions from each of the separa te s tudies of tin- inves t iga t ion 

whi le sect ion ') v discusses the a reas that were ident i f ied for fu tu re wor l 
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9.1 Summary 

9.1.1 Experimental Results 

The experimental results which show the influence of coiling rate on the 

microstructurc of stainless steel alloys arc summarized in a number of key figures 

and tables in Chapters 5. 6 and 8. Figure 5.6 shows the influence of electron beam 

scan speed icooling ratel on the primary mode of solidification for each of the seven 

lc-Ni-( 'r allocs. \ t low cooling rates, four modes of solidification arc present while 

at high cooling rates onl> the fully fcrritic and full> austcnitic modes arc present. 

The regions where each PSY1 exists arc indicated and this figure also shows that the 

solidification mode of Alloy 4 changes from primary fcrritc to primary austcnitc as 

the cooling rate increases. 

The microstructural morphologies which develop as the resolidified melts cool to 

room temperature arc summarized in Figure 5.15. This figure indicates the cooling 

rate-composition range where each morphology was observed and shows that the PSM 

is an important factor in the development of the microstructural morphologies. At 

low cooling rates, the widest range of microstrueturcs appears. C'cllular-dcndritc 

single-phase austcnilc. intcrdendritic fcrritc. vermicular fcrritc. lacy fcrritc. blocky 

austcnitc and \\ idmanstattcn austcnitc form at low cooling rates as the Cr Ni ratio of 

:hc alloy increases. At intermediate cooling rates, dendrites arc replaced by cells and 

the most commonly observed microstructurcs arc the cellular and intercellular forms 

of fcrritc and austcnitc. If a cutcctic phase forms, its presence is difficult to 

characterize and is most likely a divorced eutcctic having a microstructurc similar to 

i terccllular ferritc or intercellular austcnitc. At high cooling rates, single phase 

1'crritc or single phase austcnitc arc responsible for the majority of the microstruc­

turcs observed. One exception is the presence of massive austcnitc which was only 

observed in Alloy 5 at high cooling rates. 

A comparison of the morphological features observed in this study with those 

observed by other investigators is presented in Table 5.4. This table allows a 

comparison to he made between the terminology used by the different investigators to 

describe the same morphological features. Table 5.6 summarizes the solidification ami 

solid slate transformation events which lead up to the development of each of the 
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morphologies. 

One of the methods used to describe the influence of cooling rate on the 

microstrueturc was to measure the residual fcrrite content for each of the 

solidification conditions. The results of these measurements are presented in Tigure 

6.14 and show 1) the fcrritc content of Alloys 1. 2 and 3 decrease with increasing 

cooling rate. 2) the ferrite content of Alloys 4 and 5 go through a maximum uith 

increasing cooling rate and 3) the fcrritc content of Alloys 6 and 7 increase with 

increasing cooling rate. These results were interpreted by the influence of cooling 

rate on the primars mode of solidification, solute redistribution and the solid state 

transformation of ferritc. Howes cr. in order to decouple these effects, solidification 

modelling was required to determine the amount of fcrritc that solidified from each 

melt, prior to the solid state transformation. 

The transformation of fcrrite »-.s studied under isothermal conditions by 

measuring the amount of fcrritc that transformed as a function of time and 

temperature. The results of these experiments arc shown in Figure 8.12 as fraction 

transformed versus log time and in Figure 8.13 as analyzed by the John-

son-Mehl-A\ rami approach. 

9.1.2 Analysis and Modelling 

Quanti tat i \c analysis of the experimental results was performed in Chapters 4. 7 

and 8. Chapter 4 investigated the influence of electron beam scan speed on the 

average interface velocity, temperature gradients and cooling rates at the L S 

interface in the resolidified melts. Cooling rates were measured by three techniques: 

ll dendrite arm spacing. 2) a modification to Rosenthal's heat flow analysis, and 3) a 

finite element method. The heat flow models confirm the dendrite arm spacing 

measurements. The finite clement method was also used to calculate the distribution 

of temperature gradients and cooling rates on the L. S interface of the electron beam 

melts. These results indicate that the temperature gradient is relatively constant on 

the melt pool surface but that the cooling rate varies significantly from jcro on the 

melt periphery to a maximum at the top center of the melt. 

The experimental observations revealed scleral areas that required cither 

quantitative analysis or modelling to develop a better understanding of the effects of 

cooling rate on the microstructurc. These areas arc I) the change in PSM of Alloy 4 
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f r o m pr imary fer r i te to pr imary austcnitc w i th increasing cool ing rate. 2) the single 

phase nature of the high speed melts, 3) the behavior o f fe r r i te content w i t h cool ing 

rate, 4) the presence of the massive t ransformat ion in A l loy 5. and 5) the nuclcat ion 

and growth kinet ics of the f c r r i t c to austcnite phase t ransformat ion. 

The change in the pr imary mode of so l id i f i ca t ion in A l loy 4 was shown to be 

related to the dominant growth kinetics of the austenitc phase at high cool ing rales. 

A l though fe r r i t c is the thermodynamical ly preferred pr imary phase in this al loy. the 

d i f fe rence in Gibbs free energy between pr imary phase austenitc and pr imary phase 

f c r r i t e is small because its composit ion is close to the line of two- fo ld saturat ion. 

Ep i tax ia l growth of austenite at the melt periphery allows the in i t ia l PSM to be 

dominated by austenite because approximately 90% of the base metal substrate at the 

melt per iphery is austcnitc. At low cool ing rates, the AF so l id i f i ca t ion mode u h i c h 

i n i t i a l l y grows f rom the periphery qu ick ly reverts to the FA mode because 

so l id i f i ca t ion segregation allows the thcrmodynamica l ly preferred f c r r i t c phase to 

f o rm as the pr imary phase. However, at high cool ing rates, there is insu f f i c ien t t ime 

for the AF mode to revert to the FA mode and the al loy sol id i f ies ent i re ly in the 

pr imary (mctastable) austenite condi t ion. 

The behavior o f the f c r r i t e content w i th cool ing rate and the single phase nature 

of the high speed electron beam melts can be explained by the inf luence of cool ing 

rate on solute red is t r ibut ion. This analysis is presented in Chapter 7 where the ef fect 

of dendr i te t ip undercool ing on solute red is t r ibut ion was calculated. These 

calculat ions were performed on each alloy and for each of the so l id i f i ca t ion 

condit ions to determine the undercool ing caused by the ;adius of curvature effects 

and the undercool ing caused by solutal effects. The solutal undercool ing is 

responsible fo r changes in the solute red is t r ibut ion. This ef fect was shown to produce 

dendr i te t ip undercoolings as high as 30°C in the highest speed electron beam melt. 

The results of the dendri te t ip undercool ing calculat ions were incorporated into a 

so l id i f i ca t ion model to predict changes in the amount of pr imary phase that forms 

w i th changes in the so l id i f i ca t ion condit ions. These calculat ions show that the 

amount of p r imary phase increases as the cooling rate increases and in the l im i t , the 

alloys would so l id i f y ci ther as 100% fer r i te or 100% austcnitc depending on their 

pr imary mode of so l id i f i ca t ion. However, the calculations fe l l short of predic t ing 

fu l l y austenit ic or f u l l y fe r r i t i c behavior because of the approximat ions made in 
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deriving the pscudobinary diagrams and the approximations made in estimating the 

solidification front \cloeity for the high scan speed melts. 

The solid state transformation of ferrite was studied by developing a simple, 

first-order model to predict the amount of transformation that occurs during the 

continuous cooling of the resolidified melts. This model assumed that the 

transformation was controlled by the diffusion of nickel in austenitc. These results 

confirmed the experimental observations and showed that the characteristic diffusion 

distance decreases more rapidly than the dendrite arm spacing with increasing cooling 

rate. This effect illustrates why the total amount of transformation decreases with 

increasing cooling rate and indicates the conditions necessary to "quench in" the 

microstructure. 

The massive transformation observed in Alloy 5 was studied from thermodynamic 

and kinetic standpoints. Thermodynamic calculations were performed using "Thcrmo-

calc" to determine the Gibbs free energy versus temperature plots for Alloys 5. 6, and 

7. These diagrams allowed estimations of the driving force for the transformation 

and showed that Alloy 5 had the most probable composition for the massive 

transformation from single phase fcrrite to austcnitc. 

9.2 Conclusions 

Ferrite Content Measurements 

1. The amount of ferrite in stainless steel alloys can be determined by measuring 

the saturation magnetization of a small stainless steel specimen with a 

vibrating sample magnetometer. This technique is not limited by sample size 

and can be used to measure the fcrritc content of rapidly solidified stainless 

steel alloys. 

2. The saturation magnetization of fully fcrritic specimens was experimentally 

determined on a series of rapidly-solidified Fe-Ni-Cr alloys which had 

compositions similar to that of residual fcrritc in stainless steel alloys. The 

results of these measurements can be used to predict the saturation 

magnetization of residual ferritc from its composition. 
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3. Methods were presented to show how the composit ion of residua] f c r r i t e can be 

predicted f rom the nominal al loy composit ion using thermodynamic calcula­

tions. In par t icu lar , a range of possible i ron contents in the fe r r i t c can be 

estimated f rom the nominal al loy composit ion and the concept of the e f fec t ive 

quench temperature. By knowing the i ron content o f the f c r r i t e , its saturat ion 

magnetizat ion can be used to cal ibrate the VSM to measure the fe r r i t c content 

o( a wide range of stainless steel ailoys. 

4. The results of the saturat ion magnetization study can be used as a basis to 

cal ibrate the Magnc-Gagc for non-standard stainless steel alloys. By consider­

ing the saturat ion magnetizat ion of residual f c r r i t c , the f c r r i t c number can be 

converted d i rect ly into % fe r r i t c for a wide range of nominal al loy 

compositions. 

Cooling Rates and Temperature Gradients 

5. Dendri te arm spacing estimations of the cool ing rate show that the arc cast 

button so l id i f ied at 7°C.'s and that the six electron-beam melts so l id i f ied at 

rates which \a r ied between 4.7 x 10 2°C/s and 7.5 x 10 6 o C s. These 

measurements arc supported by other cooling rate calculations. 

6. An analy t ic expression was der ived, based on Rosenthal's heat f l ow analysis, to 

represent the cooling rate in the solid at any location on the surface of the 

weld. Th is expression can be s imp l i f i ed to represent the max imum cool ing rate 

in the weld knowing only the length of the weld, the travel speed and the 

melt ing temperature of the al loy. Simi lar expressions were d c r i \ c d lo estimate 

the cool ing rate in the l iqu id at the L/S interface. 

7. Dendri te arm spacing measurements and f i n i t e clement calculations show that 

there is a var iat ion in cooling rate w i t h i n a g i \ c n weld. The major i ty of the 

\a r ia t .on occurs close to the melt periphery and the remainder of the weld 

cools w i t h i n a factor of about f ive in cooling rate. 

8. Heat f low calculations showed thai the h'ghest cool ing rate occurs at the top 

center of the weld pool whi le the lowest cooling rate occurs at the melt 
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periphery. On the melt periphery, the cooling rate is zero but rapidlv increases 

within a few dendrite arm spacings of the boundar>. Metallographic 

observations of the microstructurc confirm these calculations. 

9. The FEM calculations showed that the temperature gradients \ar ied onl\ about 

30'Si around the surface of the melt. These calculations also showed that the 

temperature gradient increases b\ a factor of 2 to 3 for a fourfold increase in 

tra\el speed. 

The Primary Solidification Mode and Fcrrite Morphology 

10. Fi\c modes of solidification and eleven morphologies were observed during the 

resolidification of the seven alloys. These microstructural characteristics are 

believed to be a complete "set" of the possible solidification and solid state 

transformation events that occur during the resolidification of tvpical stainless 

steel allovs. These microstructurcs were related to the alloy composition, the 

cooling rate and the extent of the solid state transformation of fcrritc. 

11. Electron beam scan speed (cooling rate) versus composition diagrams were 

developed to predict the primary solidification mode and the morphologies of 

resolidified stainless steel alloys. Figure 5.6 shows the relationship between the 

primary mode of solidification and the cooling rate for the seven alloys while 

Figure 5.15 shows the microstructural morpiologies which develop from these 

solidification conditions. 

i ; Epitaxial growth was observed from all of the two-phase substrates studied in 

this investigation. Therefore, two phases initially compete to become the 

primary solid phase. At low cooling rates, the thermodynamic factors take 

preference and the PSM is dictated b> the more thcrmody namically stable 

phase. However, at high cooling rates, the growth kinetics of the mctastablc 

phase may supersede the formation of the equilibrium primarv phase. This 

situation was observed in Alloy -4 which solidifies in the FA mode at low rates 

and in ihe AF mode at higher rales and in the fully auslcnitic mode at the 

highest rates 
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13. Nucleation of meiastable phases from within the resolidified zone was not 

observed in this study. Therefore, changes in solidification mode with cooling 

rate were determined to be the result of the cxpitaxially grown mctastable 

austcnite developing into the primary solid phase due to the favorable growth 

kinetics of austcnitc under certain solidification conditions. 

The Residual Ferrite Content 

14. The composition and the primary mode of solidification determine how the 

cooling rate will influence the amount of fcrritc that solidifies from the melt. 

15. At low cooling rates, the residual ferritc content increases for F and FA 

solidified alloys but decreases for AF solidified alloys. This behavior can be 

explained by the combined effects of the decreasing amount of solute 

segregation and the decreasing amount of fcrritc transformation with 

increasing cooling rate. 

16. At high cooling rates the alloys solidify in either the fully fcrrilie or fully 

austenitic modes with no second phase in the microstructurc. 

17. Based on conclusions 15 and 16, one would expect the f c r i t c content of the 

alloys to either monotonically increase for FA solidified alloys or monotonical-

ly decrease for AF solidified alloys as the cooling rate increases. However, the 

residual ferritc content of Alloys 4 and 5 was shown to go through a maximum 

at intermediate cooling rates. This behavior was explained by 1) the change in 

solidification mode of Alloy 4 from FA to AF with increasing cooling rate and 

2) the formation of massive austenitc in Alloy 5 at high cooling rates. 

Solute Redistribution 

18. A scries of isothermal sections through the Fc-Ni-Cr ternary diagram were 

created through thermodynamic calculations. These sections show tic-lines in 

each of the two-phase fields that can be used to predict solidification 

segregation. 
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Pscudobinary diagrams were created for primary austcnite and primary fcrritc 

solidification conditions. These diagrams are shown in Figures 7.4 and 7.5 and 

represent significant improvements over the constant Fe sections that have been 

used in the past to illustrate the solidification behavior of stainless steel alloys. 

Average temperature gradients and average interface velocities were calculated 

for each of the solidification conditions used in this investigation. These 

parameters were then used to calculate the dendrite tip radius, and dendrite tip 

undercooling for each alloy and each solidification condition us ig a 

constrained dendrite growth model. The results of these calculations showed 

that the solutal undercooling varies from about 5°C to about 30°C as the 

cooling rate is increased from the casting (7°C/s) to the highest speed electron 

beam melt (7.5 x l0 6°C/s). 

Based on the minimum in the Peclct number versus interface veloci;> curves, 

predictions were made for the cellular to dendritic transition as a function of 

growth rate and temperature gradient. These calculations were compared with 

the microstructures from each melt to show that the calculations appeared to be 

off by a constant multiplying factor. The difference in calculated and 

experimental behavior was rationalized by the uncertainties in the cellular to 

dendritic transition theory and in the uncertainties used in developing the 

assumptions for calculating the dendrite tip characteristics. 

Solutal undercooling at the dendrite tip results in an increase in the amount of 

primary phase and a reduction in the amount of secondary phase that solidifies 

from the melt. This factor was taken into account to predict the relative 

amounts of primary and secondary phases which solidify for each of the 

solidification conditions. The results clearly show the influence that cooling 

rate has on the microstructurc. At low cooling rates, there is a continuous 

increase in the total fcrrite content with Cr/Ni ratio of the alloy. These 

calculations aie confirmed by the Scheil predictions and by the general trend 

in ferriie content measured on the arc cast buttons. At high cooling rates, the 

calculations indicate a discontinuity in the total fcrrite content which develops 

between the primary fcrritc and primary austcnite solidifying alloys. 
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of the high speed electron beam melts. At high speeds, the reduction in the 

amount of the second phase that forms is so se\cre that the allo>s solidif> in 

the fully austenitic or fully ferritic mode depending on their PSM. 

The Solid State Transformation of Ferrite 

24. Many of the microstruetural morphologies that were obscr\cd in the 

resolidified melts were related to the solid state transformation of ferrilc. This 

transformation occurs bv a nucleation and growth mechanism and was shown 

to be analogous to the transformations that occur during the decomposition of 

austenitc in l-V C allo>s. 

25. Ihe microstructures which were obscr\ed in the Fc-Ni-Cr alloys were shown to 

depend on the primary mode of solidification, the specific alloy composition 

and the cooling rate. For alloys which solidify in the AF or FA modes, the 

transformation occurs by the diffusion controlled growih of austcnite. The 

resulting microslructurcs consist of isolated ferrile particles, \ermicular fcrrite 

or lacy I'erritc. depending on the initial ferritc content and the cooling rate. 

26. The transformation rate for the diffusion controlled growth of austenitc was 

modeled using the diffusion of "ickcl in austcnite as the rate limiting factor. 

A simple. fir 3i-ordcr. model allowed the transformation u t c to be calculated 

for each of the solidification conditions that were studied in this investigation. 

The results of these calculations showed that a decreasing percentage of the 

micf'ctruciure transforms as the cooling rate increases, despite the fact that the 

"scale" of the microstructurc also decreases with increasing cooling rate 

27. A second, and more accurate, model of the diffusion controlled transformation 

of fcrritc was also developed. This model utilizes the finite difference form of 

Ficks second law n calculate the rate of interface movement as the fernic 

transforms to austcnite. Application of this model will be postponed for future 

work. 
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28. f o r the allo>s that sol idi fv in the fu l lv f c r n t i c condi t ion, nucleat ion of 

austcnitc is ncccssarv before the t ransformat ion can proceed and the 

temperature at which the austenitc phase nucleates dictates the tvpc of 

t ransformat ion ihat w i l l occur. -\t the small undercoolings, which occur at low 

cooling rates. \v idmanstattcn austenite platelets grow f rom grain boundary 

a l lo tnomorphs. The nucleation characteristics and the instabi l i t ies '.hat fo rm 

f rom the a l lo t r iomorphs were shown to be responsible for the >-p ,<g ,if Uie 

tt idmanstat ien platelets. 

19. A second tvpc of \v idmansiat len austenite morphology v as observed in the heat 

af fected /.one of the resol id i f ied melts. This morphology consisted of austcnitc 

needles rather than plates. Through isothermal t ransformat ion experiments the 

needle morphology was shown to occur at larger undercoolings than the 

platelets. 

30. The t ransformat ion kinetics of Widmanstattcn austenite were studied bv 

isothermal experiments to measure the f rac t ion of the f c r r i t c that t ransforms as 

a func t ion of time at two d i f fe ren t temperatures. These experimental 

measurements were interpreted by a Johnson-Mchl-Ax rami analysis to quant i fy 

the t ransformat ion rate. The results of the calculat ions are consistent w i th 

d i f f us i on c o n f o l l e d growth mechanisms and can be used to predict the extent 

of the t ransformat ion as a func t ion of time and temperature. 

31. The aet ixat ion energy for the f c r r i t c to austenile transformer!..": v.;n calculated 

f rom the isothermal experiments to be about 50 Kcal nude. This xalue is lower 

than the ac tua t i on encrgx for d i f fus ion of nickel in austcnite but is consistent 

w i th a d i f f us i on control led growth model and a non-/cro nuclcai ion ra'e. 

32. The massive t ransformat ion of I c r r i t c to ausienitc was only observed in Alios 

5. This t ransformat ion occurs at high cool ing rates and through the use ol 

thcrmodx namicallv calculated Gibbs f ree energy versus composit ion curves, tlv 

presence of the massive t ransformat ion in Allen 5 can easily be explained. Ih." 

thermodynamic calculations were also used to show why Allov-, It and " . which 

have higher C'r \ i rat io than Allov 5. do not undergo the massiv • 

t ransformat ion for the cool ing atcs investigated in this study. 
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9.3 Future Work 

During the course of this investigation, a number of areas were identified that 

required further analysis or additional computations. This final section discusses 

these areas of possible future research which would help to develop a better 

understanding of the influence of cooling rate on the mierostructurc of stainless steel 

allovs. 

First, solidification of the stainless steel alloys and the solid state transformation 

of I'crritc requires a redistribution of solute. These effects were modeled by assuming 

local equilibrium at the transformation interface and by calculating the partitioning 

of elements to their respective phases. In the process of performing these 

calculations, many assumptions were made that have not yet been fully verified. One 

method of verification would be to measure the microchcmical composition gradients 

that arc present across the fcrritc and austcnitc cells. 

At high cooling rates, the solidification microstructurc is "quenched in" and the 

composition gradients would relate information about the solidification behavior of 

the alloys. At low cooling rates, the solid state transformation of ferrite "erases" the 

solidification microstructurc and establishes composition gradients representative of 

the fcrrltc-austcnitc equilibrium. Therefore, compositional r~asurcments at low 

cooling rates would relate information about the solid-state transformation of ferrite 

and could be used to verify the diffusion controlled growth calculations. 

Because much of the important composition information is located close to the 

austcnite Tcrrite interface, an analytical technique that has high spatial resolution 

would be required. Low voltage scanning electron microscopy with a focal spot size 

of 500 to 1000 angstroms is available and might give enough resolution for the low 

cooling rate melts but scanning transmission electron microscopy would be required to 

inspect the high cooling rate melts due to the small cell spacings of the 

microstructurc 

Second, in order to perform the solute redistribution calculations, the characteris­

tics at the dendrite tip were modeled. In the past, these calculations have only been 

performed for binary alloy systems. Therefore, in this study, the Fc-Ni-Cr ternary 

system was approximated by the appropriate pscudobinary diagrams to represent the 

solidification behavior. The approximations made in deriving the pscudobinary 
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diagrams could ha\c been eliminated if the dendrite tip characteristics were modeled 

dirccth in the ternary system. 

Although these calculations have not been performed in the past, it would be 

possible by using a numerical approach which incorporates the isothermal sections 

generated by Thcrmocalc. Krom these isothermal sections, the solidification parame­

ters could be determined as a function of liquid composition and temperature and by 

choosing small enough temperature increments, the dendrite tip characteristics could 

be modeled in a similar manner as presented in Chapter 7. 

Third, a finite difference model was developed to solve for the moving-boundary 

diffu?ion-conlrollcd-growth transformation of fcrrite. Tnis model was not applied to 

the alloys investigated in this thesis due to time constraints, however, since the 

formulation of the problem has been completed, a computer program could be 

developed that utilizes this approach. Once the program has been developed, the 

results could be applied to the different alloys and different solidification conditions 

to determine the extent of the transformation as a function of cooling rate. This 

model woulj also be able to calculate the composition gradients that form during the 

solid state transformation and these results could be compared to the microchcmical 

composition gradient measurements for verification of the model. 
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APPENDIX A 

Derivation Of The Cooling Rate Equation 

This section presents a mathematical dernat ion i>l' an analwic e\pie-M»-n !<• 

represent the cooling rate. 1 he formulation of the problem is di^us-.ed in sccnon 

4.2.; for quaM-stationarv heat flow conditions and the nomenclature 1̂  summ-iii-ad in 

table 4.:. 
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Der iva t ion O f The Locat ion O f The M a x i m u n Weld Pool W i d l h 

This section derives an expression for the distance behind the source. \ » . on the 

lop surface ol" the plate (z = 0). -vherc the weld pool achieves its max imum w id th 

\ w depends on the radius at this point . r w . wh ich must be determined b> a t r ia l 

and error method using equation A.5. 
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APPENDIX B 

Temperature Gradient and Cooling Rate Calculations 

This appendix summarizes the programs which must be run in order to calculate 

the cooling rate in welds. The output of two computer runs arc also shown in lables 

B.l and B.2. These results show: (I) the temperature gradient in the solid. Is. d the 

cosine between the unit normal to the weld pool and the lra\cl speed direction, cos n. 

and (3) the cooling rate in the solid. • . lor each ol" the boundary nodal points on the 

solidifving half of the weld pool. 

Five programs must be run to calculate the cooling rate. The software is written 

on DEC RT11 and requires a 3-D mesh of the base plate. The program will then 

calculate the temperature at each nodal point in the plate Tor quazi steady-state heal 

flow conditions using the boundary conditions discussed in Chapter 4. From the 

temperature distribution, a temperature gradient is calculated ai each point on the 

liquid-solid interface and the cooling rate is calculated a; each nodal point In the 

vector product of the temperature gradient and the interface velocity. 

The physical property data is assumed to be indepoendent ol" temperature and 

should be input in the following units: T(K). k(W m-k). C(J kg-KI. ,(kg m3). >(m- si. 

The dimensions on the 3-D grid should be in inches and the travel speed should be 

input in the units of (inch s). The output from tiic program gives the temperature 

gradient (°C'inch) and the cooling rate (°C/s). 

The data presented in Tables B.l and B.r were used to create 'topographical' and 

orthographic plots. The topographical maps show lines of constant cooling rate and 

temperature gradient on the x=0 cross scctionai plane ol" the melt These plots art-

shown in figures 4*- and 4.7 and represent the behavior on the melt isotherm. I he 

orthographic projections represent this same data in three dimensional form and arc 

shown in figures B.l through B.4. The topographical maps and the orthographic 

projections were both calculated with the 'Surfer' software package |H.I) using ;i 

100x100 grid created by the Kriging method. 
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l : i N e H-l R e s u l t , ..I' I M I S H 3 l o r a t r a v e l N I X C J i-l" 1.1 i p m 

Could 
(inch) ' \, 

eo, n 
-\ 1 / •V •>> 1 t iru-hi 

eo, n 

0.0000 110000 0 04 "0 00001 +00 -0 ;isi .10 0 i>i>i>| .00 

00000 0.0148 0 0445 0.0001+00 -0 :i5i •05 oi'i'. i .I'll 

0.0:1.1 0 0000 0.04;- - O : : I K + O O -o::-i +o> 0 ;>H>i .011 
0.0:04 0 0 1 36 00408 -o::n +04 -0 :"»6i +().s 0 ; "4i +uo 

0.0000 oo:.io 0.0391 00001+00 -o:36i +05 (1 OOOl .00 
0.0184 0.0:43 0 0364 -0:111 +0-1 -0:>ll +05 0 3 31 -00 
0.0000 0033; 0033: 0 0001 tOO -0 ;>5i + 0> 00001 .00 
0.0161 0.0315 0 0315 -o.i9;r+o4 -0:6:1 +00 0 :'Mi +00 
0.0000 0 04-0 0.0000 o.ooot+oo -o:i9i +05 0 0001 +00 
0.0000 0 0445 0.0148 0.0001:+00 -0:071 +05 0 0001 +00 
O.O: 1 3 0 I M : _ 0.0000 -o;::i +04 -o::si +05 0 3901 -00 
0.0:04 0.0408 0.01 36 -o.::n:+04 -o:.>6t +05 0 3"4I +00 
0.0000 DO 391 o.o:60 0.000K+00 -0:301+05 0 0001+00 
0.0184 0 0364 0.0:43 -0.:i5K+04 -0.:56l +05 0.33~l +00 
0.0348 (1 0000 0.0343 -0.430 F.+04 -o:63i +05 0 6531 .00 
0.0339 0.0110 0.03 3 T -0.4:0t+04 -0 :&5I +05 0« 341 +00 
0.0315 0(i:05 0.0307 -0.3881:+04 -00641 +05 0.5861 +00 
o.o:84 0.0:75 0.0:75 -0.3491- +04 -0 0651 +05 05:^1 +00 
0.0348 0 0343 00000 -o.4:4i;+o4 -0:591 +05 0 6531 +00 
0.03 39 0.033: 0 0110 -0.4131:+04 -o:60i +o> 0 6 341 +00 
0.0315 00307 0.0:05 -0.3931 +04 -0:681 +05 0 5861 .00 
0.04 10 0.0000 0.0:78 -0.53:i: +04 -o :-:i +05 0-811 .00 
0.040: 0 0091 0.0:73 -0.5181+04 -0 ;7oi +05 0 "651 +00 
0.038: 0 0 I 7; 0.0:58 -0483E+04 -o:67i +05 0 -:-i .oo 
0.0354 O.O: 38 0.0:38 -0.4 3 711+04 -0:6:i +05 0 6661 +00 
0.0410 o.o:78 0.0000 -0.5I6E-+04 -0 0641 +05 0"811 +00 
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C o o r d 
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0.0546 0.0030 0.0090 -0 .327E+05 - 0 . 5 0 5 1 + 0 5 0 6451 +00 
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6.4 m m / s 

Figure B.I Results of the FEM program showing the d is t r i bu t ion of cool ing 
rates at the L./S inter face of a surface melt m o \ i n g at 6.4 mm, s 
in 304 stainless steel. 
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Figure B.2 Results of the FEM program showing the dislribu'ion 'if 
temperature gradients at the L,'S interface of a surface melt 
moving at 6.4 mm/s in 304 stainless steel. 
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Figure B.3 Results of the FEM program showing the distrihulion of cooling 
rates at the 1. S interface of a surface melt mo\iag at 2f> 4 mm s 
in 304 stainless steel. 



PROGRAMS 

(1) R E A R R 

This program rearranges the 9-track tape data which contains the 3-D mesh of 

the base plaie. However, before running this program, lake out the weld pool data 

and leave only the data for ihc base plate. The input data formal for n nodal points 

line I total nodal points 

l ine ; lo n node * x y z 

line n + l total elements 

line n+2 to end clement * node « node «* node «« node = 

The arranged output data arc stored in FEM3D.DAT 

C) OPTNL'M 

This program reduces the bandwidth to save computalional lime The input 

data file must be FEM3D.DAT output data file is BVVRED.DAT (invisible) 

(3) BOUND 

This program locates the inlcrfacial nodal numbers. Since Ihc weld pool is the 

combination of two ellipsoids, the complex weld pool shape (option *2) is 

recommended to locate the interfacial boundary point numbers. Inpul data files arc 

B W R E D . D A T (invisible) and FEM3D.DAT. The output data files arc NODE.DAT. 

ELEINT.DATA UNKNOWN.DAT, INPUT.DAT, (all are invisible) and BNODE.DAT 

Note: In the floppy disk, there is another file called BOL'NDO.FOR. This program 

locates the boundary interfacial node # when the weld pool is at the "corner' 

of the base plate. 

(4) FEM3D 

This program calcualtes the temperature profile in the base plate. MAKE Sl'RE 

THAT YOU CHANGE THE DIMENSIONS IN THE COMMON BLOCKS EVERY 

TIME YOU CHANGE TO A MESH and then recompile this program. The command 

to compile is: FORT FEM3D. LINK FEM3D, RUN FEM3D. 



In order to f i nd the number to be changed, - r j r . h for the »o rd l O V M O \ N( i 

is a lwa\s I \ P is rhc total node number and \B*"t is the bandu id th i l l * \ o u forget 

\ B W . open the f i le B W R E D D A T and NBH is at the boi tom of the f i le ) Input data 

f i les arc IVPL" 1 D A T A ( invis ib le) and F E M . ' D D A T and ihc outpu i data f i l e is 

T I M P D A T i invisible!. 

OP FEMGRD 

This program calculates the temperature gradient in the base plate and f rom the 

temperature gradient it calculates the cool ing rate Open B N O D E D A T because it 

includes al l ihc data points at the interface, and the f i na l result of cool ing rate can 

be found in the C O O L R T . D A T f i le . Input data f i les arc T E M P D A T ;m»is ib lc) . 

FEMJD.DAT and or B N O D E D A T The output data f i l e is COOl RT D A T 
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I' • - v « « • • ; * ' . !>» .nr / ' n « j » l n F E V i r Fi ' t : • . . i -
(" 

R E A L \ :• ; - v ?5> z :s • > 
HYTK FILE !"• *TR1V; « 
!NTF •.EH ss 4 EI F.MA1 IHAiM-i 

r 
T I F ' l 

I F i ' l H U T I S I ' : * . - - ' . : F - - j* ,. v r 25 • , . - ..• 
1 :>-. .n«r 
TYPE II 

I I E<MMAT IX i l l . ! .n .m. n ' X Y Z m RK*RR F> >K . r j - > -
TYI'E 
TYPE : 

: < KCRMAT U N F I T THE NAME OF THE OHK'-IML MI^H I V F 
W E I ' T :'. KILE 

15 FORMAT 11A1 
F'll E I'. 

i 
>PEN I A I T - I I FILE FILE TYPE- 1'NKNOWV ) 
>IV.N c M T 22 FILE FEM3D DAT TYPE I ' S K V m A 

(' NNODE » OF NODES 
r NE1. « OF E-..MENTS 
r \ s , Ni'DE * IN THE TETRAHEDRON 

READ 11 • NNODE 
WRITE 22 •! NNODE 
TYPE • NNODE 
DO 30 J 1 NNODE 
READ'I I |.y,n NCHR STRING 

l l f l FORMATQ 80A1I 
DO 50 I- l.NCHR 

50 IFISTRINCII) EQ «•) STRINCdl; 69 
DECODE'NCHR 1002.STRINCI D I M M Y X ( D I M M Y I Y I I I 'MSn Z I>< MMV 

10C2 FORMAT15 3I2X.E20 10)1 
r TYPE • DI 'MMY.X(Dl 'MMY].Y(DrMMYI.Z(DrMMYI 

WRITE'22 "I D I M M Y X I D l - M M Y l Y IDfMMY) Z IDIMMYt 
30 C'ONTINl'E 
C 

READI11 •' NEL 
DO 40 J- 1 NEL 
READill •) ELENl'M.NS 

C TYPE -ELENI.'M.NS 
WRITE(22 •) ELENCM.NS 

40 CONT1NVE 
CALL EXIT 
END 



OPTIMUM 

VIRTUAL NEWJT(20uV> JOINT 2 »t>) 
VIRTUAL JNT(IOdO) 
VIRTUAL JMEM( 200(1) 
BYTE FILE(15) 
VIRTUAL MEMJT(96000) 

INTEGER JT(38000) 

DATA MAXCON 4S .NNOPK 4 
C 
C For more detail, see Internal!, nal Journal for Numerical Methods 
C in Engineering. Vol 6, 345-3> il_>73) by R J Collins 
C For example 
C If I have 18 triangles with the n. de * configurated like 
C 1 15 2 4 
C 14 16 3 5 
C 6 7 8 9 
C 10 11 12 13 
C 
C NJTS TOTAL NODE » li 
C LMENTS TOTAL ELEMENT « . 1») (SINCE 1 HAVE 18 TRIANGLES) 
C NBW ORIGINAL BANDWIDTH 
C NNODE # OF NODE IN ONE ELEMENT ( 3 FOR LINEAR TRIANGLE ) 
C MAXCON MAXIMUM CONNECTING POINT # FOR THE INTERIOR POINT 
C e g in triangular element MAXCON = 6 
C JT SIZE = LMENTS-NNODK The first row u the list 
C of the node # which is included in the element 1. the 
C last row is the list •-1 the node « which is included in 
C the last element (s.»> ^ m this example) 
C e g 1 16 15 
C 1 14 16 
C 15 3 2 
C 15 16 3 
C and BO on 
C 6 12 13 
C 
C MEMJT SIZE = MAXCON-NJTS 
C The first column is the htl of the node # which is 
C related to node # 1 the last column is the list of the 
C node # which is related to the last node * 
C e g 14 15 
C 16 14 
C 15 7 
C O 3 
C 0 1 
C O * 
C J MEM SIZE = l ' N J T S 
C The 1st entry is 3 since node 1 has 3 nodes related to it 
C The last entry is 6 since node 16 has 6 nodes related to it 
C e g ( 3 . 4 , 6 . 2 . - . W W . W W \ 6 ) 
C JNTI NODE # 
C J J T NODE # 
C 1D1FF MODIFIED BW 
C MAX MODIFIED BW 
C NEWJT SIZE = 1-NJTS e g > 8 4 1 7 2 5 6 old 
(' 1 2 3 4 5 6 7 8 9 new 
(' old node # 3 - new node # 1 
C old node # 9 - n e w node # 2 
c JOINT SIZE - 1-NJTS e g ;5 7 1 4 8 9 6 3 2- new 
C 12 3 4 5 6 7 8 9 old 
C new node # J -- old node a 3 
(' new node a* 2 r old node a 9 
c JNT SIZE 1-NJTS 



300 

C Basically, JNT() is the same as JOINT!) 
C THIS IS THE FINAL OUTPUT IN BWRED DAT FILE 

TYPE 1500 
1500 FORMAT (CENTER NAME OF MESH FILE ') 

ACCEPT ISO],FILE 
1501 FORMAT (1SA1) 

OPEN (UNIT=48,F1LE= ,BWRED DAT'.TYPE='UNKNOWN') 
OPEN (UNIT=l,FILE=FILE,TYPE^•U^*KNOWN•) 
READ (1,-) NJTS 
DO 5 1=1,NJTS 

5 READ (1.') IDUM 
READ (!,") LMENTS 
TYPE '.NJTS.LMENTS 

C 
DO 10 J = 1,LMENTS 
READ(1, - ) NDUMMY,(JT(LMENTS*(l-l) + J),l=l,NNODE) 

10 CONTINUE 
CLOSE(UNlT=l) 

C 
C • • • • 
C First, I have to use the information in the JT() to generate 
C JMEM() AND MEMJTl) 
C • 
c 

IDIFF = NJTS 
DO 20 1 = 1,NJTS 
JMEM(I)=0 
DO 30 J = l,MAXCON 

30 MEMJT((I-l)'MAXCON-i-J)=0 
20 CONTINUE 
C 

DO 90 J = 1,LMENTS 
DO80 1=I,NNODE 
JNTI=JT(LMENTS*(I-1)+J) 
JSUB=(JNTI-l)'MAXCON 

C 
DO 70II=1,NNODE 
IF(II EQ I) GOTO 70 
JJT=JT(LMENTS'(H-1)+J) 
MEM1=JMEM(JNTI) 

C TYPE ",J,MEM1 
IF(MEM1 EQ 0) GOTO 60 

C 
DO 50 1II=1.MEM1 
IF(MEMJT(JSUB+III) EQ JJT) GOTO 70 

50 CONTINUE 
C 
60 JMEM(JNTI)=JMEM(JNTI)-fl 

MEMJT(JSUB+JMEM(JNTI))=JJT 
C 

IF(IABS(JNTI-JJT).GT IDIFF) IDIFF=IABS(JNTI-JJT) 
C 
70 CONTINUE 
80 CONTINUE 
90 CONTINUE 
C 
C 
C NOW, I HAVE JT(), JMEM(), AND MEMJT(), so I can calculate 
C the minim*! BW 
C 

TYPE ",'BE PATIENT! I AM STILL WORKING VERY HARD' 
C 

MINMAX=1DIFF 
DO 160 IK-1,NJTS 
DO 120 J=1,NJTS 
JOINT(J)=0 
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120 NEWJT(J)=0 
MAX^O 
1=1 
NEWJT(1)=IK 
J0INT(IK)=1 
K = l 

130 K4=JMEM(NEWJT{I)) 
JSUB=(NEWJT(I)-l)'MAXCON 
DO 140 JJ = 1,K4 
K5=MEMJT(JSUB+JJ) 
IF(JOINT(K5) GT.O) GO TO 140 
K=K+1 
NEWJT(K)=K5 
J01NT(K5)=K 
NDIFF=IABS(I-K) 
lF(NDIFF.GE.MlNMAX) GO TO 160 
IF(NDIFF.GT.MAX) MAX=NDIFF 

140 CONTINUE 
IF(K EQ.NJTS) GO TO 150 

145 1=1+1 
GO TO 130 

150 MINMAX=MAX 
DO 155 J=1,NJTS 

155 JNT(J)=JOINT(J) 
160 CONTINUE 

TYPE '.'BANDWIDTH IS '.M1NMAX+I 
C 

DO 300 I = 1,NJTS 
300 NEWJT(I) = 0 
C 

DO 400 l=l ,NJTS 
400 NEWJT(JNTd)) = I 
C 

WRITE(48,2002) NJTS.MINMAX + 1 
2002 FORMAT(2X,I5,3X,I4) 

WRITE(48,2001) (JNT(J),J = 1,NJTS) 
2001 FORMAT(10(IS.IX)) 

WRITE(48,2001) (NEWJT(J),J=1,NJTS) 
5001 FORMAT(16(I4,lX)) 

WRITE(48,6002) MINMAX+1 
6002 FORMAT(//lX,'BANDWIDTH IS ',14) 

CALL EXIT 
END 

BOUND 

C This program la to find the boundary nodal number. 
C However, the output node number! for the boundary interface nodes 
C are the NEW rode number from BWRED.DAT Hie 
C 

INTEGER NS(4),NS1(4),NS2(4),NUM(60),TEST,IBF(6) 
INTEGER N(2000),NEWNOD(2000),LTETRA(400) 
REAL BF(6),MP(400) 
COMMON NBOUN(1500),NBOUN1(1500) 
BYTEF1LE(15) 

C 
TYPE 100 

100 FORMAT('*ENTER NAME OF THE MESH FILE ') 
ACCEPT 110.FILE 

110 FORMAT(15Al) 
TYPE 90 

90 FORMAT!'JMELTING POINT OF THIS MATERIAL' ( d e g K i •) 



ACCEPT • .AMP 
104 TYPE 105 
105 FORMATCOYOf CAN CHOOSE THE FOLLOWING WELD POOL SHAPE 

1 ' 1= ELLIPSOID',/ 
2 2= COMPLEX WELD POOL'./) 
TYPE 106 

1 . FORMAT! JWH1CH ONE DO YOU LIKE - ) 
ACCEPT • TEST 
IFITEST EQ 1 OR TEST EQ 2) GOTO 107 
TYPE • OOPS ' VOL' MAKE A MISTAKE' 
GOTO 1 '4 

1 T OPENIUNIT 77 FILE=BWRED DAT'.TYPE = TSKNOWS I 
REAIK77" NOUTOT.IDUM2 
RFAI) 77V 1> NEWNOD(I), Ul .NODTOT) 

: i FORMAT I IS I X I ) 
CLosElUNIT 77' 

X.MAX 
YMAX 
ZMAX . 
XNEGMX 
OPEN! UN1T=11.FILE=FILE.TYPE= UNKNOWN"! 
READI11 •] NODENU 
DO 120 l= l .NODENf 
READI11 •) 1DUM.X.Y.Z 
IF(Y CT YMAX) YMAX--Y 
1F(Z GT ZMAX) ZMAX = Z 
IF(X LT 0 ) GOTO 220 
IF(X GT XMAX! XMAX = X 
GOTO 120 

220 1F(X LT XNEGMX) XNEGMX - X 
12u N(1) = 0 

REWIND 11 
XPOOL=XMAX 
YPOOL=YMAX 
ZPOOL=ZMAX 
XNEGPL = XNEGMX 

C 
READ! 11.-) NODENU 
DO 210 l-l.NODENL' 
READIU.") 1DUM.X.Y.Z 
1F(X EQ 0 AND Y EQ 0 AND.Z LT ZPOOL) ZPOOL - Z 
IF(ZEQ0 A N D X E Q 0 AND Y LT YPOOL) YPOOL = Y 
IF(X LT 0 ) GOTO 230 
IF(Y EQ 0 AND Z EQ 0 AND X LT XPOOLI XPOOL - X 
GOTO 210 

230 IF(YEQ0 AND Z.EQ 0 AND X GT XNEGPL) XNEGPL .< 
210 CONTINUE 
C 

TYPE VBE PATIENT ' I AM STI1.L WORKING VERY HARD ' 
C 

READ(11, -) IELEM 
DO 130 1 = 1, IELEM 
R E A D d l , - ) IDUM.NS 
DO 140 J = l,4 

140 N(NS(J)) = N(NS(J)) + 1 
130 CONTINUE 
C 

DO 240 1=1.NODENU 
!F|N(I) NE 24) GOTO 240 
TYPE VJOHN. YOU HAVE CHECK NODE POINT Nil) 
TYPE ".'THIS POINT HAS 24 CONNECTING TETRAHEDRONS 

240 CONTINUE 
C 

OPEN(UNIT--:22.FILE= ,NODE DAT'.TYPE UNKNOWN ; 



WRITE(22,160) ((I.N(1)).U l.NODENU) 
160 FORMAT(7(l5.1X.13,2X)) 
C 

DO 150 I 1,60 
150 NUM(1)=0 
C 

DP 170 1 = l,NODENl' 
170 NUM(N(1))=NUM(N(1)) + 1 

WRITE(22,180) ((1,NUM(I)).1=1.60) 
180 F0RMAT(///6(I2,1X,[4,SX)) 

WRITE(22,190) XMAX.XNECMX.YMAX.ZMAX 
190 FORMAT(// /IX,XMAX=',G12 5.XNEGMX = \Gi:>5. 

1 YMAX= ,,G12 5,'ZMAX =-,G12 5) 
WRITE(22,290) XPOOL.XNEGPL.YPOOL.ZPOOL 

290 FORMAT(/lX,XPOOL='.G12 5.2X.'XNEGPL=P.GI2 5 
1 1X,'YPOOL = '.G12 5.2X.'ZPOOL= .G12 5,7' ) 

C 
C 
C NOW, TO FIND THE BOUNDARY NODAL POINT 
C I BOLDLY ASSUME THAT IT IS IMPOSSIB1 E EITHER TO HAVE AN 
C INTERIOR POINT WHICH HAS 24 CONNECTING TETRAHEDRONS OH 
C TO HAVE AN EXTERNAL POINT WHICH HAS 24 CONNECTING TETRAHEDRONS 
C • 
c 
c 
C I ASSUME ANY POINT WHICH HAS MORE THAN 24 CONNECTING 

C TETRAHEDRONS IS THE INTERIOR POINT 
C ALSO, IF THERE ARE N TOTAL TETRAHEDRONS AND n TOTAL NODAL POINTS 
C 1 SHOULD HAVE N'12 POINTS WHICH HAVE 12 CONNECTING TETRAHEDRONS 
C THESE N/6 POINTS ARE ALL INTER'OR POINTS AND ARE LOCATED FROM 
C MODAL Nl'MHER r , -N . '12^ 1 lo n 
C 
c 
c 
C TO TAKE INTERIOR POINTS OUT 
C 
c 

1NTNAL -- IELEM/12 
LAST -- NODF.NU - INTNAL 
J = l 
DO 250 I- I.LAST 
IF(N(I) GE 24) GOTO 250 
NBOUN(J) -- I 

25U CONTINUE 
C 
C 

OPENH'NIT. 44.F1LE= IJNKNOW DAT'.TYPE- 'UNKNOWN ) 
OPEN(UNIT- 55,FILE - 'EI.E1NT DAT'.TYPE-TNKNOWN) 
OPEN(UNIT-<jj,FILE: 'DNODE DAT 1, TYPE 'UNKNOWN'! 

C 
C ELEINT ; ELEMENTS AT INTERFACE 
C 

REWIND 11 
J - 1 
Jl 1 
READOl.") IDUM 
DO 300 I I LAST 
READII1,") S'UMHER.X.YZ 

C 
IFITEST NE I, GOTO 41™, 
ONE X " 2 / X P O O I . " 2 • V 2 V l ' 0 0 | . " j . Z " 2 Zl'f m l . - • ; 
ZERO . AHSIONE - 1 ) 
IF(ZEFK) C,T (, 002) GOTO 4"" 
WRITE/22,-) NI'MBKH.X.Y.Z 

400 IFINUMDEH NE NBOI'NIJDI GOTO 311.1 



J l = J l + 1 
IF(ABS(Y) CT I.OE-10) GOTO 310 
1F|X GT.XPOOL OR.X LT.XNEGPL OR 
1 Z GT ZPOOL) GOTO 300 

C 
405 IF(N(NUMBER).CT 12) GOTO 300 

IF(N(NUMBER).LT12) GOTO 315 
TYPE ",'Jobn, you have to check file unknow dat ' 
TYPE ".'This file contains nod=»l points that I cannot' 
TYPE ' ,'dwlermme ;f thev ure at the interface or not * 
WRITE (44,*) N(NUMBER).X.Y,Z 
GOTO 300 

315 NBOUNl(J) = I 
IF(TEST NE 2) GOTO 316 
WRITE!22.') NB0UN1(J),X.Y,Z 
WRITE(55,') NBOUNl(J),X,Y.Z 

316 J = J -t 1 
GOTO 300 

310 IF(ABS(Z) GT I.OE-10) COTO 330 
1F(X GT XPOOL.OR.X.LT XNEGPL OR. 
1 Y GT YPOOL) GOTO 300 
GOTO 405 

330 IF(X EQ.XMAX.OR.X.EQ XNEGMX OR Y EQ YMAX 
1 OR.Z.EQ ZMAX) GOTO 300 
NBOUNl(J) = 1 
IF(TESTNE 2) GOTO 335 
WRITE122, -) NBOUNl(J),X.Y,Z 
WRITE(55. -) NBOUNl(J).X,Y,Z 

335 J = J + I 
300 CONTINUE 

IBTOT = J - 1 
WR1TE(22,340) 1BTOT 

340 FORMATI//1X,There are ',13,' interface boundary points') 
TYPE 340, IBTOT 
CLOSE(UNIT=22) 
CLOSE(UNIT=44) 
WR1TE(55,') 0,0,0,0 

C 
C 
C TO create an output file which contains the element # 
C that has one side as part of the solid-liquid interface 
c •"• • • 
c 

DO 560 l=l,INTNAL 
560 READ(11,-) IDUM.X.Y.Z 
C 

Kl = 1 
READ(11,-) IELEM 
TYPE VTHIS # SHOULD BE THE TOTAL ELEMENT # '.1ELEM 
DO 500 11 = I,IELEM 
READIll , ' ) NELEM.NS 
ITOT = 0 
DO 550 12 = 1,4 
NSK12) = 0 

550 NS2(I2) = 0 
L = 1 
L2 = 1 

C 
DO 510 1=1,4 
DO 520 J=l,IBTOT 
IF(NStl) NE NBOUNl(J)) GOTO 520 
ITOT - ITOT + 1 
NSKL) = NS(1) 
L = L + 1 
GOTO 510 

520 CONTINUE 
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510 CONTINUE 
IF(ITOT EQ 3) GOTO 535 
IF(ITOT EQ 2) GOTO 525 
GOTO 500 

C 
535 D O 5 3 0 K = l , 4 

IF(NS(K) EQ NS1(D OR.NS(KI EQ.NSl(2) OR NS(K) EQ NSl<3)> 
1 GOTO 530 
WRJTE(55,*)NELEM,(NS1(M),M = 1,3),NS(K) 
LTETRA(Kl) = NS(K) 
Kl = Kl + 1 
G OTO 500 

C 
525 DO 530 K = l,4 

1F(NS(K) EQ NS1(1) OR NS(K) EQ NS1(2)) GOTO 530 
NS2(L2)=NS(K) 
L2 = L2 + 1 
LTETRA(Kl) = NS(K) 
Kl = Kl + 1 
[F(L2 NE 3) GOTO 530 
WR1TE(55,') NELEM.(NS1(M),M=I,2),(NS2(M2).M2=1.2) 
GOTO 500 

53U CONTINUE 
500 CONTINUE 

WaiTE(55,') 0.0,0,0,0 
C 
c 
C TO WRITE THE (X.Y.Z) FOR THE POINT THAT IS PART OF 
C INTEFACIAL TETRAHEDRON BUT NOT ON THE INTERFACE 
C • • • " 
c 

TYPE VYES' I KNOW, 1 AM STILL YOUR LOYAL SLAVE '• 
JTOT = Kl-1 

C 
REWIND 11 
READOl.*) NODENU 
DO 600 1 = 1.NODENU 
READ(11,-) INODE.X.Y.Z 
DO 650 J = 1 ,JTOT 
IF(LTETRA(J).NE.INODE) GOTO 650 
WRITE(55,") INODE,X,Y,Z 
GOTO 600 

650 CONTINUE 
600 CONTINUE 

WRITE(55,"| 0,0,0,0 
CLOSF(UNIT = 55) 
CLOSE(UNlT=ll) 

C 
C 
C TO WRITE THE (X.Y.Z) OF THE BOUNDARY NODA!. POINTS 

OPEN(UNIT=55,FILE='ELEINTDAT\TYPE= 'UNKNOWN) 
OPEN(UNIT=99,F1LE='BNODE.DAT',TYPE= 'UNKNOWN') 
WRITE(99,') IBTOT 
DO 1550LB=1,IBTOT 
READ(55, -) IDUM.DX.DY.DZ 
WR1TE(99,') DX.DY.DZ 

1550 CONTINUE 
CLOSE(UNIT = 55) 
CLOSE(UNIT=99) 

C 
C * 
C TO create an output file which is the input file 
C in FEM3D.FOR program 
c • • • 
C 



O P E M I N I T 33.FILE INPl T DAT TYPE I'NKXOWN 1 
IUTOT IHTOT - 1 
DO 1330 1-1 i', 
l t )F |I! -1 

133.' BKtl) -2 
WH1TKI33 132") (IHK(l) I 1 ') . |P.F(J) J 1 «) 

132" FORMAT! 1X,6(I4 IX) 3X.I iKO 1 1X1) 
IQ-l.NTIIBTOT. 6) 
1Q6-1Q-H 
lQ7-- igr.-c 
DO 134" I 1 1HTOT-1 

134. MP ,11 AMP 
DO 137.. 1 IHTOT Iy7 
N M O I N l i I ' -1 

137. MI ' ID -2 
e 

DO 135. I 1 IQ7 
IF(NHOCNi;l , LK >') WITH 135n 
N H O l ' M l l ! NEWNOIKMIclI 'MIIl) 

13'... CONTINC-: 
c 

DO l3Kn 1 1 1Q- 1 
I N I r <;-(i-. 

13c;. i W H I T E , : ' ' , 13;..i ( N E U H N H J I i I N I T - l I S I T •(•). 
1 (MP(.l).J 1MT- I I .V IT -s : 

e 
(ALL EXIT 
END 

I KM3I) 

O THIS PHOOHAM IS TO CALCULATE THE TEMPERATI'KE PKOKll.K OK THK 
e ELECTHON HEAM WELD 
c ' 
C Boundary conditions are 
C (I) constant temperature at the liquid-solid interface 
(.' (2) radiation heat less at the free surface except al the 
C surface of liquid metal 
C 
C This is a Cartesian coordinate 
C 
(' The element used in th: F E M is tetraliedrat element 
C In the final calculation, this program uses K f l S unit 
(' The syml.ols used in this program are almost identical to the 
V the synih-ls u.-ed in Segerlmd s Look 
(" 

H E A L A(4'i"cccc0) 
H E A L X 1(2". ic>) Y I (20111 l),Z 1| 2c if ccl) 
INTEOKK MESH(9"0i.,4),N(4).NEWN'OD(2 i| lol.D(2"uol 
HEAL 11(3 4).HDIil(4.4),MDH2(4.4) HDH3(4.4! 
HEAL ESM(4.4),EF(4).X(4).Y(4).Z(4) 
1NTEOKH NS(4l 
COMMON NT NHW.NCL.AMP A 
BYTE FILKdM 
I N T I : ( ; E ] C 4 J K N D .if. 

< DIMENSION OF A M I S T UK OK NP -(NHW • 2/ 
t 

DATA NCI. 1 

' This pr Kr mi is 1 rise! on VV kn m.-li -.lid,.. ' 



"I j 'PE 170i) 
1700 FORMAT! 

1 OJOHN, MAKE S I R E THE DIMENSIONS IN THE MAIN PROGRAM 
2 OANP THE THREE SCBROPTINES FIT EXACTLY THE SI /E OF 
3 H V I I I K « AND BANDWIDTH « ' . 
I ) 

' i n i" 
F o I i M \ : l l . \ : : K NAME o p MESH FILE ) 

V ' C E P T : v I F l l r 
. ' ! F O R M A ! I ' M 

T Y P E | i . 
1- F O R M A I' SEN I I K A H i ' T R A V E L L I N G S P E E I 1 ( inch « « ) I 

A C C E P T ' V F 1 . 
T Y P E If 

: - F O R M A T S F N T K R T H E M E L T I N G P O I N T l . l rg K) ) 
A C C E P T ' A M P 
T Y P E I H 

' ' • H M A ! ' S E N T E K T H E R M A L I O N D C C T 1 V I T Y (W n i - K I I 
\ . • . - | . P ' | ' . ' . ' S ' P 

' N P ' % : • ' l - ; - , 4 ' W m - K to -W i n r h - K 
I I i i- 1 * : 

> : FORMAT SINTER DENSITY (kg m " 3 ) ') 
ACCEPT CDENS 
DENS DENS 3 i 3 7 - " 3 ' kg m " 3 in k g ' i n c h " 3 
TYPE 1*30 

1S3 FORMAT I SENTER SPECIFIC HEAT (J 'kg-K) ') 
A C C E T T • S P H T 
SPHT - SPHT-1 • J kg-K 

(" 
OPENU'NTT IS FILE- 'BWRED DAT T Y P E TNKNOWN ) 
READ(55.") NODEP.NBW 
READ(S5 2-ini) ; NEWNOD(I), I - l .NODEP) 

2"ol FORMATfl MI5.1X)) 
READI55.2 1011 i lOLD(I). I -1.NODEP) 
CI.OSE(rNlT--sr.; 

C 
OPEN U N I T l .FILE-FlLE.TYPE- ' l 'NKNOWN ) 
READ ( I . - ) NODEP 
DO 10 1. l.NODF.P 

!•' READ ( 1 - ) INODE,X1(NEWNOD(INODE)),Y1(NEWNOD(1NODE)I 
1 .ZKNEWNonilNODE)) 
READ (1.-) NE 

O 
DO 20 I l.NE 
R E A D ( l ' ) IEI.F.M.N 
DO 25 J - 1 4 

S5 MESHUEI.F.M Jl NEWNOD('.<JJ) 
:•• CONTINCE 

CLOSEICNTT 1) 
NP-NCL-NODEP 
TYPF. " D A T A READINC, IS DONE' 
TYPE \ TOAL NODE # AND ELEMENT # ARE '. SP .SE 

r-
C A THE COLl'MN VECTOR CONTAINING TEMPERATURE. F AND K 
c NS ELEMENT NODE NI'MBERS 
C ESM(I.J) ELEMENT STIFFNESS(CONDI'CTANCE) MATRIX 
i" I T 1 . 4 J - - 1 . 4 FOR TETRAHEDRAL ELEMENT 
' • ' I S M I U I CONSTRACTF.D GLOBAL STIFFNESS MATRIX us in co. 7 17 ;. • n ,. 
f no t t h e tru* 1 glob.il st iffness m n t n x , see p p 120 of I . JS) 
O I - l . X P J . l . N B W B P T T H E " T R I ' E " G L O B A L S T I F F N E S S M A T R I X HAS 
i" N P - N P D I M E N S I O N 
C KF E L E M E N T F O R C E V E C T O R 
C f ' O E ( l . J ) C O E F F I C I E N T ( 2 . ' D F . L T ) - C - K :.s s h o w n on op 217 I.JS 
c T E M P N O D A L V A L U E S F O R A S I N G L E E L E M E N T 
c N P N I ' M H E R O F O L O H A I . D E G R E E S O F F R E E D O M IN T H E E N T I R E P R t i l i l . F . M 

http://glob.il


C NE TOTAL NUMBER OF ELEMENTS 
C NBW BANDWIDTH OF THE SYSTEM OF EQATIONS 
C NEL NUMBER OF AN INDIVIDUAL ELEMENT 
C NCL NUMBER OF LOADING CASES USUALLY=1 
C X(1),Y(1) COORDINATES OF THE ELEMENT NODES(COCNTBR CLOCKWISE 
C B i C COEFFICIENTS THAT OCCUR DURING THE EVALUATION OF THE ELEMENT MATRIX 
C VOL6 SIX TIMES THE TETRAHEDRAL VOLUME 
C AR2 TWO TIMES THE ELEMENT AREA 
C JGF A POINTER INDICATING THE LAST STORAGE LOCATION FOR TEMPERATIRE IN A 
C JGSM A POINTER INDICATING THE LAST STORAGE LOCATION FOR F IN A 
C JEND A POINTER INDICATING THE LAST STORAGE LOCATION FOR K IN A 
C COND THERMAL UCTIVITY (cal/cm-sec-deg.C) 
C SPHT SPECIFIC HEAT (cal/gm-deg C) 
C DENS DENSITY |gm/cm"3. ) 
C [SIDE WHEN ISIDE()=1, IT MEANS THIS IS THE "FREE - SURFACE 
C WHEN ISIDE()=0, IT MEANS THIS IS NOT THE "FREE- SURFACE 

C H HEAT TRANSFER COEFFICIENT (W/m"2-deg C) 
C NEWNODO NEW NODE NUMBER ARRAY 
r ' 
C TO CALCULATE POINTERS 
C 

JCF=NP - NCL 
JGSM=JGF"2 
JEND=JGSM+NP-NBW 

C ' 
C INITIALIZATION TO 0 DEGREE K 
C • " • 

DO 331 I=1,JGF 
331 A(I) = 0 
C 
C INPUT (X.Y.Z) DATA OF EACH NODAL POINT 
C 

DO 7 KK=1.NE 
DO 30 1=1.4 

30 NS(l)=MESH(KK.l) 
DO 40 1 = 1,4 
X(I) = X1(NS(I» 
Y(1) = Y1(NS(I)) 
Z(I) = ZI(NS(I)) 

40 CONTINUE 
C * 
C TO CALCULATE 6'VOLUME 
c '•"•• 

VOL6 = (X(2)-X(1))'(Y(3)-Y(1))-(Z(4)-Z(1)) + 
1 (Y(2)-Y(1))"(Z(3)-Z(1))-(X(4)-X(1)) + 
2 (Z(2)-Z(1))-(X(3)-X(1»'(Y(4)-Y(1))-
3 (Z(2)-Z(1))-(Y(3)-Y(1))-(X(4)-X(1))-
4 (Y(2)-Y(1))-(X(3)-X(1))-(Z(4)-Z(1))-
5 (X(2|-X(1))-(Z(3)-Z(1))-(Y(4)-Y(1)) 
VOL6 = ABS(VOL6) 

c • • • * • * 

C TO CALCULATE THE COMPONENTS IN SHAPE FUNCTION 
C Ni.Nj.Nk.Nl 
C Note: [l/(6'Volume)]"B(I,J) is the component 
C of the shape function 
C 
c 
45 B( l , l ) = -((Y(3)-Y(2))'(Z(4)-Z(2))-

1 (Y(4)-Y(2))-(Z(3)-Z(2))) 
B(l,2) = ((Y(3)-Y(1))-(Z(4)-Z(1))-
1 (Y(4)-Y(l)r(Z(3)-Z(l))) 
B(1.3) = -((Y(2)-Y(1))-(Z(4)-Z(1)]-
1 (Y(4)-Y(1))-(Z(2)-Z(1)» 
B(1.4| = ((Y(2)-Y(I)r(Z(3)-Z(l))-
1 (Y(3)-Y(1))-(Z(2)-Z(1))) 
B(2,l) = «X(3)-X(2))-(Z(4)-Z(2))-



1 (X(4)-X(2))-(Z(3)-Z(2)» 
B(2,2) = -((X(3)-X(1))-(Z(4)-Z(1))-
1 (X(4)-X(l)r(Z(3)-Z(l))) 
B(2.3) = ((X(2)-X(1))-(Z(4)-Z<1))-
1 (X«)-X(1))-(Z(2)-Z(1») 
B(2,4) = -((X(2)-X{1))-(Z(3)-Z(1»-
1 (X(3)-X(1))-(Z(2)-Z(I))) 
B(S,1) = -((X(3)-X(2)i-(Y(4)-Y(2))-
1 (X(4)-X(2))*(Y(3)-Y(2))) 
B(3 2 ) = ({X(3)-X(1))'(Y(4)-Y(I»-
1 (X(4)-X(I))'(Y(3)-Y(1))) 
B(3,3) = -((X(2)-X(1))-(Y(4)-Y(1))-
I (X(4)-X(1)|-(Y(2)-Y(1))) 
B(3,4) = ((X(2)-X(1))'(Y(3)-Y(1))-
1 (X(3)-X(I))-(Y(2)-Y(1))) 

C • 
C TO CALCULATE THE VOLUME INTEGRAL CF ( B ) ' [ D r ' < B ) 
C This integral (actually, summation) is expressed by 
C the summation of ESM(I,J) 
C ASSUME it is an isotropic material, i e , the thermal 
C conductivity is independent of x.y.z direction 
C 

DO 920 [ = 1,4 
DO 920 J=l ,4 
BDBl(I.J) = B(1.I)'B(1.J) 
BDB20.J) = B(2,I)"B(2,J) 
BDB3(1,J) = B(3,I) -B(3,J) 

920 CONTINUE 
C * 
C The volume integral of { B } * { D } * { B } is the summation 
C of BDB1([,J), BDB2(I,J), and BDB3(1,J) and then 
C multiplied by a constant ( = COND/VOL6 ) 
C 

CONST1 = COND/VOL6 
DO 930 1=1,4 
DO 930 J=l ,4 
ESM(I.J) = CONSTl - (BDBl(I.J) + BDB2(I,J) +• 
1 BDB3(I,J)) 

930 CONTINUE 
C 
C ' * 
C TO Consider the additional term vel'Cp'density'temp gradient 
C The arc is travelling in the -ve X direction. 
C - • 
C 

CONST2 = VEL • DENS " SPHT/24. 
DO 35 1=1,4 
DO 35 J = l,4 
ESM(I.J) = ESM(I.J) + CONST2 • B(1,J) ! -ve X direction 

35 CONTINUE 
C 
C 
C INIT1ALZATION OF THE FORCE MATRIX 
C * 
c 

DO 940 1=1,4 
940 EF(I)=0. 

C 
C 
C ASSUME that convective and radiative heat loss can be neglected 



P I T ELEMENT PROPERTIES INTO THE GLOBAL STIFFNESS MATRIX 

D 0 7 I - M 
l U S S ( l ) 
DO 15 J i l.NCL 
J 5 = J C F - ( J - l ) - . N P - I I 
A1J51-AIJ5I--EFI1) 

DO 17 J 1.4 
JJOLD ORIGINAL MATRIX T O U ' M N " < 
JJ BAND MATRIX "COLl'MN-# 
II ORIGINAL AND BAND MATRIX ROW « 

JJOLD = NS(J) 
J J = J J O L D - I U l 
IF(JJ) 17.17.16 
J 5 = J G S M - ( J J - 1 ) - N P » I I 

A(J5)^A(J5)-ESM(I .J ) 
CONTINUE 
CONTINUE 
CLOSE(l'N[T = 22) 

MODIFICATION AND SOLUTION OF THE SYSTEM OF EQUATIONS 

TYPE • ASSEMBLY OF THE ELEMENTS IS DONE' 

TYPE • 1 STILL HAVE 3 SUBROUTINES TO SOLVE 
CALL BDYVAL 
TYPE " I STILL HAVE 2 SUBROUTINES TO SOLVE' 
CALL DCMPBD 
TYPE • I STILL HAVE 1 SUBROUTINE TO SOLVE 
CALL SLVBD 

NOW TO ADD THE INITIAL TEMPERATURE 300 K 
SINCE THE ORIGINAL TEMPERATURE IS ASSUMED TO BE K 

DO 7'ir I- 1 NP 
CHECK = ABS( A(II - AMP ) 
IF1CHECK L T 0 01) GOTO 700 
A(I) - ABS(AID) -* 300 
IF(A(I) LE AMP) GOTO 70<> 
All) -- AMP 

CONTINUE 

OPENM'NIT- 44,FILE=: TEMP DAT'TYPE- 'UNKNOWN : 
WRITF.I44-) NP.VEL 
DO 50 I --] NP 
WRITEi'44.551 IOLD!!!,A!I! 
CONTINUE 
F0RMAT(5(I5.1X,F7 2.3X1) 

CLOSE'UNIT-=44) 

CALL EXIT 
END 

SUBROUTINE BDYVAL 
COMMON NP.NBW.NCL.AMP.X.GF.GSM 
DIMENSION X(NP.NCL) GF(NP.NCL) GSMtNP NIHV. 

DIMENSION XU397,l),r;F( 1337.1).GSMI 13-i7.1!'•:,) 

X.hn' Be Careful " 



THE DIMENSION OF X.GF AND GSM MIST BE "EXACT! Y' THE N1MBEH 
OF X(SP N C L ) , G F : N P . N C L ] AND C.SMINP NBWI 

THIS Sl'BROCTINE IS TO READ KNOWN VAL1ES IN F AND PHI AND M " M F \ K A~ 
ON PP 110 OF L J SEGERLIND TO MAKE IT READY TO HE SOI \ ED 

DIMENSION IB(6I BV(6I 

INPI'T OF THE NODAL FORCE V A U C E S 

OPEN(CNIT-33 FIIE^'INP'T DAT TYPE TSKNOWN ' 
DO 216 JM-1 NCL 
INK-0 

RF.ADi33,-| IB BV 

BECAISE THE DIMENSION OF IB AND BV ARE 6 THE DATA IN TORSI! DAT 
SHOTLD BE I.IKE THIS SIX INTEGERS SIX REAL VAU'ES 
I'NTII. SAY 11 .53- l . - l . - l . - l -5 .-I -1 1 -1 -1 

-1 MEANS NO MORE DATA.-3 MEANS THE STARTING OF NO DATA FOR BV 
NOTE EVEN NO DATA FOR IB OR BV, YOC HAVE TO P I T -VE » TO SHOW NO DATA 

IB NODE* ON BOINDARY BV BOINDARY VALIES. IT MAY BE KNOWN NODAL FORCE 
VALIESU'PFER PART) OR KNOWN NODAL VALIES;SAY. TEMP.POTENTIAL STRESS' 
B I T BE CAREFUL.THE FIRST SET DATA IN TORS12 DAT REFERS TO KNOWN NODAL 
FORCES. THE SECOND SET REFERS TO KNOWN NODAL V A U E S AND IF THE * OF 
KNOWN NODAL FORCE SET IS INTEGRAL TIMES OF 6 THEN BETWEEN KNOWN 
NODAL FORCE AND KNOWN NODAL VALVES DATA SET THERE MIST HE ANOTHER 
DATA -1 IN BETWEEN TO INDICATE THE END OF KNOWN NODAL FORCE D A T , SET 

ID. 0 
DO ; n u -1 ii 
lFiIB(LI LE. ! GO TO 2(15 
I D - I D - 1 
I--IB(L) 

GFII .JM)-BVal-GF(l .JM) 
GO TO 20C 

INK=1 
IFIID EQ 0) GO TO 216 

IF(INK EQ 1) GO TO 216 
GO TO 202 

INPl'T OF THE PRESCRIBED NODAL VALI'ES 

CONTINI'E 
INK=0 

READI3.VI IB.BV 

DO 310 IC- t.fi 
IF(BV(IC) EQ AMP) GOTO 31" 
BVUCI = AMP 

CONTINI'E 

ID -n 
DO 221 L = 1 . 6 
1F!IR(L) LE <:] G O T O 215 
I D - I D . l 
I--IR(L) 
B C B V ( L ) 



c 
C MODIFICATION OF THE GLOBAL STIFFNESS MATRIX AND THE 
C GLOBAL FORCE MATRIX USING THE METHOD OF DELETION OF ROWS AND COLUMNS 
c ••••• • • 
c 

K=l-I 
DO i l l J=2.NBW 
M=I+J-1 
IF(M GT NP) GO TO 210 
DO 218 JM=1,NCL 

218 GF(M.JM)=GF(M.JM)-GSM(I.J)-BC 
GSM(I,J)=0 

210 IK(K LEO) GOTO 211 
DO 219 JM=1,NCL 

21S GF(K,JM)=CF(K,JM)-CSM(K.J)'BC 
GSM(K,J)=0. 
K = K-1 

211 CONTINUE 
212 IF(GSM(I, l )CT0 ) GOTO 300 

TYPE ' .THIS TERM SHOULD BE > 0' 
TYPE VCSM(I. l ) = '. '. GSM(I.I) 

300 IF(GSMO.l)LTOOl) GSM(1,1)=500000 
C 
c 
C 500000 WO'NT INFLUENCE ANYTHINC, BECAUSE FOR THE NODE #(SAY.7S) WIIOSK 
C NODAL VALUE IS KNOWN, THE FINAL 75TH REARRANGED EQUATION SHOULD !.<><»K 
C LIKE 0 + 0 + - ( A L I . 0)+---r0+K(75,75)*PHI(75)+O+O+—+0=K(75,75)'PHI(75) 
C BUT SINCE THE POSITIVE DEFINITE MATRIX REQUIRES THAT THE VALUE AT 
C THE DIAGONAL BE POSITIVE AND LARGE COMPARE TO THE OFF-DIAGONAL 
C TERM. THUS IF K(75.7S) IS ONLY. SAY, 0.02. WHY NOT MULTIPLYING 
C K(75,75) A LARCE VALUE BECAUSE EQUAL SIGN '=' STILL HOLDS 
C FOR DETAIL, SEE L J SEGERLIND PP 110 TO PP 111 
C • • • • • • " • 
c 

DO 220 JM=1,NCL 
220 GF(I,JM)=GSM(I.1)'BC 
221 CONTINUE 

GOTO 209 
C 
215 CLOSE(UNIT=33) 

RETURN 
END 

C 
SUBROUTINE DCMPBD 
COMMON NP,NBW,NCL,AMP,X,GF,GSM 

C DIMENSION X(NP,NCL),GF(NP,NCL),GSM(NP,NBW) 
DIMENSION X(1397,1),GF(1397.1).GSM(1397,155) 

C 
c • • •••• 
C •*•• John! Be Careful III " • 
C ' ' * 
C THE DIMENSION OF X,GF AND GSM MUST BE "EXACTLY- THE NUMBER 
C OF X(NP,NCL),GF(NP,NCL) AND GSM(NP,NBW) 
C 
c 
C THIS SUBROUTINE IS TO DECOMPOSE REGULAR BAND MATRIX K INTO UPPER 
C TRIANGULAR MATRIX USING GAUSSIAN ELIMINATION PROCEDURE 
C 

NP1=NP-1 
DO 226 I=1,NP1 
MJ=I + NBW-1 
!F(MJ GTNP) MJ = NP 
NJ=I+1 
MK=NBW 
rF((NP-[+l) LT.NBW) MK=NP-I+1 
ND=0 



DO 225 J = NJ.MJ 
MK=MK-1 
ND=ND+I 
NL=ND+1 
DO 22S K = 1,MK 
NK=ND+K 

225 GSM(J,K) = GSM(J.K)-GSM(1.NL)"CSM(I,NK]/GSM(1,1) 
226 CONTINUE 

RETURN 
END 

C 
SUBPOUTINE SLVBD 
COMMON NP.NBW.NCL.AMP.X.GF.GSM 

C DIMENSION X(NP,NCL),GF(NP.NCL).GSM(NP.NBW) 
DIMENSION X(1397,1),GF(1397,1).GSM(1397,I55) 

C 
C John 1 Be Careful "• 
C " 
C THE DIMENSION OF X.GF AND GSM MUST BE "EXACTLY" THE NUMBER 
C OF X(NP,NCL|,GF(NP,NCL) AND GSM(NP.NBW) 

C THIS SUBROUTINE IS TO DECOMPOSE F THEN SOLVES FOR TEMPERATURE 
C USING THE METHOD OF BACKWARD SUBSTITUTION 

NP1 = NP-1 
DO 265 KK=1,NCL 
JM = KK 

C 
c 
C DECOMPOSION OF THE COLUMN VECTOR GF() 
C 
C 

DO 250 1 = 1,NP1 
MJ = I + NBW-1 
IF(MJ.GT.NP) MJ = NP 
NJ=I+1 
L= l 
DO 250 J=NJ.MJ 
L=L + 1 

250 GF(J,KK) = GF(J.KK)-CSM(I.L) , GF(I.KK)/GSM(I.I) 
C 
C ' 
C BACKWARD SUBSTITUTION FOR DETERMINATION OF X() 
C 
C 

X(NP,KK)=GF(NP.KK)/GSM(NP,1) 
DO 252 K = 1,NP1 
I=NP-K 
MJ = NBW 
IF((I+NBW-1) GT NP | MJ = N P - U 1 
SUM=0. 
DO 251 J=2,MJ 
N = I + J - 1 

251 SUM=SUM + GSM(I,J) 'X(N,KK| 
252 X(I,KK) = (GF(I,KK)-SUM)/GSM(I,1) 
265 CONTINUE 

RETURN 
E ' ;j 



TE1MGRD 

C Thie pr- grnm ;? to calculate the temperature gradient 
C 

REAL X'3i"!,Y(3O0).Z(3O0).XF(lSO).YF(l5O).ZF(l50) 
REAL T 3<>0) SUMLI400I 
REAL NORM(3].X3(3) Y3(3).Z3(3) 
REAL XNODE(4), YSODE(4). ZNODE(4), TV|4) 
REAL XINT,'2I.Y1NT(2) ZINTi2).TINT(2) 
BYTE FILE; 15) 
INTEGER NS(4O0.4).NELI400I NODE(300).OUTNl'M<40) 
INTEGER NTET(4).TEST 

C COMMON SLOPE X0.Z0.Y0.Y2.DEPTMX.A0.B0.A2.BI.NORM 
C COMMON PLAN X3,Y3,Z3.A.B.C,D 
C COMMON INTCP Al.B.C.D.XO.YO.ZO.NORM.XI.YI.ZI 
C COMMON ELL1P-XB.Y0.ZO AX.CZ.BY.NORM.ITEST 

COMMON StMORD'XO.YOZONODE.X.Y.Z.NS.JTOT.lETOTSUMLol'TNl M 
i- COMMON OBD SIML.IETOT1 OUTNUM 

COMMON LIMI X3 Y3 Z3 XI YI ZI TEST 
COMMON INTI'I. XNORE YNODE ZNOnE.XINT.YINT.ZIST TV 
1 TINTTKMG 

c 
EO.UIV A L E V E -SI'MLI SI'MLl 

C 
DATA IMOCNI) 300 
DATA IELTOT 410 

c 
C X YO.ZO THE SPECIFIED POINT THAT WE WANT TO CALCULATE THE TEMP <.!< V I \ T 
C IJEPTMX MAXIMUM DEPTH OF THE WELD POOL ( inch ) 
' Y2 Y2 IS A LITTLE BIT LARGER THAN YO (in the depth direction) 

C A HALF SHORT AXIS LENGTH OF THE ELLIPS AT Y - YO 
c » HALF LONC AXIS LENGTH OF THE ELLIPS AT Y i YO 
'• X3 Y3Z3.A B CD (X3.Y3.Z3( THESE THREE POINTS CAN MAKE A PLANE 
C WHICH CAN BE EXPRESSED AS AX + BY + CZ » D - (> 
C XI YI.ZI (XI YI ZII IS THE INTERCEPT POINT BY THE LINE DETERMINED BY 
C (Xfl Yn zm WITH NORMd AND PLANE AX -i- BY + CZ * D - 0 
r AX BY.CZ HALF AXIS LENGTH IN X.Y.Z DIRECTION RESPECTIVELY 
C 1TEST IF ITEST = 1. THEN INPUT DATA HAS SOMETHING WRONG 
C OT'TNUMD The first 40 tetrahedron NUMBER, which ha»e the smaller 
C summation if the line segment lengths from (xO.yO.tO) 
C I ONLY TAKE THE FIRST 8 DATA 
c IETOT TOTAL BOUNDARY INTERFACIAL ELEMENTS WHICH HAVE TWO OR 
C THREE NODES AT THE INTERFACE 
c JTOT # of the .-:-dea that are inside the tetrahedron which has 2 
C or 3 nodes at the solid-liquid interface 
C XI '.YD Z' IX.Y.Z) ARE THE VERTEX OF THE TETRAHEDRON WHICH HAS 2 OH 
C 3 NODES AT THE SOLID-LIQUID INTERFACE 

TYPE 1.1 
1' FORMAT!' X arc travelling direction, trailing sense is + ve', 

1 ' Y depth direction, downward is + v e , / 
2 ' Z width direction',/} 

C 
TYPE 12 

12 FORMATC John remember that all the interested points',' 
1 should be VERY CLOSE TO the interface',,') 

15 TYPE 2!i 
2f> FORMATCOYOL' CAN HAVE THE FOLLOWING CHOICES'.' 

1 ' 1 = TEMP GRADIENT AT SINGLE POINT'./ 
2 ' 2 - TEMP GRADIENT AT MANY POINTS',.') 
TYPE 30 

y: FORMAT! S WHICH ONE DO YOl' LIKE ~ ) 
ACCEPT MPOINT 
IFdPOINT EQ 1 OR IPOINT EQ 2) GOTO 40 
TYPE • OOPS • YOU MAKE A MISTAKE '' 



GOTO 15 
IFIIPOINT Eg P GOTO Si' 

TYPE 60 
FORMATl JESTER NAME OF THE (X.Y.Z) r iLE ) 

ACCEPT 70.FILE 
FORMATl 15AII 

OPES'ICNIT •-11 FILE- FILE TYPE INKNOWN I 
READ11I. ') S i ' 
DO 90 U I . N P 
R E A D i l l . ' l XFiD YFll) ZFvIt 

CLOSEH'NIT 11: 
FILE! 151 i 
GOTO 80 
TYPE " (X Y /.• POINT AT THE INTERFACE -

ACCEPT " XI YI Zl 

TYPE 7II.I 
FORMATl ( t u l ' l AN HAVE THE FOLLOWING CHOICES 

1 1 ELLIPSOID WELD POOL , 
2 ' 2 COMPLEX WELD POOL 1 
TYPE 710 

FORMAT; S WHICH ONE D o v o l ' LIKE " ) 
ACCEPT USHAPE 
IFIISHAPE EO. 1 OH 1SHAPE EQ 21 GOTO 72U 
TYPE " .OOPS ' V o l ' MAKE A MISTAKE '' 
GOTO SO 

IFIISHAPE EO. '.'. c;OTO 730 
TYPE \ HALF AXIS LENGTHS IS X.Y.Z DIRECTION ' (inch) 
1 3 data are req.ored 
ACCEPT -. AX HY CZ 
GOTO 740 

TYPE 750 
FORMATCSENTEH THE NAME OF THE GEOMETRY DATA FILE I 

ACCEPT - F I L E 
TYPE ".'John if yon choose this complex weld pool. then' 
TYPE ' . t he Yo of the point interested. (X0.Y0.Z0), will' 
TYPE ' . 'have to lie EXACTLY the same a» the Y coordinate' 
TYPE " ••! one of the points contained in this data file ' 
OPEN! I N IT -44 FILE •- FILE. TYPE ; T N K N O W N ) 

OPEN(l 'NIT 22 FILE; ELEINT DAT TYPE T N K N O W N ) 
DO 100 I - l.lHOl'N'D 
READI22. ') NODE;!) X(I).Y(I).Z(II 
IFINODE(I) EO. o) GOTO 130 

CONTINUE 
IBTOT 1-1 ' Total interface honndary points 

DO 110 I I IEI.TOT 
HEAD(22.-) NKL(I) 'NS(l.J) J 14) 
IF(NELH) EO. o| GOTO 120 

CONTINI'E 
1ETOT 1-1 ' T. tal interfacial eleinenls 

DO 140 I . IBTOT- 1 [FSOIND 
RKADJ22 ") NG -1E(I).X(II,Y(1|.Z(II 
IF(NOI 'E | l ! Eg o | GOTO 150 

CONTINI'E 
JTOT 1-1 ' Total points relate,! to the mterfacia] elements 

CLOSEH'NIT 221 

OPENH'NIT- 33.FILE TEMP DAT TYPE INKNOWNI 
HEADI33.") NODKNl'.VEI. 
DO 160 I - l .NODENl' 
HEAD133.-) INODE,DEGREE 
DO 170 J l . JTOT 
IFINODE(J) NK INODE) GOTO 17.. 
TU) DEGREE 
GOTO ]C.n 



170 CONTINUE 
160 CONTINUE 

CLOSE(UNIT=33) 
C 

OPEN(UNIT=66,F!I.E='COOLRTDAT',TYPE='UNKNOWN-) 

C NOW, I HAVE READ ALL THE NECESSARY DATA 
C THE FOLLOWING IS TO CALCULATE THE TEMPERATURE GRADIENTS 
c • • • • " • • 
C 

WRITE(66,3030) 
3030 FORMAT!' ' 

8 ' ) 
WR1TE(66.1210) 

1210 FORMATtSX/XO'.gX.'YO'.SX.'ZO'.HX.'COOLRT'. 
1 6X.TEMP CRAD'.TX.'NORMU)') 

TYPE 3030 
TYPE 1210 
WRITE(66,3030) 
TYPE 3030 
lF(lPOINT EQ 1) GOTO 180 
DO 2000:i = l,NP 
X0 = XF{U) 
Y 0 = YF(II) 
Z0 = ZF(ll) 
GOTO 200 

180 X0 = XI 
YO = Y l 
ZO = Z l 

C 

c • 
C TO GET THE NORMAL VECTOR AT (X0.Y0.Z0) 
C ' 
c 
200 IF([SHAPE EQ 1) GOTO 210 

JONE = 0 
REWIND 44 
READ(44, -) IP. DEPTMX 

C 
DO 220I2=1,IP 
IF(JONE.NE.I) GOTO 230 
READ(44, -) Y2,A!,B2 
GOTO 240 

230 READ(44,') YDUM,A0,B0 
IF(YDUM.NE.YO) GOTO 220 
JONE = 1 
YO = YDUM 
IFfYO.NE DEPTMX) GOTO 220 
Y2 = DEPTMX + 1 ! 1. IS JUST AN ARBITRARY NUMBER 
GOTO 240 

220 CONTINUE 
C 
240 CLOSE! UNIT=44) 

CALL NORMAL (XO,ZO,YO,Y2,DEPTMX,AO,BO.A2,B2.NORM) 
GOTO 300 

C 
210 CALL ELLIPS (X0.Z0,Y0,AX,CZ,BY,NORM,ITEST) 
C 

IF(ITEST NE.l) GOTO 300 
TYPE -, SORRY, YOU HAVE TO INPUT ANOTHER (X.Y.Z)' 
GOTO 9999 

C 
300 CALL SUMLEN 

CALL ORDER 
C 
c ' 



317 

C NOW, START THIS LONG PROGRAM TO CHECK WHICH TETRAHEDRON 
C HAS TWO INTERCEPTS. 

C 
DO 320 1 = 1,40 

C 
KTEST = 0 
INTCK = 0 
INTNUM = 1 

C 
DO 370 1Z=1,2 
XINT(IZ)=0 
YINT(IZ)=0 

370 Z1NT(IZ)=0 
C 

DO 310 J=l,IETOT 
]F(J NE.OUTNUM(I)) GOTO 310 
DO 330K=1,4 
NTET(K) = NS(J.K) 
DO 340 Kl=l ,JTOT 
IF(NODE(Kl) NE NTET(K)) GOTO 340 
XNODE(K) = X(K1) 
YNODE(K) = Y(K1) 
ZNODE(K) = Z(K1) 
G o T 0 330 

340 CONTINUE 
3M CONTINUE 

C 
C 
C NOW, I HAVE (X.Y.Z) OF THE 4 VERTICES OF THIS 
C POSSIBLE' TETRAHEDRON STORED IN XNODE(),YNODE(). AND ZNODEO 
C 
C 

D O 3 5 0 L = l , 4 < TETRAHEDRON HAS 4 SIDES 
IFfKTEST EQ 1) GOTO 350 

395 LI = L + 1 
IF(L1 EQ 5) LI = 1 
L2 = LI + 1 
IF(L2.EQ.5) L2 = 1 

C 
X3(l) = XNODE(L) 
X3(2) = XNODE(Ll) 
X3(3) = XNODE(L2) 
Y3(l) = YNODE(L) 
Y3(2) = YNODE(Ll) 
Y3(3) = YNODE(L2) 
Z3(I) = ZNODE(L) 
Z3(2) = ZNODE(Ll) 
Z3(3) = ZNODE(L2) 

C 
C 
C TO CHECK IF (XO.YO.ZO) IS ONE OF THE VERTICES 
C OF THIS TRIANGLE. SINCE I ASSUME (X0,Y0,Z0) IS AT EITHER 
C THE INTERFACE OR THE LIQUID REGION, IT IS IMPOSSIBLE TO 
C HAVE X0 = XNODE(4), Y0 = YNODE(4) AND Z0 = ZNODE(4) 
C 
C 

IF(L.NE.l) GOTO 400 
DO 360 1C=1,3 
ZEROl = ABS( X3{IC)-X0 ) 
ZER02 = ABS( Y3(IC)-Y0 ) 
ZER03 = ABS( Z3(IC)-Z0 ) 
ZTOT = ZEROl + ZER02 + ZER03 
IFfZTOT.GT. 0 00001) GOTO 360 
XINT( 1 ) = X0 
YINT( 1 ) = Y0 



ZINT: I , ZO 
INTCK -- 1 

IF(1C EQ 1! GOTO 381 
IFIIC EQ 2) GOTO 382 
IF(IC EQ 3) GOTO 383 

3M L - L - I 
GOTO 390 

3(-2 L = LI - 1 
GOTO 390 

3o3 L - L2 - 1 
3 > J I . KTEST - 1 

GOTO 395 
J<>. CONTINUE 

CALL PLANE(X3,Y3.Z3.A,B.C.D) 
CALL INTCEP (A,B,C,D.X0,Y0.Z0.NORM XI YI ZI) 

NOW I I VE GOT THE INTERCEPT (XI.Y1ZI) I HAVE TO 
CHECK IF THIS INTERCEPT IS ONE OF THE VERTICES Or THIS 
TRIANGLE 

DO 41'J IC 1.3 
DIFF1 -- ABSIX1 - X3(IC)) 
DIFF2 ; ABS(YI - Y3(IO) 
DIFF3 ABS(ZI - Z3(IC)) 
TOTAL - DIFF1 - DIFF2 - D1FF3 
IFiTOTAL GT 0 00001) GOTO 410 

IFI1NTCK EQ 1) 1NTNUM - 2 
XINT( INTNCM ) = XI 
Y1NT( INTNl'M ) = YI 
Z 1 N T ( I N T N C M ) = ZI 
I N T C K - I N T C K * 1 
I F I I N T N I : M N E 2) G O T O 350 

FINALLY I FOUND THE TETRAHEDRON WHICH HAS TWO INTERCEPTS 
THE (X Y.Z) OF THE 4 VERTICES OF THIS TETRAHEDRON ARK STOKED 
IN XNODE0, YNODEI), AND ZNODF.O 

DO 1200 JV=1,4 
DO 1100 JNODE i l .JTOT 
IF(NODEIJNODE) NE NTET(JV)) GOTO Hun 
TV(JV) ^ T(JNODE) 
GOTO 1200 

1 lot) CONTINl'E 
1200 CONTINUE 
C 

CALL1NTPOL 
COOLRT - 1EMG • VEL • NORM(l) 
WRITE(06.2420) X0,Y0.Z0,COOLRT.TEMG,NORM( 11 
TYPE 2420,X0,Y0,Z0,COOLRT.TEMG,NORM(I) 

2421) F0RMAT(1X,3(F9 6,2X),3X,2(E12 4,2X),2XE]0 3) 
IF(IPOINT EQ 1) GOTO 9999 
GOTO 2000 

C 
41" CONTINUE 
C 
c • 
C NOW, I CAN MAKE SURE THE INTERCEPT IS NOT ONE 
C OF THE VERTICES OF THIS TETRAHEDRON (ACTUALLY 



CALL LIMIT 
IF(TEST EQ 1) GOTO 35u 

OK' NOW. I FIND ONE INTERCEPT WHICH IS INSIHE THE TETH AHEDHt >N 

GOTO iniHi 

CONTIM'E 
1F(INTC'K EQ 21 TYPE V IMPOSSIBLE TO HE 2 
GOTO 32o 

CONTINIE 
TYPE -.•IMPOSSIBLE NOT TO FIND TETRAHEDRON ' 
GOTO Siwfl 

CONTINfE 
TYPE -
TYPE • 'MY ( M I ) ' 1 CANNOT KIND THE TETH AIIEDKON WHICH II A> 
TYPE ' . T W O INTERCEPTS HELP 1 HELP' HELP 1 

T Y P E - J o h n no d a t a for Ih-s (x .y .z ) ' XO.YU.Zu 
T Y P E • 
I F I I P O I N T E Q 1) c;i)T<> •.)•.<•.>.. 

C O N T I N I K 

C A L L E X I T 
END 

S l ' H H l H ' T l N E N O R M A L (Xu Y n . Z o , Z 2 . C M A X . A n . B i i , A 2 . H 2 . N o R M I 

T h i s p r o g r a m is b> c a l c u l a t e t h e n o r m a l at any p o i n t on a 
b o d y w h o s e c r o s s - s e i - t e n a ] c u r v e on t h e xy p l a n e if el l ipse 
w i t h half l e n g t h of t h e long axis , a, a n d of t h e shor t ax is , b 

T h e x y .z c o o r d i n a t e u s e d in t h i s p r o g r a m is a l i t t l e Lit 
con fus ing O r i g i n a l l y , t h i s p r o g r a m is b a s e d on t h e c o o r d i n a t e 
w i th d o w n w a r d t | » v e l ) as t h e axis t o r e p r e s e n t t h e d e p t h - f 
t h e weld pool L a t e r o n , I rea l ize t h a t J o h n w a n t s d o w n w a r 1 > 
( ve y) as t h e axis to r e p r e s e n t t h e d e p t h of t h e weld pool 
T h e r e f o r e . 1 p u t t h e " e q u i v a l e n c e " X ( n e w ) - X(o ! 1), 
Y ( n e w ) - Z ( o l d ) , Z ( n e w ) - Y ( o l d | 

T h i s p r o g r a m is d e s i g n e d t o use for t h e fol lowing g e o m e t r y 
Long ax is of el l ips is in t h e X d i r e c t i o n 
Sh . , r l ax is of el l ips is in t h e ( n e w ) Z d i rec t i 'ii 
C r o s s s ec t i on p a r a l l e t o t h e ( n e w ) Y axis ( d e p t h axis} c a n !•<• 
a n y k ind • >f s h a p e 

T h e un i t used in t h e p r o g r a m can he a r b i t r a r y ;ir 1 'Og as a d 
t h e d a t a un i t a re c o n s i s t e n t 

T h e d a t a i n p u t are 
( I I Specif ied (Xo Z " . Y " ) poin t 
(2) t h e 2nd p o i n t ( X 2 . Z 2 . Y 2 ) wi th Y2 "a l i t t le b i t " l a rger t h a n 

YCl X2 a n d Z2 h a v e t o c a l c u l a t e d in t h i s p p . g r a m t h u s 
n o need ( a c t u a l l y , imposs ib le} t o i n p u t X2 a n d Z2 

(3) t h e half s h o r t ax i s of t h e el l ips o n t h e y Yn cross s - t , . . i , A " 

(4) t h e half long ax is of t h e e lhps o„ t h e y Yn r r . . , s « - I,. .i, I to 
15) t h e half s h o r t axis of t h e e lhps on t h e y V 2 r r . » . » n „ A2 

Y2 \ ' t i • smal l y N o t e T i n s p r o g r a m a s s u m e s Y2 I- a Ml ]• 
bit l a rger t h a n YO ( T h i s p r o g r a m d a-s not u -e Y 11 

(fd t h e half long axis of t h e ell ips on Hie y Y2 r. s ' . '. H2 

http://pp.gr


C COMMON/SLOPE/XO,YO,ZO,Z2,CMAX,AO,BO.A2.B2,NORM 
C 
C • The COMMON BLOCK in the main program will be X0,Z0,Y0,Y2,DEPTMX. 
C AO,BO,A2,B2,NORM 
C X < - - - > A, Z < — > B. Y c > C 
C CMAX is the half axis length in the depth direction (Y dierction) 
C 

REAL LENGTH,NORM(3),COR(3) 
C 
C NORM() ARE THE COMPONENTS OF THE UNIT NORMAL VECTOR 
C PASSING THRU (XO.ZO.YO) 
C 
C 
C When (x2,y2,z2} is the bottom point, then slope is known 
C 
C 

IF(Z2 GE CMAX) GOTO 998 
C 
C 
C To obtain the unit vectorial form to represent the tangential 
C line passing thru point (xO.yO.EO) This line is lying on the 
C plane i~zQ 
C 
c 

IF(YOEQ 0 ) GOTO II 
TANA = -(BO-*2 -XO)/(AO"2 -YO) 
COSA = l /SQRT( l+TANA" - 2) 
IF(TANA I.T 0 ) COSA = -l . 'COSA 
SINA=COSA'TANA 
GOTO 12 

11 COSA-U 
SINA= 1 

C 
C the vectorial form of this tangential line is (cosa.sina.O) 
C 
t" '"" 
C To obtain the unit vectorial form to represent the other tangential 
C line passing thru point (xO.yO.BO). 
C • " • " 
c 
C TO SOLVE 2nd ORDER EQUATION TO GET THE INTERCEPT (x2,y2) 
C 
12 IF(XOEQ.O) GOTO 31 

COEA=(A0/B0)""4*(Y0/X0)"2+(B2/A2)"2 I 2nd order term 
COEB = 2.-(AO/BO)"2*YO"2/XO-2. ,(AO/BO)"4'YO--2/XO 
COEC=Y0"2 + ( A 0 / B 0 ) " 4 " Y 0 " 2 - 2 . - ( A 0 / B 0 ) " 2 - Y 0 " 2 - B 2 " 2 
B4AC=COEB--2-4.-COEA -COEC 
!F(B4AC GEO.) GOTO 30 
TYPE -, IMAGINARY PART IS NOT GT ZERO ??!!' 

TYPE -,'THE FINAL DATA ARE JUNK, input another (x.y.z) 1 

GOTO 999 
30 ROOTl=r(-COEB+SQRT(B4AC))/(2 'COEA) 

ROOT2 = (-COEB-SQRT(B4AC))/(2 -COEA) 
X2 = ROOT2 iArbitrarily assigned 
DIS1 = ABS(XO-ROOT1) 
DIS2=ABS(XO-ROOT2) 
IF(DIS1 LT DIS2) X2=ROOT1 
Y2=SQRT(B2"2-(B2'X2/A2)"2) 
GOTO 32 

31 X2 = 0 
Y2-B2 

32 IF(Y0 LT 0 ) Y2 = - l . 'Y2 ' yO and y2 should have the same sign 
C 
C TO CALCULATE THE LENGTH BETWEEN (xO.yO.iO) and U2.y2,z2) 
C 

LENGTHr=SQRT((X2-XO)"2^(Y2-YO)--2i (Z2-ZO)"2) 



COR(1) = (X2-X0)/LENGTH 
COR(2)=(Y2-YO)/LENGTH 
COR(3)=(Z2-Z0)/LENGTH ! COR(I)'S ARE THE 3 COMPONENTS OF THE 

C TANGENTIAL LINE PASSING THRU (xO.yO.EOI 
C 
C 
C TO CALCULATE THE UNIT NORMAL VECTOR 
C 
c 

NORM(1)=-SINA'COR(3) 
NORM(3)=COSA"CORl3) 
NORM(2)=SINA"COR(l)-COSA"COR(2) 
GOTO 999 

998 NORM(1)=0 
NORM(3)=0 
NORM(2) = - l 

999 RETURN 
END 

C 
C 

SUBROUTINE ELLIPS (X,Y.Z.A,B,C,N,TEST) 
C 
C This program is not the same as the NORMAL.FOR NORMAL FOR 
C is for the "semi-ellipsoid" This program is for the regular 
C ellipsoid This program is to calculate the normal vector passing 
C thru a specified point {x.y.sl 
C 
C Same as NONRMAL.FOR, the x,y,r coordinate system is confusing 
C X(new) = X(old) Y(new) = Z(old) Z(new) = Y(old) 
C Therefore, the common block in the main program should be 
C X.Z.Y instead of X.Y.Z For more detail, see NORMAL FOR 
C 
C Input data are 
C (1) Specified (X,Z,Y) 
C (2) Half axis length in X direction A 
C (3) Half axis length in Y direction B 
C (4) Half axis length in Z direction C 
C 
C COMMON/ELLIP/X.Y,Z,A,B,C,N,TEST 
C 
C The COMMON BLOCK in the main program will be X,Z,Y,A,C,B.N,TEST 
C X < - - > A. Z < — > B, Y < > C 

REAL LENGTH,N(3) 
INTEGER TEST 
TEST=0 

C 
C 
C This will give more accuarate X 
C 
C 

T E M P - d - ( Z / C ) - - 2 - ( Y / B ) " ' 2 ) - A " 2 
IF(ABS(TEMP).LE.0.0O0OM TEMP = 0 
IF(TEMP LTO ) GOTO 10 
X=SQRT(TEMP) 
GOTO 20 

10 TYPE ",'IMPOSSIBLE '!! Check the input (x,y,z) point' 
TYPE ",'It is impossible to have this point 
1 on the surface of ellipsoid' 
TYPE V(x,y,s) is ',X,Z,Y 
TEST=1 

C 
C IF TEST=1 THEN INPUT DATA (X,Z,Y) HAS SOMETHING WHOM: 
C 
20 TEMP=4 - B " 4 - C " 4 " X " 2 + ' f A " 4 - C - - 4 " Y " ' 2 + 4 • A " 4 " B " 4 " Z " " 2 

LENGTH = SQRT(TEMP1 
N(l) = 2 -B--2-C""2-X/LENCTH 



N ( 3 ) 2 " A - - 2 - C - - 2 - Y , L E N G T H 
N ( 2 I - 2 - A - - 2 - B - - 2 - Z L E N G T H 

R E T I K N 
E N D 

S L H H O I ' T I N E S 1 M L E . N 

T i n s p r o g r a m is. t o c a l c u l a t e t h e s u m m a t i o n of t h e f.-ur l.iir 
s e g m e n t s from {xt'.yt-.zi)) p. . t ru It' t h e t h r e e four of t h e 
[ e t r a h e d r - t i wh ich h a s 2 >r 3 n- 'des at t h e sol i - l - l i -nud interfa- e 

I N T ' I T D A T A A H E 
( I 1 i v - ) " . 7 . i o specif ied p- .ml 
12 I ( i > z) f t h e v e r t e x of t h e l e t r a t i e i r o n which ha? 2 r :t 

!]• >des it t h e in t e r f ace 
L3] ii -.le u u m l . e r of e a c h v e r t e x . N O D K d ! of t h e l e t r a h e d r n » t i ; . ! l 

ha-- 2 r 3 n o d e s at t h e i n t e r f ace 
(•11 No( • every n o d e i i u m l e r of t h e t e t r a h e d r o n which has 2 r 3 

n o d e s at t h e in t e r f ace 
(fil J T t > T t o t a l w of t h e n o d e s in t h e t e t r a h e d r o n s which h a c e 

2 r 3 n o d e s at t h e i n t e r f a c e 
(.-) l E T l i T t o t a l « • f t h e t e t r a h e d r o n s which h a v e 2 r 3 n -des 

at t h e i n t e r f ace 

O I ' T I T T l>ATA AKK 
', 1' t in- s u m m a t i o n • f t h e f ur l ine seKineuts for e a c h t e t r a h e d r - n 

C U M M u S . I ' M O M ) X " Y . c / . o . N 0 1 ) E . X , Y . Z . N S . J T 0 T . l E T O T . S I ' M l . . < ) I T M M 

c o M M i ' N S I M X n . Y " Z n . N O D E . X . Y . Z . N S . J T O T . l E T O T M M l . 

K E A l . X . 3 i ' o ) , Y | 3 . i . f | , Z | 3 u i ' ) S l 'ML!4 t iO) 
I N T E U F . H N l ) » E ( 3 t i i ' ) . N E L ( l o i i ) . S S H O O , 4 | . S ( 4 ) o r T M ' M i 4 " ) 

I ) l l ]• II 1 . IETOT 
S l ' M l . i l l ! o 
D O 2 ' 1 J 1 4 
N | J ) N S t l l J ! 
I X ) 3 • 1 1 J T O T 
I F i N O D E U I N E N ( J ) I C C I T t ) 3o 
XV X [ l ) 
YV Y(l I 
ZV Z i l ) 
D 1 S T S Q (Xn - X V ) - - 2 • (Yii - Y V I - - 2 . (Zt) - Z V ) - " 2 
D1ST S v j K T ( I J l S T S Q ) 
S I M I . i l ! I S I M l . d l ] . D I S T 
t ; t i T ' > 2n 

( D N T I N I E 
T Y P E " I M I ' o s s m l . E 
( O N T I N r K 
C O N T I M E 

K K T l ' H N 
I N I) 

SI K K O I ' T I N K (1KDEH 

T h i s p r o g r a m is to r e a r r a n g e t h e inpu l d a t a S I ' M l o , -
T h e s.-.pii-iirt- of t h e i n p u t lal a is rand- .in T h e o u t p u t ! • ' . . 
r.-f.-r t . . t h e first 411 let rahedr - -n M ' M U K H tha i Ii H e t h e .-.<. .. ' 
sn i im.a l | . .H -f line s e g m e n t s l eng th fr-III t h e spe. i f i . I p . ' ' 
I « O > O . I . I ) V -r in. -re de t a i l see S I ' M I . E N FOH 

This p-r- <raiii ass iuues t h a t t h e - la ' i i.- w i th in the t II . f t I . - w , . 

http://SIMI.il


INPNUM NUMBER OF INPUT DATA 
COMMON Sl'MORD XO.Ytl.Zi'.NOPE.XY Z.NS JTOT INFNUM I M T T n l ' T V \1 

COMMON ORP INPNUM.INPUT.OUTNUM 

HEAL X(3uo).YI300),Zl3'.u).INPUT(4ik I 
INTEGER NODE|3ilO),NS(4ilG,4) OUTNUM(4o) 
INTEGER N(4H"I 

YMIN -soonno ' ni'l'OOP IS JUST A LARGE VALUE 
E.XCLUD- -500H00 ' -SLUKMO IS JUST A VERY SMALL VALUE 
DO 610 J - 1.INI'NUM 
DO 000 1 UNPNUM 
IF(INPUT(]> LE EXCLUD) GOTO oOO 
IF(INTUT(Ii GT YMIN) GOTO «'•• 
YMIN INPUT(l) 
Ml.V, I 

CONTINUE 
N(J)r.MINI 
EXCLUD YMIN 
YMIN r.iiimi'1. 

C O N T I N U E 
N t ' M 1 
H O i\2n 1 1 I N I ' N U M 
1FII G T 40) G O T O il')9 
NN Ni l l 
O U T N U M t N U M ' NN 
N U M N I ' M • I 

C O N T I N U E 
R E T U R N 

EN II 

S U B R O U T I N E P L A N E ! X . Y , Z . A , H . C , D ) 

T h i s p r >gram i? t o i n p u t 3 p o i n t s w h i c h a re n o t on t h e 
s n m e l ine, t h e n to c a l c u l a t e t h e coeff icients of t h e 
gene ra l e q u a l , o n f T t h e p l a n e in t h e s p a c e 

T h e final e q u a t i o n for t h e p l a n e is ax - by - cz * 4 - II 

COMMON PLAN X,Y.Z.A,B,C.D 
REAL X(3) Y|3),ZI3) 

A l - <Y[2) - Y( l> ) • (Z[3) - Z d ) ) 
8 1 - ( Z ! 2 i - Z d i ) • (X(3I - X ( l ) ) 
C I i X [ 2 ] - X ( D ) " ( Y ( 3 ) - Y ( l l ) 
A2 (YI31 - YI1II " (Z(2) - Z ( l ) ) 
1)2 1ZI3) - Z l l ! ) • ( X I 2 I - X ( l | ) 
C2 !X!3I - X ( l l ) - ( Y ( 2 ) - Y d ) ) 
A A l - A2 
II R l R2 
C - C I - C2 

D - X I I ) - A l - Y ( l ) • B l - Z d ) " CI . 
1 XM 1 • A2 - Y ( l ) • H2 - Z ( l ) • C2 
R E T U R N -
E N D 

S U R R O U T I N E I N T C E F ( A . n . C . D . X ' i Y o . Z o S . X Y.Z) 

T h i s p r o g r a m 13 to c a l c u l a t e t h e i n t e r c e p t ( x l .y I ?. 1 ) 
( x l y 1 .z 1) is t h e i n t e r c e p t of a p l ane , ax * t y • cz * rl o 
a n d a l ine which passes t h r u p r i n t (xl).yfl 7.0) anrl w i th a s l - p e 
s i s2 . s3 s i «2,s3 a re t h e 3 c o m p o n e n t s of t h e uni t gra-li-Tir 



c 
C COMMON/INTCP/A.B,C.D.X0,Y0,Z0,S.X.Y.Z 

REAL S(3).LENGTH 
C 
C 
C LENGTH THE DISTANCE BETWEEN (xO.yO.zO) and (xl .y l .z l ) 
O 
c 

DENOM = A"S(1) -t B"S(2) + C - S(3) 
IF(ABS(DENOM) GEO 0000001) GOTO 100 

C 
C THIS IS TO FORCE TO HAVE NO INTERCEPT 
C X = 0 

Y = 0 
Z = 0 
GOTO 999 

100 LENGTH -. -IA-X0 + B"Y0 + C - Z 0 + D) / DENOM 
C 

X = XO ^ S(l) " LENGTH 
Y = YO * S(2) * LENGTH 
Z = ZO + S(3) • LENGTH 

C 
999 RETURN 

END 
C 
C 

SUBROUTINE LIMIT 
C 
C This program is to find the intercept is within the 
C triangle or not 
C 
C Input data are 
C- ( l ) ( x , y . z ) o f t h e three nodal points of this triangle 
C (2) (xi.yi.zi) of the intercept 
C Output data is TEST 
C When TEST = 2. then intercept is inside the triangle 
C When TEST = 1. then intercept is outside the triangle 
C 

COM.MON/LIMI/X,Y,Z,XI,YI,ZI,TEST 
REALX(3),Y(3),Z(3),DIST(3),lNNPRO(3),COS(3),THETA(3) 
REAL SUM(3) 
INTEGER TEST 

C 
TEST = 1 

C 
DO 10 J = l,3 

10 DIST(J) = SQRT( (X(J) - X I ) " 2 -•- (Y(J) - Y I ) " 2 * 
1 (Z(J) - Z I ) " 2 ) 

C 
DO 20 J = 1,3 
L - - J H 
IF(L EQ4) L = 1 
INNPRO(J)= (X(J) - XI) • ( X(L) - XI) + 
1 (Y(J) - YI) • ( Y(L) - YI) + 
2 mi) - Z I ) • ( Z(L) - ZI) 
COS(J) = INNPRO(J)/( DIST(J) " DIST(L) ) 

20 CONTINUE 
C 
C •* • 
C COS(l) IS COSINE(THETA), THIS THETA IS THE ANGLE BETWEEN 
C LINE I AND LINE 2. 
C COS(2) BETWEEN LINE 2 AND LINE 3 
C COS(3) BETWEEN LINE 3 AND LINE 1 
C LINE 1 (XI.YI.ZI) TO (X1.Y1.Z1) 
C LINE 2 (XI.YI.ZI) TO (X2,Y2,Z2) 
C LINE 3 (XI.YI.ZI) TO (X3,Y3,Z3) 



c 
c 

DO 100 1=1,3 
IF(COS(I) EQ 0) GOTO 110 
IF(ABSlCOSd) + 1) LE 0 00002) GOTO 120 
IF(ABS(COS(l) - 1) LE 0 00002) GOTO 12(1 
GOTO 160 

110 THETA(I) = 90 
GOTO 100 

120 TAN = 0 
GOTO 165 

160 TAN = SQRTfl / C O S ( I ) " 2 - 1 ) 
165 THETA(l) = ATAN(TAN) • 180 (3 1415927 

IF(COS(!) GT 0) GOTO 100 
THETA(I) = 180. - THETA(I) 

100 CONTINUE 
C 

ANGMAX = AMAX1( THETA(1),THETA(2).THETA(3) ) 
ANGMIN - A.MIN1( THETA(1).THETA(2),THETA(3) ) 

C 
DO 40 I = 1.3 
IF(THETAII) EQ ANGMAX OR THETA(l) EQ ANGMIN) GOTO 40 
ANGBET - THETA(I) 

•lu CONTINUE 

C CHECK IF THE INTERCEPT IS AT THE BOUNDARY OF THIS 
C TRIANGLE OR NOT 

CHECK = ABS (180 - ANGMAX) 
IF(CHECK GE 0.2) GOTO 50 

C NOW, I WILL FORCE THE INTERCEPT TO LOCATE ON THE BOUNDARY 
C 
C 

TEST = 2 
C 

DO 80 1=1,3 
IF(THETAd) NE.ANCMAX) GOTO 80 
ID = I 

80 CONTINUE 
C 

ID1 = ID + 1 
!F(ID1.EQ4) ID1 = 1 
TEMP = - l . - (Y( ID) - YI) • ( Y(ID1) - Yl) - 1 " 
1 (Z(ID) - ZI) • ( Z(IDl) - ZI) 
TEMP = TEMP - 1 - DIST(ID) " DIST(IDl) 
A = 1 

B = -( X(1D) + X(ID1) ) 
C = X(ID) ' X ( I D l ) - TEMP 
B24AC = B'*2 - 4"A'C 
1F(B24AC.GT0) GOTO 85 
1F( ABS(B24AC) GT 0 000002) GOTO 81 
B24AC = 0. 
GOTO 85 

81 TYPE VSQRT(-VE) • > " " " • 
85 SOLN1 = ( -B + SQRT(B24AC) )/2"A 

SOLN2 = ( -B - SQRT(B24AC) )/2"A 
DIFF1 = ABSfSOLNl - XI) 
DIFF2 = ABS(SOLN2 - XI) 
1F( DIFF1 LT DIFF2) GOTO 90 
XI = SOLN2 
GOTO 999 

90 X] = SOLN1 
GOTO 999 



PO .:.. 1 13 
J 1 - 1 
IFiJ KQ 4) J 1 
Sl 'M.ll TIIET4. I' • THKT* Ji 

ITOT ii 
I'D 7, | 1 .1 
lESr .M.I I i ;T If ITOT ITOT • I 
r oNTINI 'K 

IK ITOT KQ 3 ' TEST 2 
HK.Tl'HN 

KM) 

SIHKOITINK INTPOI. 

THIS I'BOCRAM IS T o INTERPOLATE THE T E M I E H V P HE 
IN THE TETRAHEDRON AM) R E T I R N THE TEMPKHAT UK 
KK-UMENT KETWKEN THESE TWO INTERCEPTS 

MMMilV INTPI. X Y Z XI M / I T TI TEMC 

HEAL \ 4l.Y-.4- Z,'4- XI 3 ' YL.'I ZK2: T;4! Tl 2-
HEAL II 3 4 ) 1 ( 4 N'14 31 

TO C A I . c r i . A T E f i - V O I . l - M K 

VOL. . . X i 2 i - X ( l ! | - ! Y I 3 l - Y I | ) | - i Z M ) - Z ( l ' 
1 • Y - 2 ) - Y ( n ) - ! Z ( 3 ) - Z l l ' ! - | X ( 4 l - X l l l ) • 

Z . : ) - Z ( 1 ! ! - | X l 3 1 - X ( ] | ) - | Y ( 4 ) - Y i l l ! -
^ ; Z i : l - Z ( l ) ] - ( Y ( 3 l - Y ( I ) ) - ; X ( 4 l - X l l ) l -
4 • Y i : l - Y ( H | - ( X ( 3 ) - X ( l ) | - ( Z I 4 l - Z I I ) l -
i . X i : i - X ( t i r ( Z ( 3 ) - Z ( i ! | - ( Y i 4 i - Y i i ) ) 

A L C I L A T E T H E C O M P O N E N T S IN S H A P E K C M T I O N 
Nk.NI 

I (<VV..|,ime)'"Hil.J) is Ihi' -- mp- nent 
>f t he shape function 

TO ( 
N N 
N te 

R. 1 

H = 
H 1 3 

H; 4 

it : 1 

H C 3 

-({Y131-Y(3)|-(Z(4)-Zi:r 
:V|4]-V:-J! | - |ZI3 |-ZC!:1 

. ' ( Y | 3 i - Y ( l ) | - ( Z H I - Z ( l ! ' 
I Y ( 4 ] - \ ' i l l ) - ! Z [ 3 ) - Z ( n ' ! 

- • . ( Y ( 2 ) - Y ( | i | - i Z | 4 ) - Z , l ' i 
Y U l - Y | l l | - ( Z ( 3 ! - Z l i ; - ' 

. ' I Y ( 3 l - Y ( I l | - i . Z ( 3 ' - Z ' I ' 
• Y ( 3 ! - Y [ P I - ( Z ! : ; - Z ( I - , I 

; i X i 3 l - X I 2 i | - ( Z | 4 l - Z 2< 
: . \ ; 4 ) - X ( ; ! ) - ( Z ( 3 i - Z i : i . i 

- l | X | 3 ; - X ( l l ! - : Z , 4 l - Z . 1 
• x , ' 4 i - X ( i ) ) - • z . 3 i - z i i > ; ; 

l l X ( 2 ) - X l l ! l " ( Z ( 4 i Z 1 ••.•• 
! X I 4 ) - X ( l l i - | Z I 2 ! - Z ( l ' - . ) 

- ! ( X ( 2 i - X i ' i i > - i Z i 3 i - z : i > -
: x ( 3 i - x i i n - ( Z ( 2 i - z i i ' 

- l | . X ( 3 ] - X . 2 l i - ' Y . 4 l - Y 2: 
i X I 4 1 - X I 2 : r ( Y ( 3 ) - Y ' 2 ! ) 

( ( X I 3 ) - X ( l : l - ' Y ( 4 ; Y ! l i : 
' , \ ; 4 ) - x ! I i : - ' Y • : : t i . Y I n u 

- ' ( X ; 2 i - X ( l ) ) - | Y { 4 | - Y ' l i ' 
' X ' 4 1 - X I I l ) - ( Y i 2 i - Y ( l . ! i 

http://4l.Y-.4-
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B(3.4| = ((X(2)-X|1))-(Y|3)-Y(1))-
1 (X(3)-X(1))-|YI2)-Y(1)» 

C 
C 
C THE FIRST TERM OF INTERPOLATING Ft'NCTlON 
C 
c 

C(l) = X(2)-Y(3)"Z(4) - X(2)-Y(4)-Z(3) 
1 - Y(2)"Z(3)-X(4) - YC)-Z(4)-X(3) 
2 - Z(2)-X(3)"Y(4| - Z(2)-X(4)'Y(3| 
C(2] = -X(1)"Y(3)-Z(4) * X{1)"Y(4)-Z(3) 
1 - Y(lpZ(3)-X(4) -, Y(1)"Z(4)-X(3) 
2 - Z(l)-X(3)-Y(4* + Z(2)-X(4)-Y(3) 
C(3) - X ( l ! 'Y (2rZ (4 l - X(1)-Y|4)-ZI2) 
1 - Y(1)-Z(2)"X(4) - Y(1)'Z(4)-X(I) 
2 * Z(!)-X(2)-Y(4| - Z(1PX(4)-Y(2! 
C(4) -X(l)-Y(2)-Z(3| - X(1)'Y(3)"Z(2I 
1 - Y(1)'Z(2)"X(3> - Y(])-Z(3}-X(2) 
2 - Zl l ) -X!; ) -Y(3 | - Z(irX(3)-Y(2l 

r 
c 
C TO CALCULATE THE INTERPOLATING Fl'NCTIONS 
C 
c 

DO IP J -1 2 
N(l.J) !1 VOLCI • ( CI L) 
1 - Bl i . l i 'XIIJ) * B12,1|-YI|J) 
2 - BI3 l)'ZI(J) ) 
M2.J) (1 'VOI.r.) • | C|2) 
1 - Bll.2)'XI(J) * B(2,2I' Y1(J| 
2 - B|3.2)'ZI(J) ) 
N(3.J) (1 VOL6) • I C|3] 
1 * Blt.3)'Xl(J) + B(2.3p YI(JI 
2 * B(3,3)-ZI(J) ) 
NI4.J) == (I VOL6) • ( C(4) 
1 - B(1,4PXI(J) 4. B(2,4)- YI(J) 
2 - B|3 4l'ZI(J) ) 

10 CONTINCE 
C 

Ti l l ) =. T i l ) • Nil 1 - T(2) • M2.1) 
1 - TI3) • S(3 II - TI4) • M4.1) 
Tl(2) = T 1) • M l 2) - T(2) • M2.2I 
1 - T|3) • SI3.2) - TI4) • N(4.2) 

c 
DISTSQ i XK2I - XI,1) : " 2 ~ ( YI(2) - Yl | l ) )"2 
I - I Z1C - 21(1 I ) " 2 
D1ST SQRT'DISTSQl 
IFIDIST GT .inoiirna GOTO 20 
TYPE • THE DISTANCE BETWEEN TWO INTERCEPTS IS ' 
TYPE " (X Y Zl OF INTERCEPT 1 ' Xli l l Y l l l l . Z l . r 
TYPE • IX Y Zl OF INTERCEPT 2 XII2! Yll2).ZIi2: 

2 TEMG - | Tl 21 • TIM : ! DIST 
RETIRN 
END 
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APPENDIX C 

Thermodynamically Calculated Isothermal Sections 

Isothermal sections through the Fc-Ni-Cr ternary system were thcrmodv namicalh 

calculated between 1873 K. and 1023 K. The results of these calculations can be used 

to represent the liquidus surface, solidus surface, and Ihc austcnite + ferrite 

two-phase solvus surfaces for predicting intcrfacial equilibrium during solidification 

and solid state transformation of stainless steel alloys. Sigma phase, which occurs at 

temperatures below 1223 K. was not included as part of this investigation. 

Tic-lines were generated in all of the two-phase regions to predict segregation 

during solidification and partitioning during the ferritc-to-austcnitc transformation. 

The thcrmodv namic calculations correlate well with the existing experimental data 

for binary and ternary invariant points, phase-field locations, and tic-! ;ncs in the 

two-phase fields. In addition, the mctastablc phase equilibrium between fcrritc and 

liquid and between austcnitc and liquid was calculated to low temperatures by 

suspending the alternate solid phase. The mctastablc phase equilibrium calculations 

arc useful when conjecturing the possibilities of phase selection during rapid cooling 

rate conditions. 

The calculations were performed by the "Thcrmo-Calc" software package produced 

b\ the Royal Institute of Technology in Stockholm [C.IJ. These calculations are based 

on a subregular lattice solution model |C.2| and the Kauffman database, which arc 

integral portions of the software. The program calculates x-> data pairs that 

correspond to the compositional end points of the ternary tic-lines. The phase 

boundaries were cons t ructed by connecting the end points and then c\cr> thir.i lie 

line was plotted in each of the two-phase fields. 

The location ul the line of two-fold saturation, fcrritc soKu^ and austcnitc solvus 

arc important to the solidification behavior of f-'c-Ni-f'r allo\s These l i n e cm be 

constructed b> connecting the end pom!1- of the tie-tnanglcs in the tcrnar. • •. icm. 

I able 0 1 summarizes the locations "f the ne-trianeles and fig (' I plots these data in 

• h i' Ic-Ni-Ci d i a p i a m 



Tabic C I T ic-Tr iangle localions f rom Ihc calculated isothermal d i j c r a i m 

T e m p e r a t u r e F e r r i t c A u s t e n i l c 1 U | U K 1 

(«C) % N i % CT % N i % C r . \ l ".. ( r 

1500 3.1 2 9 4.2 2.7 5 i* } ; 

1480 3 6 8.7 5.6 7.7 6. 4 ' H I 

I 4~5 3.8 10.1 6.1 8.8 6 8 10 4 

1450 4.7 17.4 8.7 14.3 <) 1 1 " 1 

1440 5.1 20.5 10.0 16 4 I d 2 |9 .< i 

. 4 3 - 5.3 21.5 10.3 17.1 10 5 2 0 4 

1431 5.5 23.5 l i . 2 18.3 1 1 2 21.9 

1425 5.8 25.5 12.0 19.6 11.9 23.5 

1419 6.1 27.5 12.9 20.8 1 2 6 2 5 0 

1413 6.4 29.7 13.9 22.1 I V 4 2 6 5 

1 40" 1 6.7 31.9 14.8 23.4 14 2 28 0 

1401 7.1 34.5 16.0 24.8 15 1 2 9 8 

1375 8.8 44.7 21.0 30.1 1 9 0 36.1 

1350 11.2 55.9 27.3 35.5 2 3 9 42.5 

! ' 2 5 16.0 

41.2 

66.5 

58.7 

35.5 

44.0 

4 1 6 

55.0 

30.5 

48.6 

49 3 

5 1 3 



(:• 
IOOA 

.«- \ 
90i * i 

/-; V * i 
8 ' ) / v x ""- * 

, , v V . . 
' O t , , , » . -

,. . T ./V^?--^ -
rf7 ^ - * ~" T "̂  ^ * \ V T » ^ * 

" v" \\AYA T ' * ' . 
3.-. ~fX^\r J r \ ^ » . r T , . A -

'-• £j*~. — '*« \ ' -

( 
At' ' \ \ \ 

' " ' " 10 "~ 20 30 " ~ ~ 4 0 ~ " S O - " 60 " 70 80 <i" ' l " ' . ' 
Fe Nickel |>»t %) N. 

Figure C. 1 l o c a t i o n of the f c r r i t c soh us. austenite w h u ^ and l ine of 
two- fo ld saturat ion ( l i qu id ) in the f c - N i - C r -;\Mem l i e t r i a n g l e 
are indicated and were determined I r o m thermodynamic calcula­
t i o n s . 
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FERRITE-AUSTENITE-LIQl'ID EQUILIBRIUM 
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APPENDIX D 

Finite Difference Model for Diffusional Growth 

The ferritc to austcnitc transformation occurs b> a diffusion controlled 

mechanism for the majoril> of conditions obscr\cd in this investigation. This 

appendix set-- up the mathematical approach necessary to solve the governing 

diffusion equations in the Fc-Ni-Cr ternary system. The information provided in this 

appendix is sufficient to develop a finite difference model of the transformation 

which can be used to predict the rate and the extent of the fcrrite to austcnitc 

transformation as a function of cooling rate. 

This phase transformation model applies to a two-phase, ternary component 

svstcm. The problem is complex because of the presence of three diffusing species. 

therefore, seme assumptions arc made in order to simplify the problem. Firstly, the 

sum of the fluxes of the three species will be assumed to be zero. This assumption is 

represented bv equation D.2 and implies that Kirkcndall-type vacancies arc not 

created Secondly, the composition gradients in the transformed austcnitc will be 

assumed to be negligibly small. The driving force for the transformation under these 

conditions is strictly the composition difference between ferritc and austcnitc at the 

interface and no back diffusion from the transformed austcnitc occurs. Third, 

diffusion will be assumed to occur for simple geometries. Planar diffusion along the 

x-orthagonal axis is assumed for Widmanstattcn austcnitc platelets while radial 

diffusion in cylindcrical coordinants is assumed for the transformation of fcrritc 

dendrites. 

The finite difference method is separated into four sections: 

I Input the arbitrary initial composition profile. 

II Adjust the compositions at each non-interface grid point using the boundary 

conditions at the interface and the diffusion equation. 

Ill Adjust the compositions at the interface using thermodynamic information. 



IV Account for the moving boundary, proceed to the next l ime 

increment and repeat steps I I . I I I . IV as many times asneccssary 

I. Input In i t i a l Composit ion Prof i le 

In a three-component system, the composit ion of two components must be 

specif ied at each gr id point. The two components to be specif ied w i l l be Cr and \ i 

since ihc-c have the largest composit ional d i f ferences between the austenitc and 

fe r r i te phases. Figure D.l i l lustrates a possible gr id in which a fu l l y f c r r i t i e 

specimen is t ransforming to austcnite. A u n i f o r m fe r r i t c composit ion is assumed and 

Ihe composit ion of austcnitc at the interface can be determined by the cqu i l i b i r um 

t ie- l ine at Ihc t ransformat ion temperature. 

Al though a un i f o rm f c r r i t c composit ion is depicted in Fig. D.l an> arb i t rary 

composit ion pro f i le in the fc r r i t c could be used wi thout adding complexi ty to the 

computa i ional method. 

I I . Adjust ing the Composit ion of the Non- ln le r fac ia l Gr id Points 

Gr id point zero is located at the center of the specimen and at the f i rs t t ime step 

its composit ion corresponds to that of the austcnitc boundary condi t ion. G r i d point I 

is in the f c r r i t c phase at the f i rs t t ime step and thus has a d i f f e ren t composi l ion than 

gr id point zero. This d i f ference in composit ion provides a d r i v i ng force for d i f f us ion 

and the f l ux between these points can be calculated using f icks f i rs t law of d i f f us ion : 

x- (d f ^ 
/ . = x / > „ • • , , <.n.\) 

-' V f / x J 
where k refers to Cr or N i . I refers to f r. N i . and Fc. The subscript i refers to the 

fc r r i t c or austenitc phase, however, since the f l ux in the austenitc phase is assumed 

to be small , only d i f f us ion in the f c r r i t c is considered. Other nomenclature used in 

this chapter is summarized in Table D. l . The f l ux of the th i rd component (Fe) can be 

determined f rom the f l ux balance: 



I he change in compos i t ion of grid point 1 due to t in - f l u \ . i . t i n i • w in 

inc remen t .1" t ime. . can be ca lcu la ted using the f in i t e d i f f e r e n c e : rm : ' . . t 

second law 

\ . i f 1 ' 

' V ' " • 

" h e r e m r e fe r - to the t ime inc rement step and i is the gr id point m , l e \ I ' th i -

e q u a t i o n . i* the u n k n o w n and can be solved for s ince all Mher V.IM.I '-IC ire 

known, r q u a t u n 3 should be repea ted once to ca l cu la t e the change in i r and n . c :•• 

ca lcu la t e the change in \ i c o n c e n t r a t i o n s at gr id point I I he l e t . n . , n t r . i t i--n - i n 

be ca l cu la t ed hv the mass balance-

In order in use e q u a t i o n 0 3, the boundary c o n d i t i o n s at the zero l ' lu\ p l a n e - mii I he 

a c c u n t e d for Ih i s p rob lem can be t r ea ted b> a r t i f i ca l lv c r e a t i n e a gr id point nut-i.li­

the sample and - e t t i ng its compos i t ion equa l to the s u r f a c e c o n c e n t r a t i o n 

Ftv r epea t ing the above p r o c e d u r e for all grid po in t s , the comp s i t ions can be 

c a l c u l a t e d t h r o u g h o u t the spec imen. However , the compos i t ion at the in t e r face , e n d 

point zero, has not set been adjus ted and r equ i r e s the rmodv n.imic equ i l i b r i a to be 

sa t i s f ied in a d d i t i o n to ' h e k ine t i c cons ide ra t ions . 

I I I . Ad just ing the Compos i t ions a_l the Fer r i t e Aus len i t e I n t e r f a c e 

As d i f fu s ion occurs , the aus t cn i t c phase gr ' ^ ; and the a u s t e n i t c f e r r i l e in t e r face 

a d v a n c e s into the fc r r i t c . The velocity of the i n t e r f ace motion is re la ted to the f l u \ 

of the d i f f u s i n g e lements 

' ' ' • ' - ' , ' 

Thus , four sets of k ine t i c e q u a t i o n s need to be solved s imul tancous lv in order to 

ca l cu l a t e the i n t e r f ace veloci ty: I) the mass ba l ance , cq. O 4. r i the fluv ba lance , eq 

13.2. 3 i the d i f fus ion equa t ion 0.1 and -4) the velocitv flux r e l a t i o n s h i p , eq I) s 

S t a r t i n g u i i h the d i f fus ion e q u a t i o n s in the f c r r i t c phase 

'It . ' . •!• • 

. ; v , i v ' . / > 

http://ntr.it
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Clcc, 

dx P\,^ 
<tc,,"\ 

\ dx : 

( f l u x b a l a n c e ) 

l \ 

and substituting the differential form of the mass balance. 

dc,, 
dx 

etc,, 
dx 

dct, 
dx = 0 

the flux of Cr and Ni can be equated to their concentration gradients 

. < 7 r , r 

/ , • 

I •., 

irr,c, - n°rf. 

n" - n" 

dx 

dc,-, 
d\ 

' > . • > . - ' > > . , 

n - n 

d\ 

<lc,. 

d\ 

Equation's D.6 and the following velocity-flux relationships 

J,; •I Cr 

. 6 y l 
Cr ' Cr . 

J \; ' ;

 ( \ , L v, 

can be solved simultaneously for the interface velocity: 

1 
^D"c,Cl-Dlr, 

dcc, 
dx 

([Dlcr-D\,f 

.dcCr 

• dx n - n 

'lc,. 
d\ 

<lr,, 

d.\ 

(/' 

( / ) . - • I . 

) ( /> . / ; , ) 

) (D./h) 

Equations D.7a and D.7b each represent the interface velocity and the phase 

transformation problem appears to be overspccificd. That is, a given tic line fixes 

•---{': and r:'.-ci: which specifies all variables on the right hand side of both equations. 

Therefore, there appears to be two independent means of calculating the velocity. 

However, in the ternary system, tie-line movement involves one degree of freedom 

and can be used to "adjust" c-'.-c': and c-:'-.-'.• so that both equation D.7a and D.7b can 

be satisfied with a common velocity. Movement of the tie-line must satisfy 

thermodynamic equilibrium at the interface: 

cr ( / ) • » ) 
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where the partial molar Gibbs energy Tor component k. :.. is a function of 

temperature and composition. Expanding equation D.8 into its standard Gihbs energy 

and acti\ ity components gives: 

i, , ' - Rl I n n ; = r;,'" * HI I IHI , ' ( / ' . ' » ) 

where k refers to Ni. Cr and Fe. 

Equations D.7a. D.^b and D.9 must be solved simultaneously to obtain the 

interlace composition and velocity. Therefore, a means of determining ..'. . . . .: and 

. as a function of temperature and and . . must be established. Thermodynamic 

data for Fe. Ni. and Cr arc reported as a function of temperature by Chuang and 

Chang [D.l]. From these data, the standard free energy and activity coefficients can 

be calculated. 

An alternative scheme for determining the tic-line location could be used to 

incorporate the previously determined tie-lines in the Fc-Ni-Cr system. These tie-lines 

are summarized in Appendix C and could be used as a substitute for equation D-9. 

This approach is less flexible in the sense that only those temperatures where the 

isothermal sections were calculated arc available and the tic-lines at other 

temperatures would have to be interpolated from the existing data. 

IV. Accounting for the Moving Boundary 

The composition at all the grid points and at the interface has been adjusted to 

satisfy kinetic and thermodynamic requirements. However, the phase transformation 

in\ol \cs a moving boundary, additional adjustments must be made to the grid in 

order to keep the same number of grid points in the fcrritc phase. Therefore, a grid 

transformation must be accomplished in which the spacing between points is 

transformed. Since each grid point moves, the composition at each point must also be 

readjusted. These manipulations are common to moving-boundary problems and 

details arc not necessary here. 

The time increment should be increased one step, t' = t + it. and the program 

should be repeated from step II using the new interface composition as a boundary 

condition and the new composition profile. 



I.iMe ! ' i N o m e n c l a t u r e used in Append ix It 

Desc r ip t ion 
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' sTonccntration of component k in phase i 
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APPENDIX E 

Dendrite Tip Calculations 

In I ' h a p t c i ~. m e t h o d s w e r e p r c s c n i c d t.> c a l c u l a t e t h e . l i . n j . ' i c M - l i , .1: " . 

.1 J c n d i u c f ! 0 » m f u n d e r s t c a d \ M a l e c o n d i t i o n s l h i ~ a p p e n d i v M H I O - I - . . : . . 

c a l c u l a t i o n - " I n c h w e r e p e r l o i m c d (• t e a e h nl t h e -.-I i d i i 1..11 J. :i . • : .• 
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i i : - i t a b i c \ ' i n d i c a t e s t h e u r u i c i c o o l i n e e a l e u l . i t v. ' l is. t h e s e e . tu1 t a b l e l< : ' . . ' 

I he - t L i c i . i t i m t c a l c u l a t i o n s a n d t h e I h i t d t a b l e K '• m J i i . i k > t h e a m o u n t - . : 1 • .. 

. in.I • Cc n . ! . i r \ p h a s e - - l h a t s o l i d i l ' i I'm e a e h a l l . . \ S i n e e \ i : . > . 4 -.• >l ivI •) 1̂  - ••'. t h . I \ 

n i . ' d e 1: « r a t e s a n d in t h e At m o d e a t h i g h r a t e s , c a l c u l a t i o n - « c i c pe i : 1 . - i . I ' 1 

l - i t h * m i l l i o n - I he n o m e n c l a t u r e u s e d t o d e s c r i b e i h e s . . h d i l l e a l i o n c a k u l a i i m : - : 

- u m m a i i / e d beho>. 

D e s c r i p t i o n o f t h e \ a t i a b l c s 

u n d c i c o o h n g caused b\ l i p r a d i u s 

u n d e r c o o l i n g caused b> s o l u t a l c l l c c i s 

t o t a l u n d e r c o o l i n g 1 
l i q u i d u s t e m p . - c u t e c i i c t e m p ! 
a c t u a l u n d e r c o o l i n g be low the e u t e e i i e t e m p e a 1 u 1 e ! 

<• 1 . ' c o m p o s i t i o n of l i q u i d at the d e n d r i t e l i p i 

!s f r a c t i o n p n m a r \ phase caused b\ t i p une le ieo • lin,2 1 

i'l. f r a c t i o n e u t e c t i c l i q u i d ! 
_ _.j \ . l a u s i e n i t e . f e r r i t e : 

r.s. 1 s u b s c r i p t s . p n m a i > . s e c o n d a i v . 1 • • • .11 
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D.IA. Alloy I I 'ndcrcool ing calculations 

Melt 1/ . 

I K ) 

1/ , 

( K l 
1 ' : . , 
( K ) 

i / . 

( K ) 

1/ . 

( K ) 

Cast 0.46 7.:5 7.71 46 -
E-B 1 1.30 I:.I 13.4 46 -
E-B : 1.35 i:.4 13.7 46 -
F-B 3 : . : 4 15.3 17.5 46 -
E-B 4 3.96 18.7 : : . 6 46 -
E-B 5 5.65 :o.7 :6.4 46 -
E-B 6 7.1 1 ::.: :9.3 46 -

Table D I B : Allo> I Segregation calculat ions 

Melt C " L r°. rE A P As Fa 

Cast :3.30 0.279 0.17 0.83 0.12 0.05 

E-B 1 24.17 0.448 0.15 0.J5 0.12 005 

E-B : 24.23 0.460 0.15 0.85 0.12 0.05 

E-B 3 24.74 0.553 0.14 0.86 0.13 0.04 
E-B 4 25.34 0.659 0.12 0.88 0.13 0.04 

E-B 5 25.71 0.721 0.10 0.90 0.14 0.03 

E-B 6 25.93 0.761 0.09 0.91 0 14 0.03 

Tabic Dl .C: A l loy 1 % Pr imary and secondary phases 

So l id i f i ca t ion 
Condi t ion 

F P Fs F T A P As A T 

Equ i l i b r i um 0 0 0 100 0 0 

Scheil 0 5.80 5.80 8:.o 12.2 94.2 

Cast 0 5.27 5.:7 83 1 1.7 94.7 

E-B 1 0 4.65 4.65 85 12.3 95.3 
E-B 2 0 4.60 4.60 85 12.5 95.4 

E-B 3 0 4.30 4.30 86 12.8 95.7 

E-B 4 0 3.70 3.70 88 13.2 96.3 

E-B 5 0 3.10 3.10 90 1 3.9 96.9 

E-B 6 0 2.79 2.79 91 14 2 97.2 
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Tabic D.2A: Al loy 2 Undercool ing calculat ions 

Mc l l 1 / ' . 

( K ) 
1/ < 
( K ) 

. 1 / - , 

( K ) 
1/ , 
( K ) 

Cast 0.47 7.63 8.10 19.7 -
E-B 1 1.32 12.8 14.1 19.7 -
E-B 2 1.39 13.1 14.5 19.7 -
E-B 3 2.30 16.2 18.5 19.7 -
E-B 4 4.1 1 19.9 24.0 19.7 0.2 

E-B 5 5.84 22.1 27.9 19.7 2.4 

E-B b 7.60 23.8 31.4 19.7 4.1 

Tabic D.2B: Al loy 2 Segregation calculat ions 

Melt c\ f°. t~E A P As F. 

Cast 25.06 0.27 0.30 0.70 0.21 .093 
E-B 1 25.99 0.44 0.27 0.73 0.19 .084 

E-B 2 26.05 0.45 0.27 0.73 0.19 .083 

E-B 3 26.60 0.54 0.25 0.75 0.17 .078 

E-B 4 27.26 0.65 0.23 0.77 0.16 .071 

E-B 5 27.65 0.71 0.18 0.82 0.12 .056 
E-B b 27.95 0.76 0.15 0.85 0.10 .047 

Table D2.C: Allov 2 % Primary and secondary phases 

So l id i f i ca t ion 
Condi t ion 

F P Fs F T A P As A T 

Equ i l i b r i um 0 18 18 - - 82 

Seheil 0 14.4 14.4 55.0 30.6 85.6 

Cast 0 9.30 9.30 70.0 20.7 90.7 

E-B 1 0 8.37 8.37 73.0 18.6 91.6 
E-B 2 0 8.30 8.30 73.1 18.7 91.7 

E-B 3 0 7.75 7.75 75.0 17 3 92.3 

E-B 4 0 7.13 7.13 77.0 15.9 92.9 

E-B 5 0 558 5 58 82.0 12.4 94.4 

E-B 6 0 4.65 465 85.0 10.4 95 3 



l ab lc D . U 1 \ l lo> 3 I 'ndcrcool in i ; calculat ion^ 

Mel! 

i k l 

I,' 

I k l 
1; 

I k ) i k l 

1 ' 

i k l 

t " . I M 0.4" '82 s . :q 4 5 3.3 

1 -B 1 1.35 13 2 14.5 4 ? 8." 

i - B : 1.4; 1 3.5 15.0 4 5 4.0 

T-B 3 : .34 lb . " 19.0 4 5 i : . : 

1 -B 4 4.18 :o.5 24." 4 5 1 (vO 

1 -B 3 5.<>3 : : , 8 2S.~ 4.5 18 3 

1 -B 6 ".80 :4.b 3:.4 4 5 : o 1 

Tabic D 3B: Allo> 3 Segregation calculations 

j Melt C ' L l'"s I'E \t> As K, 

I ast :t>.oo o.:7 0.48 0 . 5 : 0.33 0 8 5 

I'-B 1 :&.% 0.43 0.36 0 6 4 0 . :5 0.8') 

1 - B : :7 .03 0.44 0.36 0.64 o.:> 0.8') 

1 - B 3 : T . 5 9 0.54 o.:9 o. - i o.:o 0.91 
I -B 4 : s . : 7 0.64 0 . : : 0."8 0.15 0.93 
T-B 5 :8.67 0.70 0.18 o.s: 0 . 1 : 0 4 4 

l - l l 6 :9.qq 0.76 0.17 0.83 0 . 1 : 0.94 

Tabic D3.C: Allo> 3 "•" I 'r imars and secondary, phases 

S o l i d i f i c a t i o n 
C o n d i t i o n 

Kp I s I T A, . A s A T 

t ' q u i l i b r i u m 0 32 3 ; - - 68 

S c h c i l 0 : 3 . 6 : 3 . 6 : 6 . o 50.3 76.3 

Cast 0 14.9 14.9 5 : 0 33.1 85.1 

T.-B 1 0 1 1.6 1 1.6 6 4 0 :4.s 88.8 

I B : 0 1 1.6 1 1.6 64.0 : 4 .8 88.8 

L'-B 3 0 9.00 9.00 "1 .0 :o.o 91.0 

1 -B 4 0 6 . s : 6.x: - 8 0 15.1 93 : 

1 -B 5 0 5.58 5.58 8 : . 0 1 : 4 94.4 

1 - B 6 0 5.30 5.30 83.0 1 1 . - 94.7 



l a b l c I) 4 V MIo> 4--\ ime ta s i ab l c . luMcmtci u n J f u M i ' l i n t c a l cu l a t i ons 

Melt 

i k l 

i : 

i k i t k ) I k ) 

i • 

I k l 

Cast 0 4 8 " S.04 s 52 -.i.S 11.8 
l'-B 1 I 3" 13.5 14.9 -1.8 l~.i 

r - B : 1.44 I.V9 I5 . i - i 8 1" " 

r - B 5 : . ? s l".t> 14 5 - i 8 : i . 4 

t -B 4 4.25 : i I 25 .i - i 8 : 4 » 

l - B 5 bo:> ::v4 24.4 - i 8 ;- ; 
1 -H b so 25.0 .i.vO - i S :s.s 

l a b l e D4H \ l l o \ 4- \ ( me tas tah le a u s t c n i t e I s eg rega t ion ca lcu la t ion ' , 

Melt t " L 1"". I"K -\,. -\s 1 s 

Cast : o 84 - - -
1 -B 1 :".s: - - -
i n ; :~.88 0.51 0.49 0.51 0V> 0.1 d 

l - B .1 : s . 4 b O.bl 0.49 0 51 O.Vi 0.12 
I : - B 4 : 4 . p o.-; 0.2 S 0 ~2 0.1') 0.0') 

r - B 5 : y . 5 ^ 0."8 0.22 0 "8 0.1 5 0.0" 

t -B b 2').8 O.SI 0.14 OS 1 0 1 ,i ou t . 

I able 1)4 C: \ 11 u \ 4 - \ (me ias t ab le a t i s i c n u e ) "" P r i n u i \ ami secondare phases 

Sohd i l icat ion I |. I s l T \ t . \ s \ r 
C o n d i t i o n 

I i iui l ibi ium 
S c h e i l . . . . . . 

Cast 

l - B I 

[ -B 2 0 lb 0 lb 0 5 1 (i >i li SI ii 

I'-H .i 0 12 0 12.0 M (I 2" (I SSO 

r - l t 4 0 ') 0 ') 0 "2 0 I') I) 'M 0 

l - B 5 0 ^ 1 ' " u "SO 1 > 0 ' ) " i ( i 

I -B (i 0 h 0 b (I SI (1 I i ti ')4 (I 
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Table D.4D: Allo> 4-F I'ndercooling calculations 

Melt 1/ . 

(K.) (K) 

1/ . . 

(K) IKI 

1/ , 

H O 
Cast 0.35 6.80 7.15 0.7 6.1 

E-B 1 1.05 12.3 13.4 0.7 11.6 
E-B 2 1.10 12.9 14.0 0.7 12.2 

E-B 3 1.75 15.9 17.7 0.7 15.2 

E-B 4 3.20 20.5 23.7 0.7 19.8 

E-B 5 5.00 C3.^ 28.3 0.7 22.5 

E-B 6 6.1 25.5 31.6 0.7 24.8 

Tabic D.4E: AUo> 4-F Scgrcgalion calculations 

M e l t c\ t '° s t'E Fp Fs A . 

Cast 16.6 0.22 0.71 0.29 0.51 0.49 

E-B 1 17.3 0.37 0.52 0.48 0.64 0.36 

E-B 2 17.3 0.38 0.52 0.48 0.64 0.36 

E-B 3 17.8 0.47 0.44 0.56 0.70 0.30 

E-B 4 IS.4 0.58 0.33 0.67 0.77 0.23 

E-B 5 18.8 0.65 0.28 0.72 0.81 0.19 

E-B 6 19.0 0.70 0.23 0.77 0.84 0.16 

Table D4.F: Alloy 4-F % Primars and secondary phases 

S o l i d i f i c a t i o n 
C o n d i t i o n 

F P Fs F T A, . As A T 

E q u i l i b r i u m - - 48 0 52 52 

Sche i l 8 29.4 37.4 0 6 2 6 62.6 

Cast 29.0 22.0 51.0 0 49.0 49.0 

E-B 1 48.0 16.1 64.1 0 35.9 35.9 

F.-B 2 48.0 l r - . l 64.1 0 35.9 35.9 

E-B 3 56.0 1 3.6 69 6 0 30.3 30.3 

E-B 4 67.0 10.2 77.2 0 2 2 , 7 2 2 . 7 

E-B 5 72,0 8 . " 80.7 0 19 3 19.3 

V.M b - " . 0 7.1 84 1 0 15 9 1 5,9 
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Table D.SA: Allo\ 3 Undercooling calculations 

M e l t 1 / . 

( K ) 

1 / 

( K ) 

1/'....• 1 / . 1 / 

I K ) 

Cast 0.36 6.84 7 . : i 10.4 -
E-B 1 1.00 1 l." 7 i : . 7 10.4 1.3 

E-B 2 i .06 12.0 13.1 10.4 1.6 

E-B 3 1.75 is.: 16.9 10.4 4.8 

E-B 4 3.14 19.3 : : . 4 10.4 S.9 

E-B 5 4.47 :i.s 26.3 10.4 11.4 

E-B 6 6.00 :3.o :<3.o 10.4 12.6 

Table D.5B: Alkn 5 Segregation calculations 

M e l t c . r°5 I'E Kp A s F s 

Cast 15.32 0.23 0.62 0.38 42.7 42.7 

E-B 1 15.98 0.38 0 55 0.45 38.0 38.0 

E-B 2 16.03 0.39 0.55 0.45 38.0 38.0 

£ - B 3 16.46 0.48 0.46 0.54 31.7 31.7 

E-B 4 17.00 0.59 0.34 0.66 23.4 23.4 

E-B 5 17.35 0.b5 0.29 0.7 1 10.0 20.0 

E-B 6 17.50 0.68 0.25 0.7 5 17.3 17.3 

Table D5.C: Alkn 5 % Prim:\r\ and secondare phases 

S o l i d i f i c a t i o n 
C o n d i t i o n 

Ep f s E T V A s A T 

E q u i l i b r i u m - - ~2 0 28 28 

S c h e i l 33.0 21.4 54.4 0 45.6 45.6 

Cast 38.0 19.2 5 " . : 0 42.7 42.7 

E-B 1 45.0 17.0 6 : . o 0 38.0 38.0 

E-B 2 45.0 |7.P 62.0 0 38.0 38.0 

E-B 3 54.0 14 . : 68.2 0 31.7 31.7 

E- t i 4 66.0 10 5 76 5 0 23.4 23.4 

E-ls 5 71.0 9.00 X0.0 (1 20.0 20.0 

E-B 6 7 5.0 " .80 8 : 3 1 o 1 7 -, 17.3 



Tabic D6-V Allov 6 I 'ndcrcool ing calculat ion-

Mel l i / 1/ 

i k i i K ) ( K i 

Cast 0.35 6.47 b.s: r o 
E-B 1 0.98 i i . : i : . : l".0 -
L"-B : 1.03 1 1.5 125 r.o 
L-B 3 l."0 14.58 : t . . : r o 
I:-B -4 3.05 18.4 : i 5 \~o 1 4 

1--B 5 4.34 :o.8 :>.: l " 0 3 8 

I:-B <* 5.90 ::.s :s." l " 0 5 S 

Tabic D.6B: A l i o ; 6 Segregation calculat ions 

Melt c\ l"°. '"E Fp *s i , 

Cast 14.46 o.::8 0.48 0.52 0.33 0.15 
r - B i i s . i : 0.38 0.46 0.55 o '•: 0.14 

[ • - B : 15.17 0.39 0.46 0.55 0 . 3 : 0.14 

t:.-B 3 15.57 0.48 0.46 0.57 0.30 0.1 3 

H-B 4 16.10 0.60 0.36 0.64 o.:s 0.1 1 

L:-B 5 16.4: 0.66 0 : 9 0 .7 | o.:o 0.09 

L:-B fa 16.70 0.7 1 o.:3 0.77 0.16 0.07 

Table Db.C: Al ios 6 "n Pr imar\ and secondary phases 

So l id i f i ca t ion 
Condi t ion 

Fp • :s F T A,. * s A T 

i M ^ . i i b r i u m - - 88 0 i ; i : 

Schcil 47.0 17.0 640 0 36 36 

Cast 5:.o 14.8 66.8 0 33.1 33.1 

f - B 1 54.0 14.3 68.3 (I 31 . " 31 . " 
t;-B : 54.0 14.3 68.3 0 3 1 . " 3 1 . " 

I i-B 3 57.0 1 3.3 70.3 0 :<>.(, : i >.( , 
li-li 4 64.0 11. : 75 1 0 :4.s :4.8 
I:-B 5 71.0 9.00 80.0 0 :o .o :o .o 
L-B 6 77.0 7.1 3 84.1 0 1 5.9 15.9 



lah le l ) .~-\ -\llo> " I 'ndercool ing c.ileul.iln>ns 

\1cli 1,' 

( K ) 

1/ 

I k ) ( K ) <K> 

1/ 

I k 

Cast 0.33 6. : i 6.55 24.4 -
1 -H 1 0.95 10." 1 1." 24.4 -
I -K 2 1.00 11.0 i:.o 24.4 -
r-B 3 1.66 I.V) 15.5 24.4 -
I - 1 ! 4 2.98 17.5 20.5 24.4 -
! -H 5 4 . : ; 19.8 24.0 24.4 -
[ -H 6 5 " I : i 9 27.6 244 •; ; 

lah lc 11."B: \ l l o \ " Segregation calculat ions 

Mel I < " " L 1'", I"K F's -\s 1 , 

( ; I M 13.64 0.23 0.3- 0.63 0 26 0.12 

1 -B 1 14.25 0.39 0.36 0.64 0.25 0.1 1 

1-H 2 14.30 0.40 0.56 0.65 0.24 0.11 

1 -B 3 14.68 0.49 0.33 0.67 0.23 0.10 
1 -B 4 15 17 0.60 0.29 071 0.20 0.09 

1 -B 5 15.48 0.67 0.25 0.75 0.17 0.08 
I.-B 6 1 5 "0 0.7 1 0.21 0.79 0.15 0.07 

Tabic D7.C: A l lo \ 7 % Primary and secondary phases 

Solid if icat ion 
C o n d i t i o n 

Fp Fs F T \ P •Vs A T 

F q u i 1 i h r i u m 100 0 100 0 (1 0 

Schci t 60.0 13 7 3.0 0 ;- 27 

Cast 63.0 1 1.5 74.4 0 25.5 2 5.5 
F-B 1 64.0 11.2 75.1 0 24.8 24.8 

[>B 2 65.0 10.9 75.9 0 24.1 24.1 

F-B 3 67.0 10.2 77 "* 0 22.7 t-\ n 

F-B 4 7 1.0 9.00 80.0 0 20.0 20.0 

F-R 5 75.0 7.8 82.7 0 17.2 17.2 

F-H 6 79.0 6.5 85.5 0 14.5 14.5 
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APPENDIX F 

The Composition Of Delta Ferrite 

The eompostion of delta fcrritc is an important parameter which can be used 10 

calculate the staurization magnetization of fcrritc. In Chapter 3. methods were 

presented that allowed the iron content of fcrritc to be determined as a function of 

temperature, based on the thcrmodynamically calculated isothermal sections. This 

method required the composition of fcrritc and austcnitc to be determined as a 

function of temperature and these results arc presented below. 

From the thcrmodynamically calculated isothermal sections, the compositional end 

points of the tic lines in the fcrrite + Dustcnitc field were determined at iron contents 

in the fcrritc phase between 80 and 50 wt.%. These calculations were made at five 

temperatures from just below the solidus (1400°C) to 950°C. These results are 

summarized in Tabic F.l. along with the calculations of the Cr Ni ratio in the 

austcnite and fcrritc phases and the ratio of Fc in the fcrritc to Fc in the austcnitc. 

Figure F.l and F.2 present the % Cr and % Ni in the fcrrite. As the temperature 

decreases the amount of chromium in the fcrritc increases while the amount of nickel 

in ;hc fcrritc decreases. Although the average composition changes only a fc» 

percent over this temperature range, the Cr 'Ni ratio varies considerably because of 

the countcrvariant segregation charactcristsics of Cr and Ni Figure F.3 shows the 

increase in Cr/Ni ratio of the fcrrite with decreasing temperature. At high 

temperatures, the Cr/Ni ratio is about four to one and docs not vary considerably 

with Fe content in the fcrritc. At 950°C, the Cr/Ni ratio is about 14 for the 70. 60 

and 50% Fc alloys and is about 21 for the 80% Fc alloys. 

Figure F.4 and F.5 present the % Cr and % Ni in the austcnite phase. These 

data were taken from the asutcnite tie-line end points which are in equilibrium with 

ferrite of 80, 70, 60 and 50% iron contents. The trend of Cr and Ni constcnts in the 

austenite with temperature is the reverse of that in fcrritc With decreasing 

temperature, the % Cr in austenite tends to increase or remain constant while the % 

Ni in austcnitc decreases. The Cr/Ni ratio of austcnite is presented in Fig. F.6 and 

shows much less of variation with temperature than the Cr/Ni ratio of ferritc. In 



i " : 

austenitc. the Cr N i rat io varies f r om a m i n i m u m of 10 to 4? as the temperature 

decreases f rom 1-400 to 950°C 

I he 1c content of the f c r r i t c is t i ic most important parameter l o r pred ic t ing the 

sa lur izat ion magnet izat ion of f c r r i t c . Figure F.7 shows the in f luendc of temperature 

on the rat io of the Fc content of fe r r i t c to the Fe content of austcnitc. At 1400 ( ' 

this rat io is close to 1.0 wh ich means that only a small amount of Tc par t i t ions 

between austcnitc and f c r r i t e . At 9 5 0 n C this rat io \a r i cs bc tuccn 08T and 0<J6 

depending on the amount of Fc in the f c r r i t c Chapter 3 ut i l izes this relat ionship :o 

place l im i ts on the max imum amount of Te that can be present in f c r r i t c . based on 

the nominal a l lo \ composit ion. 

file:///arics
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APPENDIX G 

The Geometry of Electron Beam Surface Melts 

f a b l e G. I s u m m a r i z e s [he m a t r i x o f e l e c t r o n b e a m p a i a m t c r - w i n c h u u i u-..c! :i 

.-04 s ta i n l ess s tee l a n d 0061 a l u m i n u m to d e t e r m i n e the i n l l u e n e e v i w e . l . i . - -

p a r a m e t e r s on w e l d poo l shape. T h i s lest m a t r i x e o n s i i e d o l t h r e e e l ee i r t n l 'c . i :n w * i d 

e u r r e n t l eve ls . 1. i j . t i a n d \Z m\). a n d f o u r t r a v e l speed - . S. i t v4 . \2~. ;•> -J. V -, n n , •, 

at a c o n s t a n t v o l t a g e . \ . o( 100 k V . T h r o u g h the m e t a l l n g i a p h i c e v . i m . n . i i i n I . I ' : h . 
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where q = Watts. >• = density (g m 3). C = heat capacity (J g °C) and <'. = nielling 

temperature, (°C). These calculations are summarized in Table G.3 I'or each of the 

solidification conditions. 

Figure G.l shows the influence of E-B parameters on melt pool length. Log DL 

is plotted versus Log n and indicates that Log DL increases linearly with Log n but is 

independent of travel speed or current at a given operating parameter. Penetration in 

aluminum and stainless steel both show the same trend with the operating parameter 

and compare fa\orably with Christcnscn's data for GTAW welds. 

Figure G.2 shows the influence of E-B parameters on the melt pool depth. Log 

DD is plotted versus Log n and the .esults are compared with Christcnsen's prediction 

for arc welds. At low current levels, the data are close to Christcnscn's prediction but 

the data de\iatcs as the current level is increased. This deviation is caused by an 

increase in penetration as the electron beam current is increased. At low current 

levels the electron beam behaves more like a GTA weld which is similar to a point 

heat source from which Rosenthal [G.2) and Christcnscn derived their results. At 

high current levels, the electron beam 'keyholes' into the metal and behaves like a line 

heat source thus giving more penetration than Christcnscn would predict. 

Figure G.3 shows the influence of E-B parameters on the melt pool width. Log 

DW is plotted versus Log n and the results are compared to Christcnscn's reduced 

width for GTA welds. This plot indicates that the melt width deviates to lower 

values that the Christenscn prediction as the current level is increased. This result 

follows directly from the previous results. Since DL is independent of beam current 

and DD increases with increasing current, DW will decrease with increasing current 

for a constant operating parameter. 

The deviation of the EB welds from Christcnscn's GTA welds is a result of the 

higher power densities that can be achieved by electron beam welding. These power 

densities were calculated by estimating the radius of the minimum EBW spot. r*. for 

each melt condition, based on the width of the highest speed melt. The results were 

plotted against the weld aspect ratio (weld depth/weld width) shown in Figure G.4. 

The ~t mA welds agree with Rosenthal's predicted values. However, as the power 

density is increased, the aspect ratio increases as the electron beam begins to 'keyhole' 

into the base metal and the electron beam welds deviate from Christcnscn's 
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predictions. The amount of keyholing is also related to the travel speed, and at a 

constant power density level the weld aspect ratio decreases as the travel speed 

increases. 

Table Gl : Heal input 

Weld 
SST Al 

Weld 
Speed 
(mm, s) 

Current 
(mA) 

Heat 
(J/mm) 

Speed 
(mm/s) 

Current 
(mA) 

Heat 
(J/mm) 

1 
6.4 

3.5 47 
6.4 

3.0 55 
; 6.4 7.0 94 6.4 6.0 110 
3 

6.4 
14.0 189 

6.4 
12.0 220 

4 
12.7 

3.5 24 
12.7 

3.0 28 
5 12.7 7.0 47 12.7 6.0 55 
b 

12.7 

14.0 94 
12.7 

12.0 110 
7 

25.4 

3.5 12 
25.4 

3.0 14 
8 25.4 7.0 24 25.4 6.0 28 
9 

25.4 

14.0 47 
25.4 

55 
10 

p 

3.5 6 
50.8 

6.9 
11 p 7.0 12 50.8 6.0 14 

' : 

p 

14.0 24 
50.8 

12.0 28 



Tabic G.Z ^ c M pool d imens ions 

Weld 

SSI -\1 

Weld 

Depth 
(in m 1 

Width 
1 in ni) 

Length 
l in m 1 

Depth 
[mnil 

Width 
l m in 1 

l e n g t h 
I i l l i l l 1 
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3 68 4.00 :so MO 3 00 1.40 
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5 1.50 i.:o 3.:o : -r. : .80 I'M 

b 5.:o :.:s 4.60 8 64 3.56 3.50 

0.6 1 1.08 1.50 0 61 1.58 0 8 1 

8 1 68 1 46 3.10 : :s : .34 :.:: 
g :>60 1.80 5.30 6.45 : .54 3."4 

10 0.46 0 . % 1 60 0 44 1 46 0 " 6 

1 1 0.^5 1.16 3.40 1.80 1.76 1.4 3 

i : :.o5 1 46 5.50 4.60 : :o :.so 

' h iMc ( i . v l 1 h\Mcal p r o p e i i i e s 

P r o p c r u un i t s SSI •XI 

« i l i n 2 s i 4.5\IO-» 8 l \ 1 0 f ' 

>• (p m : i ) " <M0> ; — 

c (J g"C> 0 5 1.05 

l . „ - l . . ("Cl 1425 635 



Tabic Ci 4: Dimci iMonlcis »i 'UI pm>l ih.ipc 

wcia 

S S I • \ l 

wcia n sn 
. ' .i \> 

n 

' . j . ' 1 . 1 
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S S I • \ l 
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\ ! 
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APPENDIX H 

Computer Programs 

I his appcndiv lists the computer proer in is ih.n « ; u ' n . . I t . i L u l i t c the 

dendnte up whir.KM enst i t . i( h.iptcr " i and the ch. i r .Klc i L I K " d i i i . i i n >li t.incc in 

the electron he.ini niclts (Chapter Si ! hese programs uerc wr i t ten ir: | . n i . i n l \ ai i 

m c m n i 

Dendrite Tip Riulius 

I his prut-Mam calculates the characteristics at the up " I a .•• luimi. i i 
dendr i te crowing under stead v-stale condit ions 

J \\ I liner - \pr i l . I9SS. 

l(i a l = S . 5 " " S " 4 0 ! 
: 0 a2=IS.059OI<>9" 
50 ] i = S 6*14~^(iS li:j 
JO a4 = ( i ; , i"""a". '5J. i 

50 h i = o 5--,;,;;.-,454 
(in b : = : 5 . ( i . : i ) 5 ( s i 4 q 
"0 h5 = 2l.09',i(>5'-.OS'! 
SO h4 = .V<>584W>228 

90 cO=-0.5"":i5(>() 
ioo c 1=099999195 
I K I c2=-o.24991055 
120 c5=.055l94 ' .S 
i.o c4=-ooo'r(.oo4 
14'i c5=0.0010-85"" 

I so pi = "vl4|S t )2(i5 
151 s i g n =1 

K.n t \ p e *.' - \ l lo \ No. ' 
PO accept *. ial 
l"5 t \pe *.' Composition KM.' I 
1 "6 accept *.co 
180 t \pc *.' l.iquiilus slope (K • i' 
I 85 accept *.pml 
190 t \pc *.' Part i t ion cocl"l." 
192 accept *.pk 
194 tvpc *.' I.iquidus temp. IKT 
19ft accept *. l l 
200 t \pc *.' Solute d i f fus ion im"2 si" 
210 accept *.DI 
215 t \pe *. ' In tc r fac ia l encrgs IJ m ' 2 i ' 

http://ch.ir.Klci
file://-/pril


accept .ss 
t>pc *." I ntrop> of fu ison (J m" »k>" 
accept *.dS 
t;. pc *." Ci l K ml ' 
accept *.G 

p r i n t I 0 0 » 
pr int *.' - \ l lo \ Number .ial 
pr in t 1001 
pr in t *. ' Co. in i t i a l comp. ( » t ".. \ l = '.co 
pr in t *.' ml . l iquidus slope = ".pml 
pr in t *.' k. par t i t ion coeff. = '.pk 
pr int *. ' I I . l iquidus temp ( K l = ' . i l 
pr in t *.' D l . solute d i f f u s i \ i i > <m*2 si = \ t ) l 
p r in t *.' s. surface cnerg> (J m"2) = '.ss 
pr in t *.' dS. entropv of fusion (J m ' . i k ) = \dS 
pr in t *.' Ci. temp gradient (K. n i l = *.g 
pr in t I 0 0 : 
pr in t V H IGH \ r i O C I T \ I U M W l l » 
pr in t *." Ci ='.Ci.'(K m>' 
pr in t 1001 
pr in t *.' Pc V rt dTr dTc 

Dt I't C I * -

pr in t *.' (m s) (mt <K.> I K ) 
I k i IK I l » t 'Vxf 

pr in t 1001 

i x = 1 
iul=IOO 
i l l=IO 
:stcp=-5 
z=l 
gt=ss ds 

High Pcclet number ( P o l l approx 

do 500 ipc= iu l . i l l . is tcp 
pc=f loat( ipc) f loa t ( ix ) 
p iv=tpc**4+al*pc**3+ar*pc** ;+a3*pc+a-1) 

Ipc* *4+b l *pc* *3+b : *pc* * :+b3*pc+b4) 
a=p i * * : *g t < p c * * : * d i * * : i 
b = p m l * ( l - p k l * C o ' ( d l * ( l - ( I - p k ) * p i \ ) ) 
i f (s ign.cq-1.) go to 443 
tcmp=b** : -4*a*g 
if ( tcmp.lc.0) go to 500 
\=( -b+ sqrtUcmpM C * a l 
go to 450 
temp =b**2-4*a*g 
i f (tcmp.le.0) go to 500 
\=( -b - sqrt( tcmpl) (2*a) 
if ( \ . l c . l c -0" ) go to 500 
r= : *pc *d l \ 
tr = 2*gt r 
t c=pm!*co* ( l - l < l - ( l -pk ) *p i \> ) 
cl=co ( l - ( l - p k ) * p i \ ) 
u=tl-tr-tc 
Dt=tr+tc 
pr in t 1000. pc. \ . r . t r . tc .Dt . t t .c l 
cont inue 

i f fz.cq.:.) go to 610 
z=z+l 
iul=95 
i l l=IO 
istcp=-5 



595 i\=IO 
600 go to 400 
c 
610 iul=95 
620 i l l=10 
630 istcp=-5 
635 i x= l00 
c 
c Low Peclct number (pc<l ) approx 
c 
640 do 790 ipc=iu l . i l l . is lcp 
643 pc=f loat( ipc) f l oa t ! i x ) 
650 Cl=c0+cl*pc+e2*pc**2+c3*po**3+c4*pc* , 4+c5*pc**5- . i loc i iv l 
660 p iv=pc*cxp(pc)*c l 
670 a=pi**2*gt (pc**2 'd l * *2> 
680 b=pml* ( l -pk ) *co (dl*( l-< l - pk ) *p i \ I) 
690 i f (s ign.cq.- l . l go to 715 
695 tcmp= b**2-4 'a*g 
696 il" (temp.Ic.01 go to 790 
700 v=(-b+ sqrt( tcmp)} (2*a) 
710 go to 730 
715 tcmp= . * *2-4*a*g 
716 i f (tcmp.lc.0) go to 790 
720 v=(-b-sqrt(tcmp)> (2*a) 
725 i f (\ I c l c -O" ) go to 790 
730 r=2 'pc *d l \ 
740 tr=2*gt r 
750 t c=pm l *co * ( l - l ( l - ( l - p k ) * p M ) 
760 cl=co d - ( l - p k ) * p i \ ) 
770 t t= t l - t r - tc 
772 dt=t r+ tc 
780 pr in t 1000. pc. \ . r . l r . tc .Dt . t t .c l 
790 cont inue 
c 
820 i f (z.eq.3.) gc to 900 
840 i f (z.cq.4.) go to 939 
c 
850 z=z+l 
860 iul=95 
870 ill=10 
880 istcp=-5 
885 ix=1000 
890 go to 640 
c 
900 z=z+l 
910 iul=95 
920 i 11= 10 
930 istcp=-5 
931 ix=10000 
932 i f (sign.cq.-l.) go to 990 
c 
939 print 1003 
940 print *,' 
941 print *,' 
943 print 1001 
950 print *,' Pc v 

! D T Tt CI*-

960 print *,' (m/s) 
! (K.) (K) (wt%x)' 

961 pr in t 1001 
970 s ign=- l*s ign 
980 go to 394 
990 type V T y p c 99 to qu i t ' 
991 accept * ,qui t 
992 s ign=- l*s ign 
993 if (quit.eq.99.) go to 1010 

LOW 
G ='.G 

VELOCITY 
. - (K m)' 

. B I H - W I O R 

rt dTr dTc 

(m) (K) ( K ) 

http://quit.eq.99


W-i pr in t i('(C 
W> co to ;50 
KKHI Votmat (i in J . : \ . I h> v: \ . i if v: \ . i s >.( s ;.i s ; . u . 

• i8.:. i"8.: i 
10(11 I'nrm:. I i ) 
i o n ; format i I 
H'O? format i 1 h 1 i 
10 I 0 end 

Characteristic Diffusion Distance 

c 'I his program calculates the amount of t ransformat ion that " . v n -
e d i n i ng so l id i f i ca t ion of a stainless steel al lo\ 
c 
c Assumptions 
c 
e 1 D i f fus ion control led c rou th 
c ; l e rna rv d i f f us i on effects are ignored 
c v Cool ing ate is independent of temperature 
e -1. Radius of curvature effects are ignored 

.1. tt 1 Inter \ ! a \ l')SS 

-40 s , g n = l 
50 su m=0 
60 R =0.00118 ~ 
e 
"0 t \pe *."Input Cooling Rate (C si ' 
80 accept *.CR 
85 i f f sign.cq.-1 ) go to I 85 
')0 t \pc *. ' Input D i f f u s i \ i i \ : Do t i n " ; s). Q (kcal molei ' 
100 accept *.Do.Q 
110 t \pe *. ' Input Solidus Temperature (Cl ' 
120 accept *.T 
i ; s i s = T + ; : 3 . i 6 
I 30 t \pc *. 'Temperature Increment ? ' 
NO accept * .D icmp 
1-15 i f (sign.cq.-I l go to 18" 

1-0 pr int 1000 
I "5 p r i n t * . ' D i n I S I O \ DISI \ \ ( I ( M C I ' I \ l l o \ s " 
I "6 pr int 1000 
181 p r i n l V D o ( n r ; s) = '.Do 
183 pr int *. 'Q (kcal mole) = '.Q 
184 pr int * . T s (C) = '.T 
185 pr int 1000 
187 pr int *. 'Cool ing Rate (C si = ".CR 
188 pr int ' . 'Temperature Increment ('.') = ' .Dtcnip 

)<)0 T n = I s 
195 Dt imc=Dtenip CR 
:00 Ta \g=To-Dtemp ; 
: i 0 [ > f \ = D o * c \ p l ( - l * 0 ( R * T ; , \ g m 
; ; 0 Dl.sq = D r \ * D t i m c 
; 3 0 SmL sq=SmI.sq + Dl.sq 
;40 i f (To. i t .500l go to ;h0 
;45 To=To-Dtcmp 
:so go to ;oo 
;()0 X = ;*sqrt(SmLsci) 
;ft5 u . \ = \ * i c n f t 
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c 
275 type *, 'The Diffusion D i s t a n t (um) = *.u\ 
280 print *,'The Diffusion Distance (uni) = '.u.\ 
285 print 1000 
290 Type *.'Try a new Cooling Rate (l=>cs. 0=\oV 
300 accept * ans 
c 
305 sign=-l 
310 SmLsq=0 
305 X=0 
310 u.\=0 
315 To=Tl 
c 
320 if (ans.cq.O) go to 1010 
330 go to 70 
c 
c 
1000 format ( ) 
1010 end 
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